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INTRODUCTION 

The present paper is a synthesis of the research conducted in a program 
for the development of iron based catalysts, as a part of a project supported 
by French government and E. C. between 1980 and 1990. The objective was to 
provide an evaluation of the feasibility of producing substitute natural gas 
and liquid transportation fuels, through liquefaction of coal. The development 
of liquefaction catalysts was performed at laboratory scale in our Institute 
and the testing of dispersed iron based catalysts was conducted in a 50 kg/d 
facility at CERCHAR (Charbonnages de France). 

The eventual influence of a catalyst upon coal dissolution is a-priori 
questionable. However, considerable experimental evidence has been accumulated 
that demonstrates the ability of hydrogenation catalysts to increase the 
production of soluble compounds from coal at relatively low temperature. This 
conversion coincides with some hydrogenation which is also enhanced by 
catalysts. Although low temperature liquefaction cannot generate radical 
species through homolytic bond cleavage, some coal macerals - especially 
inertinite - contain significant concentration of free fossil radicals. The 
initial dissolution process makes these species accessible for further 
reaction and condensation. The role of catalysts in these conditions i's to 
provide a source of active hydrogen in order to cap these radical species and 
to avoid retrogressive reactions. 

At higher temperature, the rate of radical production increases, as well 
as the rate of the concomitant reactions of homolytic rupture and 
condensation, respectively responsible for the formation of gases and 
insoluble products. A fast stabilization of radical species through 
hydrogenation contributes to an improvement of selectivity for the production 
of distillate by reducing the formation of gases and solid residues. A 
hydrogenation catalyst will prove useful for process control at increased 
severity but it must demonstrate its usefulness, since it operates in a highly 
competitive medium where several species can assume some role in hydrogen 
transfer mechanisms; the more serious competitor for any additional catalyst 
is the pyrite contained in coals, activity of which is undeniable. 

The choice of a catalyst destined to be used in the form of a flowing 
disposable solid is dictated by the difficulty, even the impossibility, to 
recover a catalytic substance mixed with unconverted coal and mineral matter. 
This choice implies a set of requirements must be fulfilled by the catalytic 
material : 

- As an unrecovered reactant, its cost must be low. This primary 
consideration has considerably limited the range of investigated candidates. 

- The solid catalyst is flowing along with the reactants. It is therefore 
necessary to reduce the amount of displaced substance, both for avoiding the 
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transport of useless material and for limiting the problems associated with 
sedimentation and abrasion of reactor and equipments. 

- A low catalyst-to-coal ratio imposed by process optimization means the 
active phase must exhibit a high intrinsic activity. 

We decided to develop a synthetic method for the production of a 
catalyst, considered as the only way of ensuring a proper control of the 
properties, choosing iron as the cheapest raw material. Among transition 
metals sulfides, iron is not extremely active (1); its low intrinsic activity 
must be compensated by a high dispersion. The next step of our program 
consisted in an investigation of the methods of preparation of highly 
dispersed iron oxides, considered as precursors for the in-situ generation of 
iron sulfide during coal liquefaction. 

PRODUCING THE CATALYST PRECURSOR 

The methods of preparation of heterogeneous catalysts attempt to increase 
the surface area of the solids. The easiest way consists in producing a porous 
substance or in supporting the active phase on a porous support. Our first 
approach consisted in comparing the properties of catalysts obtained by means 
of deposition of iron compounds on various high surface area supports. 

Table I .  Characteristics and liquefaction behavior 
of supported iron oxides 

I Support I BET s.rn2.g-1 I Pore radius m I H increment ~ ( 8 )  I 
Carbon black 115 Non porous 

SiO, 100 1 A1203 ' 1 1 1 
Si0,-A1,03 

0 
0 
0 
8 

( a ) :  relative increment of hydrogen incorporation in coal products 
as compared to a non catalytic experiment. 

Table I clearly illustrates the fact that an active phase, well dispersed 
on the porous structure of a high surface support, is completely inactive for 
hydrogen transfer reactions. From these results, it was evident that our 
attempts should be oriented towards the preparation of high external surface 
area iron solids. We prepared pure iron oxides by precipitation from a nitrate 
solution with ammonia and we tried to increase the surface by introducing 
small amounts of various textural promoters, coprecipitated along with iron 
hydroxide. Only alumina provided some positive effect upon the surface area 
and liquefaction activity of these solids. A change in the drying process 
produced a major impact than the introduction of textural promoter as 
illustrated by table 11. 

It appeared that hydrogen transfer activity in coal liquefaction is not 
directly correlated with surface area of the active phase but with the changes 
in morphology of the particles induced by spray drying. 

Ours investigations turned towards the methods of preparation of highly 
dispersed, non porous solids. A rather simple method consisting in the 
hydrolysis of volatile compounds in a hydrogen-oxygen flame, currently used 
for commercial scale production of aerosol oxides of aluminium, silicium and 
titanium, had been recently adapted to the elaboration of iron oxide ( 2 ) .  
Spherical particles are obtained with narrow particle size distribution. The 
mean particle size can be as small as 10 nm and can be varied through control 
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Treatment 

1 - HZS 
2 - H, 

1 - H, 
2 - HzS 

of the respective flows of metallic compound vapors and of the gases in the 
torch. The properties and liquefaction behavior of these catalysts are 
presented in table 11. 

Phases BET S .  mz.g-' Activity mol.g-'.s?(a) 

Fe0.91S 3 4.10.' 
Fe0.9S5S 3 0 .3 .  loe8 
Fe 2 10.10-8 

Fe0.995S 0 . 1  0.1.10-8 

Table 11. Characteristics and liquefaction behavior. 
Unsupported iron oxides 

~~~ 

I Catalysts 

Precipitated oxides 

Fe,03-A1,0310X 
Fe,0,-A1,0310% 

Aerosol iron oxides 
Lab. scale 1 
Lab. scale 2 

Pilot 

Drying BET S.mZ.g-' 

150 
160 
270 
200 

40 
32 
24 

H increment 

18 

(a): Relative increment of hydrogen incorporation in coal products as 
compared to a non catalytic experiment. 

SULPIDATION OF IRON OXIDE 

The oxides obtained in a convenient divided state are the precursors of 
the actual catalytic phase, which results from the interaction of iron oxide 
with the reacting medium during liquefaction. Owing to the sulfur content of 
the majority of coals, the partial pressure of hydrogen sulfide can be 
expected to range around 0.5-2 % in the gas phase during liquefaction. During 
the early stage of liquefaction, before hydrodesulfurization of coal takes 
place, the catalyst precursor will be in contact with a highly reducing medium 
with low initial concentration of hydrogen sulfide; the release of sulfur from 
coal progressively modifies the composition of the gas phase. 

Preliminary experiments revealed that iron oxide is easily transformed 
into a pyrrhotite Fe0,,,S at moderate temperature under hydrogen sulfide 
partial pressure ranging from 0 . 2  to 1% in hydrogen ( 3 ) .  Although sulfidation 
produces a severe decrease of surface area, the resulting phase is active in 
the reaction of tetralin dehydrogenation in the presence of hydrogen sulfide 
(Table 111). 

Table 111. Characterization and catalytic activity of iron 
sulfides generated by gas phase sulfidation 

of an unsupported iron oxide (BET S.- 2 4 d . g . ' )  

(a) Catalytic activity in dehydrogenation of tetralin at 600 K, 0.1 MPa H2 

A reduction of this sulfide under hydrogen generates a considerably less 
active phase, identified as Fe,,sg5S. A preliminary reduction of iron oxide 
under hydrogen produces a very active metallic phase. Partial sulfidation of 
metallic iron completely inhibits its activity. The production of Fe,,Sg,S by 
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sulfidation of metallic iron by hydrogen sulfide is very progressive and gives 
rise to a drastic sintering ( 4 ) .  

This study was completed by an examination of the influence of the 
protocol of sulfidation and introduction of the catalyst in the reacting 
medium during coal liquefaction, in the presence of a hydrogen-donor solvent 
(tetralin). We compared the ability of catalysts to rehydrogenate the solvent, 
after different sulfidation protocols described below. 

- In-situ sulfidation: the catalyst precursor is introduced into the 
reactor along with the reactants and sulfur, then heated up to the reaction 
temperature. 

- Pre-sulfidation: either in the gas phase, by a mixture containing 1 % 
hydrogen sulfide in hydrogen, or in suspension in tetralin under 1 % H,S in H, 
at 15 MPa total pressure. 

- Flash-sulfidation: the precursor is introduced under pressure (15 MPa) 
in the autoclave containing the reacting medium (coal, solvent, H,S and H,) at 
reaction temperature. 

As evidenced in table IV, only catalysts pre-sulfided in gaseous H',S or 
in-situ sulfided are active for solvent hydrogenation. The drastic reduction 
of activity caused by a pre-sulfidation in tetralin suggests that coal itself 
must interfere with the process of generation of the active phase from iron 
oxide. 

Table IV. Influence of sulfidation protocol upon solvent 
hydrogenation during coal liquefaction (tetralin 673 K, 1X&S) 

Protocol I % Solvent dehydrogenated 1 I 
In-situ 

Gas phase pre-sulfidation 
Liquid phase pre-sulfidation 

Flash sulfidation 
No catalyst 

2 
3 
13 
13 
13 

A systematic electron microscope examination, associated with X-ray 
emission micro-analysis, revealed an agglomeration of sulfide particles when 
the precursor was sulfided in the absence of coal; the surface of the grains 
was covered with an opaque, thick layer of coke probably resulting from 
cracking of tetraline (5). On the contrary, samples originating from in-situ 
sulfidation, in the presence of coal, showed that the sulfided particles 
preserved the particle shape of the precursor. A smooth carbonaceous deposit 
was evidenced at the surface of the particles. This layer, as opposed to the 
dense coke formed in tetralin, preserved the hydrogenation activity (6). It 
may results from adsorption of dissolved coal products which prevent particles 
agglomeration. 

WALUATION OF CATALYSTS IN COAL LIQUEFACTION 

Using a disposable catalyst prescribes low catalyst-to-coal ratio. An 
evaluation of catalysts for coal liquefaction must include determining the 
minimum loading required for a given level of conversion. In this part of our 
project, we chose conditions of high severity liquefaction, i.e. high 
temperature and a non-donor solvent. Coke buildup occurs in these conditions 
for non catalytic experiments. As a tool for catalysts evaluation, we 
determined the minimum amount of catalyst required for unperturbed reactor 
operation during 1 hour runs. This arbitrary criterion, designed as "critical 
catalyst loading", does not attempt to define an absolute value but is 
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I 

indicative of the relative performances of distinct catalysts. Some of the 
catalysts included in table V are representative of the improvements we 
obtained in the synthesis of iron oxide. The effect of increasing external 
surface area is evidenced, as well as the doping effect produced by 
incorporation of minor amount of molybdenum. 

Table V. Critical catalyst loading 

I Catalyst 1 Weight % vs coal 1 
Red mud 

Fe,O,, 18 mz.g-' 
Fe,O,, 71 mz.g-' 
Fe,O.. 2.8 X MOO, 

2.2 
0.7 
0.4 
0.2 
0.2 

The influence of catalyst loading on oil yield is presented in Fig. 1 
for some representative catalysts. The change in oil production is not 
proportional to the catalyst content and a twofold increase of catalyst 
percentage only causes oil yield to vary from about 40% to 50%. 

The relation between the amount of hydrogen incorporated into the final 
liquid coal products and the percentage of catalyst is described in Fig. 2. It 
must be specified that the values correspond to a net H, incorporation and 
that the contribution of hydrogen to the formation of light gases from the 
organic matter of coal has been subtracted; increasing the amount of red mud 
for example, enhances hydrogen consumption, but this additional H, is mainly 
utilized for the production of gases. On the contrary, the net hydrogen 
incorporation augments with increasing the amount of iron oxide based 
catalysts, and it reaches higher levels than with Ni-Mo. As indicated above, 
oil production varies little with the nature and with the percentage of 
catalyst. Consequently, the hydrogen content of the oils produced in distinct 
catalytic conditions - and therefore oil quality - must vary accordingly. This 
is reflected by the percentage of H, incorporated into oils or into (oils + 
asphaltenes) reported in table VI. 

Table VI. Weight X H, incorporated into oils or asphaltenes 

Catalyst ( 1 . 5 %  vs. coal) HOil Hoil+osphalt 

Fe,O,, 71 m2.g-' 4 . 4 4  3.49 
Fe,O,, 2. BXMoO, 4.38 4.05 
Ni-Mo/Al,O, 3 . 4 8  2.60 
Red mud 3.0 2.15 

From a linear regression of the rate of hydrogen consumption versus che 
pressure decrease, an initial rate of H, incorporation could be deduced. The 
results are presented in Fig. 3 .  This apparent initial rate reflects the 
activity of the fresh catalyst. Initial activity for Ni-Mo is superior to that 
of pure iron oxide, although the products obtained with the former are less 
hydrogenated; the same is observed concerning the hydrogenation of the solvent 
(Fig. 4 ) :  iron based catalysts exhibit a higher activity than Ni-Mo. Although 
supported Ni-Mo is intrinsically a better catalyst than iron sulfide (as 
evidenced by its higher initial activity), its exposed active surface 
declines rapidly, due to the plugging of the porous structure by carbonaceous 
deposits. On the contrary, the surface of unsupported iron sulfides is 
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affected to a less extent by this phenomena, and consequently their activity 
can maintain at a convenient level. 

CONCLUSION 

As part of a program for the production of fluid fuels through coal 
liquefaction, we investigated the pertinent basis for the elaboration of 
catalytic materials. Considering the requirements imposed by the specific 
conditions of use of disposable catalysts in coal liquefaction, we decided to 
prepare synthetic iron based solids. The prominent results of this program are 
summarized below: 

- Catalytic activity relies upon the external surface area. Porous solids 
that exhibit a high surface are inactive, as compared to non porous ones. 

. - Nanometer-sized iron oxides (aerosol) can be produced through vapor 
phase hydrolysis of volatile compounds in a hydrogen-oxygen flame. They 
exhibit uniform spherical shape particles whose diameter can be as low as 10 

* Sulfidation of these precursors generates a pyrrhotite at moderate 
temperature. A previous reduction of iron oxide to the metallic state must be 
avoided, since further sulfidation is considerably more difficult. 

. Coal provides a support effect during sulfidation and prevents, up to 
some extent, the agglomeration of catalyst particles. 

- The performances of aerosol iron oxides in coal liquefaction largely 
exceed those of red mud and compare favourably with commercial supported Ni-Mo 
catalysts. They can be improved by incorporation of minor amounts of 
molybdenum. 

- Critical catalyst loading, indicative of the minimum catalyst-to-coal 
ratio compatible with reactor operability, suggests that the proposed 
catalysts can be used at concentration levels as low as 0.2% vs coal. 

nm. 
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INTRODUCTION 

Iron, because of its low cost, activity, and environmental 
acceptability, has been perceived as a potential catalyst for the first 
stage of coal liquefaction, namely coal dissolution. A chief objective 
of various methods of adding iron catalysts is to provide high 
catalytic surface area and fine particulate size. The initial 
dispersion of the precursor has a strong influence on the activity of 
the sulfided phases formed under liquefaction conditions. Means must 
also be sought to prevent agglomeration of catalyst particles so as to 
maintain their state of high dispersion. In the presence of enough 
sulfur, iron catalysts form pyrrhotites (Fe,-,S) which, along with 
hydrogen sulfide, function as catalysts for the hydrogenation and 
hydro enolysis reactions which occur during the hydroliquefaction of 
c~al',~,~. Application of finely divided and chemically modified 
powdered solid iron oxide based catalysts used in this work shows 
considerable promise'. These catalysts have initial sizes in the 
nanophase region (1-100 nm); their ultrasmall size allows them to have 
dramatically different properties. 

The objective of this research has been to use low-sulfur, low- 
pyrite coals to verify the catalytic effects of small amounts of iron 
added to the liquefaction reactor as sulfate and molybdate anion- 
promoted oxides or oxyhydroxides. We have reported on the use of 
sulfate-promoted iron and tin oxides for the direct liquefaction and 
coprocessing of Argonne Illinois No. 6 coal with tetralin and with Maya 
ATB heavy oil, respectively'. 

The following topics will be discussed: (i) activity of small 
amounts of iron and molybdenum added as sulfated oxides for direct 
liquefaction of low pyrite coals (hvbC Blind Canyon, 0.01 wt% pyrite, 
and subbituminous Wyodak with 0.17 wt% pyrite), (ii) synthesis and 
physicochemical properties of sulfated and other anion-modifed iron 
oxideloxyhydroxide catalysts before use in coal liquefaction reactions, 
(iii) quantification of dispersion and composition of iron phases after 
coal liquefaction and (iv) transformation and sintering behavior of 
these catalysts under coal liquefaction conditions. 

EXPERIMENTAL 

Startincr Materials. The hvbC Blind Canyon DECS-17 coal was 
obtained from the Penn State Coal Sample Bank and the Wyodak 
subbituminous coal from the Argonne Coal Sample Bank. Elemental 
analyses are given in Table 1. Starting materials for catalyst 
preparation were iron alum [Fe,(SO,),(NH,),SO,*24H20], ferric nitrate, 
urea, and 28% ammonia water. Ammonium heptamolybdate and ammonium 
metatungstate were purchased from the Sigma Chemical Co. and from strem 
Chemicals, Inc. respectively. 

Catalvst PreDaration'and Characterization. The sulfated oxides 
and oxyhydroxides of iron were prepared from either the sulfate or 
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nitrate salts using urea or NH,OH as the precipitating agents, added 
dropwise so that the pH of the solutions changed with time. The result 
of the hydrolysis reaction is formation of iron oxyhydroxide (FeOOH) 
with small residual amounts of sulfate anion adsorbed on the surface. 
The presence of sulfate anions during precipitation has been reported 
to bring about surface charge modifications of the precipitated 
particles; this affects the chemistry and kinetics of the 
precipitation/crystallization. The catalysts used in this study were 
Fe,O, (I), Fe,O,/SO, (11), Mo/Fe,O,/SO, (111) , FeOOH/SO, (IV) , Fe,O,/MoO, 
(V), Fe,O,/WO, (VI) and Mo/FeOOH/SO, (VII). These catalysts were 
prepared by modification of the procedure used for the preparation of 
Fe,O,/SO, (11)'. 

The following measurements were made to characterize the size and 
structure related properties of these catalysts: BET surface area, 
sulfur content, thermogravimetry (TGA), acidity measurements, thermal 
stability measurements, x-ray diffraction and electron microscopy. 
Residues of coal liquefaction experiments were also analyzed using a 
Phillips X-ray diffractometer and a JEOL 2000 FX STEM (100 kV beam) 
with an energy dispersive X-ray spectrometer (EDX) to determine 
composition and dispersion of catalytic phases formed under 
liquefaction conditions. 

Reaction Studies. Tetralin was the reaction solvent (3:l by 
weight to coal) and elemental sulfur (2:l by weight to catalyst) was 
used for in situ catalyst sulfidation. Although a donor solvent such 
as tetralin tends to mask catalytic effects in coal conversion, its 
presence during coal liquefaction ensures complete conversion of the 
iron catalyst precursor to its sulfide via H,S formation in 5-6 minutes 
at 400'C at 1000 psig cold H , .  Coal liquefaction reactions were 
carried out in in both a 300 cc stainless steel autoclave and a 27 cc 
tubing bomb microreactor at 4 O O O C  and 1000 psig ambient H, (1800 psig 
at reaction temsperature). Coal conversions were determined using 
Soxhlet extraction with methylene chloride; soluble products were 
recovered by evaporation at 45OC under vacuum. Pentane solubles (oils) 
were determined by Soxhlet extraction of the methylene chloride 
solubles with n-pentane. Asphaltenes are the pentane-insoluble but 
methylene chloride soluble material. 

RESULTS AND DISCUSSION 

1. The catalysts used are 
listed in Table 2 with relevant physicochemical properties. The 
presence of sulfate anions during precipitation was necessary to form 
nano-sized oxide particles which were resistant to agglomeration at 
high temperature. 

The measure of initial dispersion of the catalysts was obtained 
using XRD line broadening measurements and transmission electron 
microscopy (TEM). The crystallite sizes of sulfated iron oxyhydroxides 
could not be determined by X-ray diffraction due to their low bulk 
crystallinity. These oxyhydroxides, after calcination, gave rise to 
catalyst I1 (high bulk crystallinity). Use of TEM revealed that 
catalyst IV contained very small needle-shaped, elongated, thin 
crystallites with average dimensions of 30 x 3 m. Nitrogen 
porosimetry measurements were carried out on all catalysts. A 
macroporous distribution of pores was obtained for catalyst Iv, 
indicating that individual fine particles come together to form very 
thin channels with average dimensions of 20-30 m. All calcined iron 
oxides, completely crystalline after calcination, were 10-15 m and 
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were elongated in shape as determined by electron microscopy. 
The uncalcined sulfated oxyhydroxides such as IV had BET specific 

surface areas (120-130 m2/g) higher than the calcined oxides (80-90 
m2/g). Evidence that all of the sulfated iron oxides had low 
porosities with pore volumes smaller than 0 . 2  cc/g was obtained by 
calculating equivalent spherical diameters from their surface area 
values and comparing them with diameters obtained by TEM. The values 
agreed within 10%. 

The iron oxide surfaces were studied by FTIR and XPS. The FTIR 
spectrum of catalyst IV, obtained at 450'C under vacuum, showed an S=O 
band at 1440 cm-' similar to the S=O bonds formed in the bidentate 
chelating complex of sulfate anion with an oxide surface proposed by 
Tanabe et a1.5 Upon adsorption of pyridine, this band shifted to about 
1500 cm-' and new bands, corresponding to coordinatively bonded pyridine 
(Lewis acid sites) and to pyridinium ions (Bronsted acid sites) 
appeared in the spectrum. XPS of the sulfated and molybdated iron 
oxides indicated that almost 95% of the S and Mo , both in 6+  oxidation 
states, were on the catalyst surface. 

Reaction Studies. Coal liquefaction reactions were carried out 
both in a horizontally shaken tubing microreactor and a well-stirred 
300 cc batch autoclave. Blank (thermal) runs were made with a 
previously unused microreactor to determine the catalytic activity of 
inherent mineral matter in the coals. Runs were also made with only 
elemental sulfur added to the reactor without added catalyst. 
Catalysts were mixed with the coal-tetralin slurry by manual stirring 
after being preheated in an oven at 450'C for one hour. Liquefaction 
experiments with sulfated iron oxides, presonicated in the reaction 
solvent for one hour, were also carried out: this treatment ruptured 
the catalyst agglomerates (about 1 nm as determined by light 
scattering) into smaller particles which formed a stable colloidal 
suspension in tetralin, thereby increasing the extent of initial 
catalyst dispersion. 

ComDarison of Catalvtic Activities of Sulfated Iron Oxides and 
Oxvhvdroxides with other Finelv Divided Catalvst Precursors. Use of 
catalysts IV and VI1 (both uncalcined) resulted in total coal 
conversion levels similar to those obtained with their calcined forms 
(I1 and 111), although higher oil yields were obtained with the 
calcined forms. The higher activity of calcined iron oxides for oil 
production is probably related to their calcination treatment at 5 O O O C  
for three hours. The higher water content of the oxyhydroxides may 
make them more susceptible to sintering during transformation to 
pyrrhotites. 

Activities of sulfated iron oxides were compared with those of 
organometallic precursor com lexes such as Fe(CO), and Mo(CO), as well 
as with a fine divided (30 1) iron oxide catalyst. Catalyst 11 was 
more active than Fe(CO), at the same iron loading. Interestingly, 500  
ppm of Mo (added as either Mo(CO), or molybdenum naphthenate) relative 
to coal resulted in about the same conversion levels as 3500 ppm of Fe 
added as catalyst 11. 

Coal Conversion and Oil Yields as a Function of Catalvst 
Concentration. Coal conversions were carried out using the smallest 
catalyst loadings that gave meaningful results. Since most coals 
contain considerable amounts of iron as FeS,, it is difficult to obtain 
reliable data on the effect of small catalyst loadings on coal 
conversion levels. Two coals with low levels of iron, a Blind Canyon 
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Coal with 0.02 wt% of pyrite and a Wyodak coal with 0.17 wt% of pyrite 
were selected to minimize the effect of inherent mineral matter. 
Uncalcined catalyst IV, which was as active as the calcined catalyst 
11, was employed for runs carried out to determine the effect of small 
loadings of iron (1000-5000 ppm with respect to coal) on coal 
conversion and on oil yields. With the Blind Canyon coal, a thermal 
blank conversion of 60% (maf) and oil yield of 22% were obtained. 
With 3500 ppm of Fe as catalyst 11, conversion increased to 77% and 
oils to 35%. The highest conversion (87% with 48% oils) was achieved 
with 1%' of FeOOH/SO, (IV) . 

The effect of Mo loadings (20-200 ppm with respect to coal) used 
with 2500 ppm of iron as I11 was investigated. Very small amounts of 
Mo added to I1 enhanced coal conversion from 72% to 80%; the yield of 
oils, however, rose from 32% without MO to 4 6 %  with 100 ppm of MO. On 
increasing Mo loading to 200 ppm, total conversion was 87% and yield 
of oils 52%. The molybdenum in catalyst I11 probably forms MoS,, which 
has a strong hydrogenation function so that more oil is produced at the 
expense of asphaltenes. 

Coal Liquefaction Activitv. Iron oxides modified with 5 wt% of 
molybdate (MOO,) or tungstate (WO,) anions were as active as sulfated 
iron oxide catalysts in terms of overall coal conversion. 

All runs with the Blind Canyon coal were made with addition of 
elemental sulfur to the reactor. Use of S alone in a blank run (no 
catalyst added) resulted in 66% coal conversion with 27% oils. Iron 
oxides modified with either tungstate or molybdate anions resulted in 
slightly higher oil yields than the sulfated iron oxide. The higher 
activity is due to formation of highly active and well dispersed MoS, 
or WS,. These new types of anionic modifications of iron oxides bring 
about significant enhancement in coal liquefaction activity. 

To establish the activity of 
highly dispersed pyrrhotites formed from the sulfated iron oxides, we 
carried out presulfidation instead of in situ sulfidation of the 
catalysts by reacting them with 2:l (by weight) of S in the presence 
of tetralin at 4OOOC and 1000 psig H, cold for 30 minutes in the 300 cc 
autoclave. X-ray and electron diffraction indicated that all sulfated 
iron oxides were converted to Fe,S, with traces of Fe,,S,,. X-ray line 
broadening measurements and transmission electron microscopy indicated 
a crystal size of 20 nm for these preformed pyrrhotites, which, 
interestingly, contained 3 to 5 wt% of carbon derived from the solvent 
tetralin. The tetralin was found to have been hydrocracked, 
hydrogenated, and dehydrogenated during presulfidation of the sulfated 
catalysts. 

The preformed pyrrhotites were then employed as catalysts for 
direct liquefaction of Blind Canyon coal at 400'C at 0 . 2 5  to 0.35 wt% 
iron loading relative to coal both with and without added S. The , 
preformed Fe,S, was almost as active as catalyst IV at 0.35 wt% iron. 
Further addition of S to Fe,S, improved its activity, yielding 42% oils 
compared to 30% with larger amounts of Fe,S, in the absence of added S 
with 2500 pprn of iron. Increase in oil yields upon addition of S to 
Fe,S, indicates possible interactions between pyrrhotites and H,S for 
catalyzing hydrogenolysis/hydrogenation reactions during coal 
liquefaction. The presence of H,S also ensures that the iron-def icient 
and sulfur-rich stoichiometry of pyrrhotites is maintained. 

E? 

Catalvst Presulfidation and Re-use. 
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Effect of Reaction Temuerature. Catalysts I, I1 and I11 were used 
for liquefaction of Wyodak coal at 315, 400, and 425OC. The activities 
of these catalysts for production of oils from coal increased on going 
from 375 to 425OC except for the Fe,O, (I) catalyst, for which oils 
decreased somewhat. Sulfated catalysts resulted in higher yields, of 
oils than the unsulfated ones at all temperatures. 

Dispersion and Comuosition of Catalvsts after Coal Liauefaction. 
To study what happened to initially added iron catalyst precursors 
after coal liquefaction, we carried out reactions of Blind Canyon coal 
with I1 and with Fe(CO),. The insoluble residues containing 
transformed iron catalysts were characterized by X-ray diffraction and 
STEM coupled with an Energy Dispersive X-ray Detector. The added iron 
for both precursors was completely converted to pyrrhotities, highly 
dispersed in the in$oluble organic matter in the liquefaction residue. 
Pyrrhotites formed from Fe(CO), were larger (30-50 n m )  than those from 
11 (15-20 nm). 

CONCLUSIONS 

1. Sulfated iron oxides and oxyhydroxides and molybdenum promoted 
sulfated iron oxide were active for converting low pyrite coals to 
liquids at 4OOOC; coal conversion levels greater than 75%, compared to 
6 6 %  without catalyst, were obtained with iron loadings between 2500- 
5000 ppm relative to coal. 

2. The sulfate, molybdate and tungstate anions modified the 
physicochemical properties of iron(II1) oxides in a similar way and 
were about equally effective for direct liquefaction of low-pyrite 
Blind Canyon coal, but slightly higher yields of oils were obtained 
with iron oxides promoted by molybdate or tungstate. 

3. Uncalcined sulfated iron oxyhydroxides were almost as active 
as the calcined sulfated iron oxides, but somewhat higher amounts of 
oils were obtained using calcined oxides. Although initially both 
oxides and oxyhydroxides are highly dispersed, sulfated oxides resist 
sintering at high temperatures. Uncalcined sulfated oxyhydroxides have 
residual moisture which is probably responsible for agglomeration under 
coal liquefaction conditions. 

4. Iron, in the form of sulfated oxides, is completely converted 
to highly dispersed pyrrhotites within a few minutes at 400°C. These 
have a composition of Fe,S, and an average particle size of 20 MI. No 
growth in particle size during reaction was observed. The presulfided 
Fe,S, is also active for direct liquefaction of coal in the presence of 
added sulfur. 

5 .  A catalyst system based on anion-modified iron oxides has an 
initial fine size and a unique ability to resist agglomeration at 
higher temperatures. 
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1 

Coal Carbon Hydrogen Nitrogen Oxygen Sulfur Pyritic 
Sulfur 

Wyodak 75.0 5.4 1.1 18.0 0.5 0.17 

Blind 81.6 6.2 1.4 10.3 0.5 0.002 
Canyon 

Table 2. Catalyst Characterization before Reaction 

1. Molybdated and tungstated iron (111) oxides contained 5 wt% 

2. 
molybdate or tungstate. 
ESD is the equivalent spherical diameter of the catalyst 
particles, calculated from the BET surface area and assumina 
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ABSTRACT 

The rapid thermal decomposition of solutes (RTDS) process was used to produce ultrafine 
iron-bearing oxide and hydroxide powders for use as coal liquefaction catalysts. The RTDS process 
subjects aqueous solutions containing dissolved metal salts to elevated temperatures and pressures in 
a flow-through apparatus. Particle formation is initiated during brief exposure of the solution to a 
heated region, then is quenched by abruptly cooling and depressurizing the suspension. Powders 
having individual crystallites on the nanometer to tens-of-nanometer size scale are readily produced 
by the RTDS method. Variations in RTDS processing parameters (e.g., solute concentration, flow 
rate, processing temperature) affect the crystallinity, morphology, and size of particles produced. 
Powders generated using the RTDS process were characterized using XRD, EXAFS, electron 
microscopy, Mossbauer spectroscopy, and BET surface area analysis. 

INTRODUCTION 

The developmcnt of inexpensive and environmentally benign materials exhibiting catalytic 
activity toward coal liquefaction processes will enhance the economic viability of coal liquefaction as 
a source of liquid transportation fuels. If active materials can be developed which meet these criteria, 
the application of single-use "throw away" catalysts will eliminate the need for costly catalyst 
reclamation steps in the liquefaction process. Inexpensive iron-based materials have been shown to 
be catalytically active in coal liquefaction processes, although their activities are typically low 
compared to other, much more expensive and/or toxic molybdenum-based materials.' One approach 
which can be taken to counteract the inherently lower catalytic activity of iron-based materials is to 
increase the surface site availability per unit weight of catalyst The production of finely divided 
catalyst precursor powders having particle sizes on the nanometer to tens of nanometer size scale 
offers specific surface areas of up to several hundred m2/g. In addition to the increase in availability 
of active sites, ulnafine particles have a much higher mobility within the reaction medium, increasing 
the potential for codcatalyst contact.2 

We have shown that uluafine iron-bearing particles can be generated quickly in a flow- 
through hydrothermal process referred to as the rapid thermal decomposition of solutes (RTDS) 
process3 The RTDS process offers a method of generating both ultrafine iron (hydroxy) oxides and 
mixed metal (hydroxy) oxides using inexpensive water soluble precursors. The RTDS process is 
amenable to variations in a number of processing parameters. Among those readily adjusted are the 
precursor salt and its concentration in solution, the processing temperature and pressure, and the 
length of exposure to the heated region. In this report we present the results of efforts to 
characterize iron-bearing powders generated using the RTDS method and to relate the effects of 
varying processing parameters on the powder characteristics. Results of catalytic activity runs using 
RTDS prcducts are presented in a companion paper! 

EXPERIMENTAL 

Details of the RTDS powder formation method have been presented elsewhere3 but are 
summarized here for convenience. As it is used for the preparation of iron-bearing powders from 
aqueous solutions, the RTDS technique involves rapid transpon of the precursor solution through a 
high temperam, high pressure region followed by an abrupt transition to low temperature and 
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ambient pressure. Solutions were pressurized using a high pressure reciprocating piston pump and 
subsequently passed through a length of stainless steel tubing which was resistively heated using the 
temperature regulated output from a DC power supply. Temperatures of the solutions at the 
downstream end of the heated tube were monitored by a thermocouple mounted in the fluid flow. 
Typical fluid residence times in the heated region of the apparatus were less than 2 seconds. After 
passing through the heated tube, the solution was depressurized by passing it through a small orifice. 
The resulting spray was directed into a flask immersed in an ice bath, where the resulting suspension 
was collected. For the purposes of investigating the RTDS process as a method of ultrafme powder 
production, a standard metals concentration of 0.1 M was chosen for the feed solutions. 

Iron-bearing RTDS suspensions were separated by allowing the paniculate fraction to settle, 
either gravitationally or by cenaifugation. If required, additional salts were added to the suspensions 
to flocculate the panicles and assist the settliig process. Liquid above the paniculate layer was 
decanted off, the particles were washed with deionized water, and the process was repeated. The 
resulting solid product was dried under flowing nitrogen or air. 

A variety of techniques were used to characterize the RTDS-generated powder products. 
Powder X-ray diffraction (XRD) was routinely used to determine crystalline phases present in the 
RTDS powder product, and XRD line broadening analysis provided crystallite size data. Selected 
samples were also analyzed using Mossbauer specmscopy, BET nitrogen adsorption analysis, 
extended X-ray absorption fine structure (EXAFS) specmscopy, and electron microscopy. 

RESULTS and DISCUSSION 

In the absence of other components, ferric nitrate solutions processed using the RTDS 
method yielded deep red to red-brown suspensions characteristic of polymeric femc oxides and 
hydroxides.5 The 0.1 M Fe(N03)3 solutions pmessed at RTDS temperatures above 250°C formed 
solids which settled readily, while those produced at lower temperatures (200-25oOC) settled much 
more slowly or remained suspended until salted out. 

The pH of the 0.1 M Fe(N03)3 solutions was roughly 2.0 as prepared, and dropped 
approximately 0.3 pH units during the RTDS processing. This decrease in pH resulted from 
hydrolysis reactions occurring under the hydrothermal conditions present in the RTDS apparatus: 

Fe3+ + 2H20 -+ FeOOH + 3H+ and 2Fe3+ + 3H20 4 Fez03 + 6H+. Efforts to 
modify the pH of RTDS solutions by adding an acetate buffer (0.36 M sodium acetate and 0.04 M 
acetic acid) raised both the before- and after-processing pH values above 4.0. Processing of the 
buffered solution at low temperature (225OC) generated a dark reddish brown suspension that did not 
settle, although a solid product was salted out by addition of sodium sulfate. 

aqueous 0.1 M Fe(N03)3 solutions at various temperatures are summarized in Table 1. These 
results suggest that at low processing temperatures (< 25OoC), the phase obtained was 2-line 
fenihydrite or mixtures of femhydrite and hematite (a-FezO3). Both XRD and mansmission 
elecmn microscopy (TEM) analyses indicated that these low-temperature RTDS products consisted 
of powders containing crystallites smaller than 10 nm in diameter. Higher RTDS processing 
temperatures (300-400°C) yielded the hematite form of iron oxide exclusively, and crystallite sizes 
were observed to increase as a result of higher processing temperatures (Fig. 1, Table 1). The 
increase in crystallite size with increasing RTDS processing tempexamre was also reflected in the 
room temperature Mossbauer spectra of the powder products as a shift from the 2-line quadrupole 
doublet spectrum characteristic of panicles less than 8.5 nm in diameter to the 6-line hyperfiie 
spectrum which is characteristic of bulk hematite (Fig. 2).5,6 

determined from the iron K-edge EXAFS specma of the powden produced from 0.1 M femc nitrate 
solutions as a function of increasing RTDS processing temperature. At the lowest RTDS 
temperature (200OC). the neafest neighbor shell radii are indicative of low molecular weight 
oligomers. As the RTDS temperature is increased, the radii approach those which are representative 
of bulk hematite (2.730 A for iron and 1.473 A for oxygen). 

The analyrical results from iron (hydroxy) oxide powders produced by RTDS processing of 

Figure 3 shows plots of the iron nearest neighbor shell radii (uncorrected for phase shift) 
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The effect of adding urea (1 .O M) to fenic nitrate solutions being processed by the RTDS 
method was also investigated (Table 1). Decomposition of the rn to carbon dioxide and ammonia 
at RTDS processing tempatures resulted in a rapid rise in solution pH simultaneously with the 
development of hydrothermal conditions, producing a competing cation precipitation mechanism. 
Little effect was noted below 25OOC because, at the short residence tioles of the solutions in the 
elevated temperam region of the RTDS apparatus, the decomposition of the urea was insufficient to 
significantly change the solution pH. At 250°C and 300°C RTDS temperatures the pH of the 
processed solutions was above 8.5, and the product was a reddish brown opaque gel. XRD analysis 
of the solid product indicated the presence of a poorly crystallized material, consisting p n d y  of 
&line ferrihydrite. 

Catalytic activity and/or selectivity of ultrafine iron oxides may be sigmficantly affected by 
the doping of other metals into the solid matrix.' Consequently, the production of iron oxide 
powders doped with other cations by co-precipitation during RTDS processing was investigated. 
Results of representative RTDS runs using additional cationic species as dopants are presented in 
Table 2. Empirically. the results obtained from the runs containing dopants were consistent with the 
results of femc iron-only runs, although some differences were detected in secondary iron oxide 
phases which were produced. The principle phases identified in the resulting products were those of 
hematite and 6-line fenihydrite (a hematite precursor). 2-line ferrihydrite may also have been present 
in wme samples, but was not identified due to the weakness of its XRD pattern relative to that of the 
other phases. Some additional phases were identified in samples in which urea had been added to 
the feed solutions. 

Fez+ salts yielded only hematite and femhydrite phases under the conditions investigated, with the 
relative concentration of those phases dependent on the processing temperature. At 225°C the mixed 
iron system yielded both hematite and &line femhydrite, although only 2-line ferrihydrite was 
observed in the product of femc nitrate only runs at similar processing conditions. At higher 
processing temperames the relative concentration of hematite w &line ferrihydrite increased until at 
400°C the product obtained was almost identical to that produced from a solution containing ferric 
nitrate only (Table 1). Clearly, under the RTDS processing conditions used for these. experiments, 
the Fez+ was rapidly oxidized to Fe3+. 

Doping of the iron feed solution with CIS salt at a 1 0  1 iron w chromium ratio yielded a 
solid powder consisting of hematite and &line femhydrite after processing at 300OC. No distinct 
chromium-only phase was detected in the powder collected Because of significant broadening of 
the lines in the XRD panern due to the fine crystallite size in this material, it was not clear whether 
significant amounts of chromium had been incorporated into the hematite structure. 

RTDS processing at 3 5 0 T  of a feed solution consisting of Fe(N03)3 and Ni(N@h in a 2 1  
mole ratio (0.067 M: 0.033 M, respectively) yielded a reddish-brown solid powder product. XRD 
analysis of the powder indicated the presence of only the hematite phase. No nickel-beanng phase 
was detected. Addition of 0.5 M urea to the Fek/Ni2+ solution and processing at 350°C yielded a 
powder consisting primarily of the nickel femte, mvorite (NiiqO4), with a smaller concenimtion of 
its hydroxide precursor. 

Powder generated from a Fek/Cu2+ salt solution at a 35OOC processing temperature 
consisted of a mixture of hematite and 6-line ferrihydrite. No copper-only phase was detected in the 
XRD analysis of the precipitated solid Addition of 0.5 M urea to the Fe3+/Cu2+ feed solution and 
processing at 35OOC resulted in precipitation of the copper oxide phase, tenorite (CuO) and a separate 
hematite phase. XRD results on the sealed powder gave no indication of the formation of a fenite 
phase similar to that observed in the Fek/Ni2+ system with the use of urea as a precipitating agent 

SUMMARY 

Efforts at obtaining magnetite (Fe.304) by processing a solution containing both F e k  and 

The RTDS process is a viable method for hydrothermally generating ultrafine iron-bearing 
catalyst powders having crystallite sizes into the nanometer size range. Specific crystalline phases 
and crystallite sizes ofthe iron-based powders generated by this method are, influenced by the 
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processing conditions to which the feed solutions are subjected and to the species present in those 
solutions. 
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TABLE 1 
RTDS Powders Produced from 0.1 M Fe(N03)3 Solutions 

1dengkIJ 
Phasea 

2-tine Ferrihydritec 

Hematite 

Hematite 

___ 
- 

6-line Ferrihydrite 

&tine Ferrihydrite 

Crystallite Diameter (nm) by: BET Surface 
X R D ~  TEMC M O S S ~ ~ U ~ P  ~rea(m*/g) 

<<lo 2-10 __ 
11  4-10 56% > 8.5 

23 20-40 100% > 8.5 

<<IO 2-10 100% c8.5 

- - - 
<e10 - - 

<<lo - - 

212 

167 

- 

184 

- 
- 

- 

aDetermined by XRD 
bEstimates of uncertainties in XRD sue results are? 10% for crystallites in the 10 to 120 nm range. 
CfEM sue estimates are qualitative and based on both bright-field and dark-field observations. 
dSize distribution about 8.5 nm was based on relative areas of the quadrupole doublet vs. the 6-line hyperfine feature in 
mom temperature spectra6 
Two-line ferrihydrite and &line ferrihydrite are poorly defined hydrated iron (hydroxy) oxide phases which are 
distinguished from each other by the number of broad lines present in their XRD patterns. 



TABLE 2 
Results of Co-proceSsing Aqueous Ferric 

Niaye Solutions with 0th~~ Metal !orus' using RTDS 
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4 0  nm 
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<<lo nm 

32 nm 
12 nm 
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11 nm 

CC10 nm 
11 mn 
22nm 
15 nm 
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CC10 m 
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Figure 1. Variations in XRD patterns of RTDS-generated iron oxide powders as a function of 
increasing RTDS processing tempera~e 
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Figure 2. Variations in Mossbauer spectra of RTDS-generated iron oxide powdm as a function of 
increasing RTDS processing tempmare. 

Figure 3. Plot of iron nearest neighbor xadii derexmined from the iron K-edge EXAFS spectra of 
RTDS powders produced from 0.1 M ferric ninate solutions 
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Surfactant molecules possess two distinct moieties: a hydrophilic head group and a 
hydrophobic rail group. Because of the dual nature of surfactant molecules, they self-assemble in 
various solvents. In many two component systems of surfactant and oil, surfactants aggregate to 
form inverse micelles. Here, the hydrophilic head p u p s  shield themselves by forming a polar core, 
and the hydrophobic tail p u p s  are free to move about in the surrounding oleic phase. In three 
component microemulsion systems of water, oil, and surfactant, water is solubilized within the 
inverse micelle structure if the water concentration remains low. The solution takes on the structure 
of water b p l e t s  appmximately IO-IOOA in diameter dispersed in the oleic solvent with surfactant 
forming the boundary between the two components. 

In structud solutions such as inverse micellar and oil-rich mirroemulsion solutions, polar 
chemical reactants can be compartmenralkd in the interior of the surfactant aggregates. If a chemical 
reaction sequence is initiated, the surfactant interface provides a spatial constraint on the reaction 
volume. The surfactant aggregates act as micro-reactors. Metal alkoxide reactions [ 11, the formation 
of metal and semiconductor clusters [2-51, and the formation of polymer particles (61 are examples of 
chemical processes which have been carried out in sbuctlaed surfactant solutions. 

We have studied the formation of iron based clusters in inverse micelles and their use as 
catalysts in coal liquefaction reactions. Iron salts are solubilized within the polar interior of inverse 
micelles. The addition of an organic based reducing agent or water based sulfiding agent initiates 
respectively a chemical reduction or an exchangehplacement reaction. The inverse micelle structure 
acts as a reaction media and limits the final size of the panicles. Particle formation is also dependent 
upon the particle nucleation and growth pmcess. The initial micelle size, the nucleation and growth 
process, and ultimately the size of the particles is conmlled by adjusting a few experimental 
parameters. 

In order to illustrate the effects of various experimental conditions on the final particle size, 
we have studied a model system. CdS formation is well understood. We report the use of Small 
angle neutron scattering, UV-visible spectrophotometry, and electron microscopy to characterize the 
inverse micelle solutions, the particle size, and particle elemental composition. Analogous results a ~ e  
observed in the formation of Fe and FeSz (pyrite). Finally, we report the use of the iron based 
clusters as catalysts in batch coal liquefaction reactions. 

Alkanes of increasing hydrophobicity from hexane to hexadecane, cyclohexane, and toluene 
were purchased from Aldrich at 99.9+% purity. Surfactants used included 
didodecyldimethylanium bromide @DAB) from Kodak, butylethylene glycol ndodecyl ether 
(C&) from Nikkol, and POE (6) nonylphenol from Chem Services. Metal salts used included 
cadmium chloride, i r o n 0  chloride termhydrate, and i r o n p )  chloride hexahydrate from Aldrich. 
Lithium borohydride in tetrahydrofuran (1M) was purchased from Aldrich. Lithium sulfide was 

* This work is supported by the US. Deparunent of Energy at Sandia National Laboratories under contract D E - A m -  
76DwO789. 
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purchased from Aldrich and prepared in a 1M solution in &-ionized, distilled water. Otherwise. aU 
chemicals were used as delivered. 

Stock solutions of 10 w t  5% surfactant are prepared in various organic solvents to produce 
the inverse micelle solutions. The iron salts are added h t l y  to prepare 0.001-0.01M solutions, 
and are mixed overnight on a stirring plate to assure complete solubilization. Concentrated aqueous 
cadmium chloride solutions are mixed with the stock inverse micelles solutions to prepare 0.0005- 
0.01M cadmium chloride miacemulsions. To reduce the iron salts, the concentrated L i B m  
solution is injected into the inverse micelle solutions under rapid srining. To sulfide the iron and 
cadmium salts. the LizS/Hfl solution is injected into the inverse micelle or micmemulsion solutions 
under rapid stirring. The reaction is carried out and the fmal product is stored under dry, oxygen- 
frce conditions. The reducing agent or sultiding agent is added in an excess molar concentration to 
favor the formation of the surfactant stabilized sols. 

The inverse micelle and cluster solutions are studied by small angle neutron scattering 
(SANS), W-visible spectrophotometry, and electron microscopy (TEM). SANS is carried out at 
the Low-QDifFractometer at the Los Alamos Neumn Scattering Center. Deutmted organic solvents 
are used. The inverse micelle radius of gyration is determined by Guinier analysis of the scattering 
curve [7]: I = N exp(-q2Rg2/3), where N is a proportionality constant, q is the scattering vector, and 

is the radius of gyration of the inverse micelles. W-visible spectrophotometry of the panicle 
k t i o n s  is completed in-si& with a Hewlett Packad 8452A diode anay spectrophotometer. 
Relative size and characterization of the particles is achieved through analysis of the plasmon 
resonances observed in metal particles and the band gap s t ~ c t m  observed in semiconductors. 
Finally. TEM using a Joel 1200Ex sizes the particles and selected area electron diffraction aids in the 
particle characterization. 

batch reactor at 4OOOC, a cold Hzpressure of 800 psi, and a reaction time of 30 minutes. 
Hexahydropyrene (H64.) is used as the hydrogen donor solvent Thermal conditions are selected to 
give moderate conversion of coal to relatively low molecular weight organic ma ted .  Reaction 
analysis consists of extracting products with THF and heptane (0) in two separate stages, and the 
products are separated into categories depending on their solubility for the solvents. Insoluble 
organic matter (IOM) is neither soluble in THF or C7. All soluble organic matter is extracted by 
THF (THF solubles), and the low molecular weight fraction of this material is extracted by C7 (C7 
solubles). This latter fraction of product represents potentially usable oils and gases. Product gas 
analysis was not completed. A description of the coal liquefaction process is detailed elsewhere [8]. 
The iron based catalysts were tested in-situ or as powders and were added to the mimebatch 
reactors directly. 

Coal liquefaction of DECS-17, Blind Canyon coal is completed in a stainless steel micro- 

Besults 
Small angle neutron scattering results indicate that inverse micelles of &E4 in ?e and 

dodecane increase in size with the addition of water (Figure 1). The effect of water addmon is more 
drastic in w a n e  than in octane. Also, the inverse micelle size increases as the oil hydrophobicity 
increases (i.e. C&/dodecane inverse micelles are roughly 12% bigger than ClzE&ctane inverse 
micelles). 

Transmission electron microscopy of FeS2 formed in C~2E&ctane inverse micelles show - 
10A radius panicles (C12E-5 is a slightly more hydrophilic analog of C12E4). Initial concentration of 
the iron salt was 0.001M. The particles show no signs of aggregation and are highly dispersed, 
sphetical, and monodisperse on the TEM grid (Figure 2). TEM results indicate FeO particles formed 
in DDABholuene (initial iron salt concentration = 0.001M) are - 12A in radius. In addition, lattice 
fringe imaging indicates that the Feo colloids exist in the high temperature fcc Fe(y) smcture. 
Finally, cds particles formed in ClzEdoctane inverse micelles (initial cadmium salt concentration = 
0.0005M) are -14A in radius as determined by "EM. 

The electronic spectra of CdS semiconductor panicles is well known [3]. An absorbance 
&ulder is observed in the visible wavelength range due to the formation of an electron-hole pair 
across the semiconductor band gap. This spectra is reproduced by W-visible spectrophotometry in 
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the C d S  particles produced in inverse micelles (Figurc 3). Increasing water concentration in the 
microemulsion solution causes a red shift in the onset of visible absorbance and a red shift in the 
absorbance maxima The maxima occurs just before the large solvent absorbance shoulder. The 
electronic spectra is not effected by the solvent The absorbance onset and maxima ~IE nearly 
identical in octane and hexadecane. 

The electronic spectra of FeSz particles is also dependent on water concentration in the 
microemulsion solutions (Figure 4). The spectra is highlighted by several absorbance maxima which 
red shift as the water concentration increases in the microemulsion mixhnes. The behavior of the 
FeSz electron specaa is analogous to the behavior of the CdS electronic spccw as a function of 
water content 

the mimscope grid produces a ring pattern consistent with the FCSz pyrite smcturc (F@R. 5). 

Results are shown in Table 1. Solvent dispersed Fe or FeSz catalysts show equal or lower 
conversion to organic products compared to the thermal (no catalyst) reactions. The Liquid catalysts 
show high amounts of insoluble organic matter. Fe catalyst added as a powder shows equal 
conversion to organic prcducts compared to the thermal runs. FeSz catalyst added as a powder 
shows lower overall conversion to organic products, but a higher conversion to low molecular 
weight products. lmponantly, the catalyst selectivity for the production of low molecular weight 
products is greatly increased. 

As funher characterization of the FeSz panicles. e l m n  diffraction from a selected area on 

Finally, the Fe and FeSz particles were tested as catalysts in coal liquefaction w t i o n s .  

Colloid formation in the reduction and exchangeheplacement processes proceed. 
respectively, via the following chemical reactions: Fez+ + W- ----> Fe(col1oids) + H2 and Fez+ + 
S+ ----> Fe&(colloids). The inverse micelles act as reaction vessels and mediate the nucleation 
and growth of the particles. The surfactant stabilizes the colloids and prevents flocculation and 
precipitation. Nwenheless, colloid stability is dependent on the high reactivity of the particles. It is 
necessary to use excess reactants in order to push the chemical reactions to the right and favor the 
formation of the colloids. In the case of the sulfiding nxction, water in the microemulsion mixtures 
favor the decomposition of the colloids into their respective ions. This is observed by the 
disappearance of the characteristic absorbance spectra of CdS and FeS2. The psence of w m  in 
the reduction reaction of iron salts may change the chemistxy all together and actually lead to the 
formation of iron borides and oxides. Oxidation of the iron clusters is visible to the naked eye, and 
CdS colloids photodegrade in the presence of oxygen (CdS + 2% ----> cd?+ + SO$-). The 
oxidation of both FeSz and CdS can be witnessed by the disappearance of their respective 
absorbance spectra. 

Particle size control in the inverse micelle mediated synthesis of clusters is complex. It is 
reasonable to expect that the size of the initial inverse micelle will limit the final particle size. New 
particles will nucleate before existing particles grow large enough to diaupt the micelle strucm. 
The nucleation and growth process is also governed by such variables as initial salt concentration, 
solution viscosity, and temperature. Any variable which increases the effective diffusion rate of the 
reacting ions will favor growth over nucleation and lead to larger particles. 

We have attempted to elucidate the most relevant variables in the conaol of the final particle 
size. The electronic spectra of the semiconductor CdS pvides us with the most facile method to 
determine relative particle size. The band gap of semiconductor particles increases with decreasing 
particle size due to quantum confmement of the charge carriers. Increasing particle size will cause a 
red shift in the absorbance spectra of fine particles (21. The e l m n i c  spectra of CdS particles 
clearly show this behavior. Figure 1 shows that the size of inverse. micelles is strongly dependent on 
water content and only weakly dependent on the hydrophobicity of the oil. The electronic spectra of 
panicles synthesized in the same inverse. micelles show a distinct red shift with increasing water 
content (Figure 3). There is little shift in the electronic spectra as the solvent changes from octane to 
hedecane despite a six-fold change in solution viscosity. clearly, the changing size of the initid 
inverse micelle plays a larger role in the final particle size than does ionic diffusion of reacting 
species as conaolled by solution viscosity. 
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The elecaonic specha of FeSz is dependent on the water content of the reacting 
microemulsion system (Figure 4). If we assume. that the particles grow with increasing water 
content, then we can infer that the e l m n i c  spectra is size dependent for the FeSz particles. This is 
consistent with the formation of pyritic FeSz which is a semiconductor. The ring pattem of the 
selected area electron diffraction is consistent with the structure of pyritic FeSz and corroborates the 
electronic spectral data, 

pyrrhotite (Fe1,S) is the active form of the iron catalyst under liquefaction conditions [9]. and that 
pyrite is reduced to pyrrhotite under liquefaction conditions [ 101. We have attempted to use our Fe 
and FeSz@yrite) particles as coal liquefaction catalysts. Wetting of Bliid Canyon with our highly 
dispersed particle solutions causes coal aggregation and poor mixing. Aggregated coal which does 
not participate in the liquefaction process appears in the product as insoluble organic matter. Fe 
powder shows no improvement over thermal reactions perhaps indicating a need to sulfii the 
catalyst. FeSz (pyrite) powder however shows good selectivity towards the production of low 
molecular weight products at the same time that the insoluble organic matter content remained high. 
We infer that our catalyst shows high selectivity for reducing polar functionalities within Blind 
Canyon. Further studies of product quality are in progress. 

Iron sulfide has been studied extensively as a coal liquefaction catalyst. It is believed that 

Monodispmed, nanometer sized particles of Fe, FeSz (pyrite), and CdS are synthesized in 
inverse micelle solutions. Oil rich inverse micelle solutions are characterized by a structm in which 
surfactant interfaces protect a polar core'from the oleic phase. Iron or cadmium salts are talcen up in 
the polar wre, and the clusters are. formed upon chemical reduction or chemical 
exchangeheplacement reactions. The inverse micelles provide size and geomemc constraints on the 
growth of the clusters and stabilize the highly dispersed sols. The effect of initial micelle size as 
controlled by water content influences the f d  particle size more than solution viscosity which 
regulates the nucleation and growth of the particles. We have used the size dependent electronic 
spectra and selected area e l m n  diffraction to characterize the formation of pyritic FeSz. Finally, 
the iron based clusters were tested as catalysts in a coal liquefaction process. While lquids wet the 
coal and prevent adequate mixing, FeSz powder selectively increases conversion to low molecular 
weight oils. 
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TABLE 1. Mimbatch liquefaction results of Blind-Canyon, DECS-17 coal. Conditions: T = 
Fc. P = 800 psi cold Hz, t = 30 min, hexahydropyrene solvent, 2-5 wt % catalyst. Gas analysis 
1s not included in these results. 
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Figure 1. Small angle neutron scattering of inverse micelles. The inverse micelles grow as water 
concentration increases and as the oil alkane chain number increases. 
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Figure 2. TEM of FeS2 (pyrite) clusters. 'Ihe cluster radius is - lOk 'Ibc particles are highly 
dispersed and monodispersed TEMs of Fe clusters show - 12A radius particles and CdS clustas 
BTC - 14A in radius. 
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Figure 4. The electronic spectra of FeSz shows a red shift as water content increases. The size 
dependent band gap shift is characteristic of the semiconductor nature of pyrite. 

Figure 5. Selected a m  elecmn diffraction of FeS2 shows a ring pattern consistent with the shucture 
of pyrite. 
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REWRSE MICELLE SYNTHESIS OF NANOSCALE METAL CONTAINING 
CATALYSTS 

ohn G. Da& John L. Fulton and John C. Linehan 
Pa&c Northwest Laboratory', Richland, Wmhington 99352 

KEYWORDS: catalyst synthesis, E M S ,  microemulsion 

INTRODUCI'ION 
The need for morphological control during the synthesis of catalyst precursor 

powders is generally accepted to be important. In the liquefaction of coal, for example, 
iron-bearing catalyst precursor particles containing individual clystallites with diameters 
in the 1-100 nanometer range are believed to achieve good dispersion through out the 
coal-solvent slurry during liquefaction runs and to undergo chemical transformations to 
catalytically active iron sulfide phases'. 

The production of the nanoscale powders described here employs the confining 
spherical microdomains comprising the aqueous phase of a modified reverse micelle 
(MRM) microemulsion system as nanoscale reaction vessels in which polymerization, 
electrochemical reduction and precipitation of solvated salts can occur. Figure 1 shows a 
schematic illustration of a typical reverse micelle for the system studied here. The goal is 
to take advantage of the confining nature of micelles to kinetically hinder transformation 
processes which readily occur in bulk aqueous solution in order to control the 
morphology and phase of the resulting powder. A micellar approach to producing 
nanoscale particles has already been used on a variety of semiconductor, metal and 
ceramic systems3. The synthetic approach described here is unique, however, in that a 
much greater yield of powder can be obtained compared to the conventional reverse 
micelle system (approximately 10 g/1 for the MRM system vs 0.5 g/1 for traditional 
reverse micelle systems). 

We have prepared a variety of metal, alloy, and metal- and mixed metal-oxide 
nanoscale powders from appropriate MRM systems. Examples of nanoscale powders 
produced include Co, Mo-Co, Ni3Fe, Ni, and various oxides and oxyhydroxides of iron. 
Here, we discuss the preparation and characterization of nickel metal (with a nickel 
oxide surface layer) and iron oxyhydroxide MRM nanoscale powders. We have used 
extended x-ray absorption fine structure (EXAFS) spectroscopy to study the chemical 
polymerization process in situ, x-ray diffraction (XRD), scanning and transmission 
electron microcroscopies (SEM and E M ) ,  elemental analysis and structural modelling 
to characterize the nanoscale powders produced. The catalytic activity of these powders 
is currently being studied. 
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EXPERIMENTAL SECTION 
Powder Precursor Salts. Ammonium ferric sulfate dodecahydrate (Fisher) and 

nickel sulfate hexahydrate (Fisher) were used as-received as precursor salts for iron- and 
nickel-bearing powders respectively. 

Preparation of the Microemulsions (MRIws). In a 2.0-1 Erlenmeyer flask 12-gm 
sodium dodecyl sulfate (SDS) and 80-ml of the 1.0 M aqueous metal salt solution of 
interest were mixed. To this slurry was added 1-1 0.12 M sodium bis(Zethylhexy1) 
sulfosuccinate sodium salt (aerosol-OT or AOT) in isooctane. After rigorous stirring and 
gentle warming for approximately thirty minutes, an optically transparent microemulsion 
resulted. Two similar microemulsions were prepared using either 1.0 M aqueous sodium 
hydroxide or sodium borohydride in place of the metal salt containing solution. 
Microemulsions were used immediately after preparation. 

borohydride MRM to the nickel sulfate MRM slowly with constant stirring. Iron 
oxyhydroxide powder was similarly prepared by adding sodium hydroxide MRM to the 
ammonium ferric sulfate MRM. In both cases, after about ten minutes particle formation 
became apparent as the resulting microemulsion began to change color (from green to 
black for nickel metal formation, and from yellow/orange to red for iron oxyhydroxide 
formation) and scatter light. The suspension was then transferred to 500-ml nalgene 
centrifuge tubes and centrifuged at 6000 RPM for ten minutes. The remaining liquid was 
decanted off. The compacted powder at the bottom of the centrifuge tubes was then 
washed and centrifuged in isooctane three times. This was followed by three 
washings/centrifugings in each of methylene chloride and finally water. Water acidified 
with HNO, was used to wash the nickel powders in order to remove salt biproducts. The 
wet powders were dried under vacuum at 60°C for 24 hours, then ground in a mortar 
and pestle. 

I n  Situ Study of Particle Formation. The sodium hydroxide MRM was added to 
the ammonium ferric sulfate MRM stepwise. After each addition, iron K-edge EXAFS 
spectra were obtained (see below) from the resulting MRM. Sodium hydroxide MRM 
was added until the system became translucent as a result of nucleation and precipitation 
of iron-bearing particles. 

on beam line X19A at the National Synchrotron Light Source, Brookhaven National 
Laboratory. The data were recorded in a transmission mode using either powders thinly 
distributed onto cellophane tape, or liquids or suspensions contained in a specially 
prepared sample cell. For each sample, between three and fifteen scans were recorded 
and averaged together. Standard EXAFS data anal ses were applied to the averaged 

Additional Characterization of Powders. Scanning and transmission electron 
microscopies (SEM and TEM) and powder x-ray diffraction (XRD) were performed on 
the as-prepared powders. A portion of the as-prepared iron oxyhydroxide powder was 
sent out to a commercial analytical lab (Desert Analytical, Tuscon, Arizona) to be 
analyzed for Fe, C, S, Na and N. 

Preparation of Powders. The nickel metal powder was prepared by adding sodium 

EXAFS Measurements and Analysis. Iron K-edge EXAFS spectra were obtained 

data to obtain a radial distribution function (RDF) x 
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REWLTS AND DISCUSSION 
Nickel Powder. Figure 2 shows an SEM micrograph of the as-prepared MRM 

nickel powder, indicating that the powder consists of irregularly shaped, sponge-like 
particles with diameters of 1-10 microns. The particles appear to be aggregates of 
extremely fine crystallites. XRD analysis confirms the formation of phase-pure nickel 
metal with an average crystallite size of 12-nm. No oxide phases were detected by XRD. 
However, energy dispersive spectroscopy (EDS) performed in the scanning electron 
microscope did detect the presence of oxygen, presumable in the form of a thin oxide 
layer on the surface of the nickel metal particles. Elemental and BET surface area 
analyses have not yet been performed on this powder. 

The sponge-like morphology of the nanoscale MRM nickel metal powder, which 
presumably has a high surface area, makes it ideal as a highly dispersable catalyst for 
various industrial processes. As with most metal surfaces, a ubiquitous metal oxide layer 
is present on the surface of these nanoscale nickel powders; however, the total oxide 
content must be less than several weight percent due to the fact that no oxide phases are 
detected via XRD. 

Iron Oxyhydroxide Powder. The dried powder consisted predominantly of 
irregularly shaped particles with diameters of 1-10 microns. TEM analysis on individual 
particles reveals no resolvable microstructural features, indicating that the particles are 
either amorphous or agglomerates of nanometer size crystallites. XRD analysis indicates 
that the powder has the same diffraction pattern as an iron oxyhydroxide phase typically 
referred to as two-line ferrihydrite'. The elemental analysis of the as-prepared powder 
shows that it contains 45.62 wt% Fe, 11.62 wt% C, 2.56 wt% S, 0.17 wt% Na and 0.12 
wt% N. EDS analysis on the powder confirmed the presence of carbon and sulfur. BET 
analysis indicates that the surface area of the as-prepared powder is greater than 200- 
m2/gm. 

Aqueous Chemistry of Iron(II1) Species. Most 1 M aqueous iron(II1) salts in bulk 
acidic non-complexing solutions contain octahedrally coordinated iron(III)-aquo 
monomeric complexes, [Fe(HzO#3+, in e uilibrium with dimeric [Fe2(Hz0)8(OH)d4' 
and trimeric [F%(Hz0)9(OH)d species'. The addition of base (e.g. NH3, NaOH, 
etc.) to the non-complexing aqueous iron(1II) salt solution causes polymerization of the 
monomeric, dimeric and cyclic trimeric species. In general, polymerization at ambient 
temperatures occurs via deprotonation of one or two aquo ligands and subsequent 
olation which forms predominantly edge sharing linkages697. Livage et ul? discuss the 
formation of cyclic trimers via the olation of hydrolyzed monomers with dimers. The 
addition of another monomer yields a planar tetramer. Further olation between 
tetramers yields double straight-chain polymers. 

Under appropriate pH conditions, sulfate ligands can chelate and remain stongly 
bound to the iron(III) cation even after particle precipitation, giving rise to sulfated iron 
oxyhydroxides with disordered polymer chains (e.g. kinked- or straight-single chain 
polymers)'*7. Since the synthetic technique employed here uses sulfate salts, and sulfate 
and sulfonate containing surfactants, these issues become critical. Chemical and 
structural analyses of the resulting MRM powders will be used to identify the role of 
sulfo ligands in the powder preparation process. 
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The elemental analysis of the as-prepared iron oxyhydroxide powder indicates that 
an appreciable amount of sulfur has been incorporated into the powder product (iron-to- 
sulfur molar ratio equals 10.2). Since the elemental analysis also indicates that the molar 
ratio of carbon-to-sulfur is 12.1 and very little sodium is incorporated into the as- 
prepared powder, the complexation of the iron(III) cation by dodecyl sulfate groups from 
the SDS s e e m  most probable. Whether these sulfate groups actually take part in the 
polymerization reactions occurring in the aqueous cores of the reverse micelles or 
become associated with the particle surface after precipitation is still uncertain. 

Structural Modelling of the Iron-Bearing Powder. Extracting the average number 
of nearest neighbors from an E M S  spectrum, especially from those obtained from 
highly disordered systems (i.e., solutions, suspensions, and amorphous materials) and/or 
nanometer size grains like those being currently studied, often yields values which are 
suspect due to structural disorder and Debye-Waller dampingg. Thus, only comparisons 
between the various nearest neighbor distances determined from the E M S  spectra of 
bulk standards and of in siw studies of the MRM system will be considered as valid 
criteria in trying to elucidate the structure of the iron-bearing particles being formed. 

form under the conditions used in this work: goethite (a-FeOOH), akaganeite (p- 
FeOOH), lepidocrocite (y-FeOOH), feroxyhyte (5’-FeOOH), two-line ferribydrite 
(unknown structural formula), six-line ferrihydrite (see below) and hematite (a-Fe,O,)S. 

Goethite, akaganeite and lepidocrocite are all composed of different arrangements 
of double straight polymer chains connected via comer or edge sharing bonds. The 
primary structural order in all of these phases, i.e. the bonding in the double straight 
chains, are identical8 and thus yield identical oxygen and iron first nearest neighbor shell 
radii. 

In contrast, feroxyhyte, six-line ferrihydrite and hematite are built up from polymer 
chains and sheets containing a combination of edge, face and comer sharing linkages, 
and are thus distinguished from the double straight chain-based phases at the primary 
structural level. These three phases are all structurally similar in that two layers of the 
edge, face and corner sharing polymer sheets make up the feroxyhyte structure, while 
that of the six-line ferrihydrite contains four layers, and that of hematite contains six 
layers. 

In t e rm of the oxygen and iron first nearest neighbor radii determined using 
EXAFS then, one can discuss whether the primary structural order of the MRM derived 
powder is goethite-like or hematite-like. Figure 3 shows the oxygen and iron first nearest 
neighbor radii determined from the EXAFS RDFs plotted versus the [OH]/[Fe] ratio. 
Note that as the [OH]/[Fe] ratio increases, the iron first nearest neighbor distance 
systematically decreases and approaches those representative of bulk phases. This 
indicates that the iron oxyhydroxide polymers, which may be incorporating some sulfate 
groups, are becoming larger and more highly condensed. The oxygen nearest neighbor 
distance initially increases with increasing [OH]/[Fe] ratio but then decreases and 
eventually approaches those representative of bulk phases. The reason for this behavior 
in the oxygen nearest neighbor distance is uncertain. After precipitation occurs 
([OH]/[Fe] = 2.03) and the resulting powder is washed and dried, the oxygen and iron 

There are primarily seven basic oxide and oxyhydroxide phases of iron which could 
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first nearest neighbor distances become identical to those found in the goethite phase. 
We thus conclude that the particles formed in the MRM system are goethite-like in 
structure. 

The XRD pattern for the proto-goethite MRM powder, however, is not 
representative of bulk goethite but of two-line femhydrite, the structure of which is still 
not well understood. Although two-line femhydrite is structurally disordered5, its primary 
structural has been previously investigated using EXAFS'o,ll and has been shown to be 
similar to that of goethite". We suggest that the iron bearing powder being produced by 
the MRM process indeed has a goethite-like primary structure but lacks the necessary 
long-range order observed in bulk goethite, indicating that the particles are extremely 
small and/or disordered and are most likely in an early stage of development. At such 
early developmental stages, goethite, akaganeite and lepidocrocite are all structurally 
identical, Le., double or disordered double straight polymer chains. Akaganeite and 
lepidocrocite generally do not form under the conditions used in this work; therefore, as 
a matter of convenience we have labeled this phase of the as-prepared MRM powder as 
"proto-goethite". 

This proto-goethite structure, which may be related to two-line ferrihydrite, consists 
of double straight chains or disordered double straight chains with iron and/or oxygen 
vacancies linked together to form a secondary structure having, at best, limited order. 
The suggestion that the double straight chains are possibly disordered should not be 
surprising as it was previously noted that the presence of sulfate anions in the aqueous 
cores of the reverse micelles could become incorporated into the growing polymer, 
producing such disordered structures. 

SUMMARY 
Using a modified reverse micelle process, tens-of-gram per liter quantities of 

micron sized particles of nanoscale nickel metal and iron oxyhydroxide were produced. 
The as-prepared nickel metal particles were found to consist of agglomerates of 
nanometer sized crystallites of nickel having a surface oxide layer. The as-prepared iron 
oxyhydroxide particles were determined to be either amorphous or agglomerates of 
nanometer sized crystallites having a structure which is proto-typical to that of goethite. 
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Figure 1. Schematic illustration of a typical reverse micelle for the system studied here. 
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Figure 2. Scanning electron micrograph of the MRM derived nickel metal powder. 

I 
0 DRIED POWDER 

[OHI/IF~I 
Figure 3. Oxygen and iron first nearest neighbor distances determined from the iron K- 

edge EXAFS of the ammonium fenic sulfate/ sodium hydroxide MRM 
microemuslion mixture for various [Oq/[Fe] ratios. Also indicated are the 
nearest neighbor distances determined for bulk goethite and hematite. 
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ABSTRACT 

It has been shown that during the process of coal liquefaction, iron based catalyst 
precursors transform to pyrrhotite in the presence of sufficient sulfur. Due to this 
transformation, the activity of the catalyst initially added relative to the transformed 
catalyst is not known. In an attempt to address this question, the activity of nanoscale 
particles of pyrrhotite (Fe,.,S), generated by a laser pyrolysis technique, is being 
studied for the direct liquefaction of a subbituminous coal. Their activity is being 
compared to that of a similarly prepared iron carbide that is sulfided in situ. The 
particles produced by this technique have a similar size range and distribution. 
Comparative studies of the changes in phase and particle size of the catalysts during 
coal liquefaction experiments are determined by XRD and Mossbauer spectroscopy. 

INTRODUCTION 

The utility of iron based coal liquefaction catalysts has been known for almost a 
century. The basis for their use is a combination of moderate activity and relatively 
low cost, compared to more active catalysts such as Mo, Ti, Ni, etc. A "red m u d  iron 
oxide catalyst precursor was first used in commercial coal liquefaction. It was found 
that the addition of sulfur with the iron oxide precursor improved the processing of low 
sulfur coals.[l] Since then, numerous studies have examined different iron phases 
such as oxides, sulfides, carbides, and organometallic compounds as catalyst 
precursors. In most of these studies the addition of a source of sulfur has been 
shown to increase the catalyst activity and selectivity. 

Three methods are generally used to introduce the catalyst to the coal. The first is the 
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physical mixing of a finely divided solid catalyst into the coal feed slurry. This is 
relatively straightforward and has been used extensively. The second is the addition 
of an oil-soluble catalyst precursor, such as iron pentacarbonyl, to the coal feed slurry. 
This method allows almost infinite initial dispersion of the iron. The third method is the 
addition of the iron to the coal itself, using either an ion exchange technique or by 
precipitation of a water soluble iron compound within the coal matrix. The former 
method can only be applied to low rank coals. 

Regardless of the method of addition or the precursor composition, in the presence of 
sulfur the final form of the iron is generally pyrrhotite. Many studies propose that 
pyrrhotite (Fe,.,S)[2,3,4,10] is the active form of iron based catalysts. Indeed, 
pyrrhotite is the thermodynamically favored phase under liquefaction conditions in the 
presence of sufficient sulfur. Research has shown that a variety of iron based 
precursors including oxides[lO], sulfides[5,6], carbides(l31, and carbonyls[2,3,9] are 
transformed to pyrrhotite during coal liquefaction. 

Some studies have been made of the kinetics of transformation of the precursor to the 
sulfide. Montano et al. [5,6] used in situ Mossbauer spectroscopy to study the 
decomposition of pyrite, to pyrrhotite and H,S, in hydrogen and under liquefaction 
conditions. It was found that the onset of the transformation to pyrrhotite occurs at 
-3OO'C and is nearly complete at -4OO'C. The activation energy of the transformation 
decreased with decreasing particle size. Larger pyrite particles were reported to break 
during the transformation yielding smaller pyrrhotite particles. It was concluded that 
both H,S and pyrrhotite are active as catalysts for the liquefaction process. Others 
have attributed the catalytic activity of pyrite to H,S alone[ll], arguing that the low 
surface area of pyrite should make it a very poor catalyst. This view agrees with the 
finding that pyrite and pyrrhotite do not exhibit any catalytic effect for the gasification 
of graphite[l4]. The view of a synergistic effect between pyrrhotite and H,S has been 
reached by other workers using both pyrite and iron oxideIlO]. 

In a study of the liquefaction of a Victorian brown coal [EA], using hematite, iron 
carbonyl, and impregnated iron acetate as catalyst precursors, it was concluded that, 
in the absence of added sulfur, the active form of the iron catalyst was reduced a-Fe. 
This concurs with the results of a study which found that metallic iron promoted the 
catalytic hydrogenation of graphite at temperatures below 1000 'C while pyrite and 
pyrrhotite showed no catalytic activity[l4]. More recently, Weng et al.[l5] have 
proposed that, while a synergistic effect between pyrrhotite and H,S promotes coal 
liquefaction, yFe is a more active catalyst than pyrrhotite. The fact that a substantial 
amount of Fe,C was also formed during the reaction may indicate that insufficient 
sulfur was present for conversion of the precursor to pyrrhotite. This may be the 
reason for the yFe formation. 

As this brief summary indicates, the relationship between the phase of the iron 
catalyst and its activity is not fully understood. Neither is there any clear information 
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about the kinetics of precursor sulfiding, and the factors which influence this reaction. 
The relevance of these statements is that, even assuming that iron sulfide is an 
active liquefaction catalyst, the active phase may not be present during some of the 
critical initial reactions of coal dissolution. 

The purposes of this work are to attempt to resolve\ these questions through: 
examining the effect of nanoscale iron carbide catalyst on coal liquefaction: 
determining the kinetics of in-situ sulfiding of the iron carbide; and comparing the 
performance when the catalyst is added in the form of nanoscale pyrrhotite. Both 
phases of the iron will be formed by a laser pyrolysis technique, described in detail 
elsewhere[l3], which will ensure that the precursor particles have approximately the 
same size distribution. Previous studies have shown that the Fe,C, particles 
transform to pyrrhotite, in the presence of added sulfur under liquefaction conditions, 
while retaining their small. size[l3]. By comparing the activity of the presulfided 
catalyst to the catalyst sulfided in situ, the relative activity of the two may be defined. 
This will allow a better appreciation of the importance of sulfiding kinetics, and the 
attainment of the active phase, to be determined. 

EXPERIMENTAL 

The coal used is a -200 mesh subbituminous Black Thunder coal which is stored in 
sealed foil bags prior to use, in order to reduce the effects of air oxidation. The native 
iron content of the coal is 0.17wt%. In liquefaction experiments 3 grams of coal and 5 
grams of tetralin are charged into a 50 ml stainless steel tubing bomb reactor. The 
catalyst loading is 1 wt% Fe to coal. The reactors are constructed with a horizontal 
orientation to reduce any mass transfer limiting effects. Dimethyl disulfide (DMDS) is 
added at 120% of the calculated amount required for transformation of the precursor 
to pyrite. The sealed bombs are purged and pressurized with hydrogen to 1000 psig 
(cold) prior to reaction. 

The bombs are agitated vertically at -400 cycles/min while immersed in a heated 
fluidized sand bath. The reactions are carried out for up to 30 minutes, and at 
temperatures between 385'C and 415'C. Following reaction, the tubing bomb is 
removed from the heated sand bath and quenched in a cool sand bath. A gas sample 
is taken from the cooled reactor and analyzed by GC. 

The products of the liquefaction experiments are analyzed by solubility class. The 
reactor contents are extracted with THF to determine the total conversion to THF 
soluble products. The THF solubles are then precipitated with pentane. The pentane 
soluble product is defined as the oil fraction while the insoluble portion is defined as 
the preasphaltene + asphaltene fraction. The THF insoluble fraction is defined as the 
IOM fraction. The gas yield is determined by GC and the oil yield is determined by 
difference. 

, 
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The spent catalyst is contained in the IOM fraction and is characterized by XRD and 
Mossbauer spectroscopy to determine the phase and approximate size of the iron 
based catalyst after reaction. 

RESULTS 

In order to determine the behavior of the iron carbide particles under liquefaction 
conditions, tubing bomb experiments were carried out in the absence of added coal. 
As reported elsewhere[l3], it was determined by XRD that the iron carbide particles 
transform to pyrrhotite in the presence of added sulfur within 30 min at 385'C. 
Further, analysis of TEM micrographs show that the particles retain their small size 
and relatively narrow size distribution, with the exception of the formation a few larger 
crystallites. 

In liquefaction studies using a subbituminous Wyodak coal the iron carbide showed 
moderate catalytic activity, similar to that of iron pentacarbonyl. The catalyst loading 
in both cases was 1 wt% Fe. The iron carbide increased the total conversion by -10% 
over the thermal baseline in the temperature range from 350'C to 440'C. Further, the 
catalyst caused an apparent increase in the selectivity to oils over the temperature 
range -350'-400"C. 

The method of production of the nanoscale iron carbide particles by laser pyrolysis 
has been reported elsewhere.[l3] A modification of this process was used to produce 
the nanoscale pyrrhotite. A reactant gas stream of ethylene and hydrogen sulfide is 
intersected with the beam from a tunable CO, laser. The pyrrhotite particles are 
formed in the small pyrolysis zone formed at this intersection. The size of the 
particles can be controlled by adjusting the reaction parameters. XRD has identified 
the phase of the particles as Fe,,.,,S with an average diameter of -1Onm. 
Work is currently in progress to determine the catalytic activity of the nanoscale 
pyrrhotite particles as well as their behavior during the liquefaction process. 

SUMMARY 

The results of this study will allow the kinetics of the transition of iron carbide to the 
sulfide to be determined, and whether the transformation is sufficiently rapid so that an 
active catalyst is present during coal dissolution. By using two different catalysts 
produced by the same technique the influence of size effects on the activity are 
reduced. XRD and Mossbauer spectroscopy are used to determine the phase of the 
catalyst after the reaction. The relative importance of attainment of the active phase 
during the initial stages of liquefaction will be discussed. 
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INTRODUCTION 

The use of iron-based c a t a l y s t s  of small p a r t i c l e  s i z e s  i n  t h e  l iquefac t ion  of 
coal i s  widespread i n  labora tor ies  and i n  prac t ice  due t o  t h e  cos t -e f f ic iency  
of t h e  ca ta lys t  and t h e  a b i l i t y  of t h e  small p a r t i c l e s  t o  pene t ra te  t h e  pore 
s t ruc ture  of t h e  coa l ,  a t  l e a s t  t o  some extent .  Of t h e  iron-based c a t a l y s t s ,  
p y r i t e  (PY, F e S d  is found indigenously i n  coal and has  a well-documented 
a b i l i t y  [l] t o  e ance l iquefac t ion  r a t e s .  PY i s  known [2] t o  be converted t o  
nonstoichiometric pyr rhot i te  (PH, FeS,, x z 1) under hydrogen atmospheres a t  
high temperatures and pressures ,  conditions expected i n  l iquefac t ion .  Whether 
PY o r  PH or a combination of the  two is the  c a t a l y t i c a l l y  a c t i v e  agent is a 
matter of current  debate. 

We have developed mixtures of PY and PB of small c r y s t a l l i t e  s ize .  The 
mixtures contain d i f f e r e n t  PH s toichiometr ies ,  and d i f f e r e n t  amounts of PA and 
PY i n  int imate  contact .  The expectation i s  t h a t  the  d i f f e r e n t  valencies  of Fe 
i n  atomic-range proximity give rise t o  a very e f f i c i e n t  c a t a l y s t .  These 
mixtures are made by disproport ionat ing f e r r i c  su l f ide  (FezSs) a t  various 
temperatures and f o r  var ious times. The PH/PY r a t i o  and t h e  value of x 
defined above change with these  disproport ionat ion parameters. 

EXPERIMENTAL PROCEDURE 

Ferr ic  s u l f i d e  i s  prepared by mixing s toichiometr ic  amounts of f e r r i c  chlor ide 
and sodium s u l f i d e  i n  a cold room below 5'C. The formation of f e r r i c  su l f ide  
is  instantaneous, following t h e  react ion:  

Cata lys i s ,  Coal l iquefac t ion ,  Fer r ic  s u l f i d e  disproport ionat ion 

2FeCls.6A~O + 3Na~S.9H~0 4 Fez& + 6NaC1 + 39H20 

PA, PY and elemental S a r e  t h e  products of disproport ionat ion,  through a 
general reac t ion  of t h e  type: 

Fez& + o FeS, + /3 FeSz + 7s 

The s o l i d  is washed t o  remove NaCl and dr ied.  A por t ion of the  resu l t ing  
so l id  is  separated i n t o  PH (soluble  i n  6P HC1 and PY (soluble  i n  88 HN03), 

absorption (AA The r e s t  of t h e  s o l i d  i s  mixed with coa l ,  solvent t e t r a l i n  
and CSz p r e s u h i d e r  f o r  t h e  l iquefac t ion  runs. Occasionally t h e  s o l i d  i s  
analyzed by X-ray d i f f r a c t i o n  (XRD) and Auger Electron Spectroscopy (AES) . 
Liquefaction runs were car r ied  out i n  a batch tubing-bomb reac tor  with 
v e r t i c a l  a g i t a t i o n .  Post experiments were performed on DECS-17 coal ,  a 
low-PY, h igh-exin i te  mater ia l .  After l iquefact ion,  t h e  s o l i d  is analyzed f o r  

and t h e  amount of Fe i n  each of these  s u l f i  d e forms i s  analyzed by atomic 
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conversion (THF- soluble  mater ia l )  and asphaltenes/preasphaltenes (THF- soluble ,  
hexane-insoluble mater ia l ) .  The amount of o i l  t gas) i s  obtained by 

RESULTS 

Ratios of pyr rhot i te  t o  p y r i t e  (PH/PY) i n  t h e  products of Fe& 
disproport ionat ion a r e  shown as a funct ion of disproport ionat ion temperature, 
Td ,  i n  Table I. Note t h a t  elemental S is  not shown. Table I indica tes  t h a t  
t h e  room- temperature disproport ionat ion y i e l d s  only PH, f o r  a l l  p r a c t i c a l  
purposes. Increasing Td increases  the  r e l a t i v e  amount of PY i n  t h e  so l id .  
Only a few S peaks a r e  v i s i b l e  i n  t h e  X-ray d i f f r a c t i o n  XRD pat te rn  f o r  the  
room-temperature case;  presumably t h e  PH c r y s t a l l i t e s  a r e  too small t o  exhibi t  
peaks. Disproportionation a t  a temperature Td = 1Oo'c shows s i g n i f i c a n t  PY 
peaks but smaller  S peaks; again t h e  PH c r y s t a l l i t e s  a r e  X-ray-invis ible .  
When Td = ZOO'C, t h e  PH c r y s t a l l i t e s  a r e  l a r g e  enough t o  exhib i t  peaks, PY 
peaks a r e  l a r g e r  than a t  Td = l O O ' C ,  and S peaks a r e  vanishingly small. 

Auger e lec t ron  spec t ra  f o r  t h e  PH PY mixture a f t e r  Td = 200'C a r e  shown i n  
Figure 1. 
composition Fe7S8 (x = 1.143 is present .  Further ,  t h e  l i n e  shape f o r  S 
ind ica tes  t h a t  the  elemental iorm i s  present .  The i n t e n s i t y  r a t i o s  of t h e  S 
LVV) peak t o  t h e  Fe (LW) a r e  p l o t t e d  i n  Figure 2 as a funct ion of t h e  r a t i o  A /Fe f o r  s tandard samples of FeSz and Fe7Ss. Also shown i n  Figure 2 i s  t h e  

in tens i ty  r a t i o  f o r  t h e  product corresponding t o  Td = 200'C. This allows one 
t o  estimate t h e  amount of surface S (elemental and ionic)  t o  surface Fe f o r  
t h e  disproport ionated product. 

The PE/PY r a t i o  of t h e  c a t a l y s t  changes a f t e r  l iquefac t ion .  As can be seen i n  
Table I ,  t h e  changes depend upon both Td and T1. Table I1 shows t h e  changes 
i n  the S/Fe r a t i o  i n  t h e  iron-based ca ta lys t  a f t e r  l iquefac t ion  at Te = 350'C 
a s  a function of Td. 

I n  Figure 3 a r e  p lo t ted  t h e  overa l l  conversion, asphaltene/preasphaltene y i e l d  
and o i l  (+ gas) y ie ld  f o r  DECS-17 coa l  as a funct ion of t h e  S/Fe r a t i o  of t h e  
iron-based ca ta lys t  a f t e r  l iquefac t ion  a t  Te = 350'C. Other choices of t h e  
independent var iab le  obviously e x i s t ,  ye t  t h i s  one appears t o  give l i n e a r  
re la t ionships  f o r  conversion and y ie lds .  Results f o r  t h e  unsulf ided 
c a t a l y s t s ,  and f o r  l iquefac t ion  at TL = 400'C with su l f ided  and unsulf ided 
c a t a l y s t s ,  have been tabulated elsewhere He d id  not t e s t  c a t a l y s t  
prepared at disproport ionat ion temperatures !!? than 200' C f o r  conversion 
of DECS-17 coal .  However, previous work 41 using Humphrey mine coal 
(Pi t tsburgh No. 8 seam) ind ica tes  t h a t  c a t a l y s t s  corresponding t o  a PH/PY 
r a t i o  of uni ty  (Td = ZOO'C) have higher  conversions and o i l  (t gas) y ie lds  
than those corresponding t o  l a r g e r  and smaller r a t i o s  (Td = l O O ' C ,  250'C). 
These r e s u l t s  a r e  shown i n  Figure 4 .  Because of the  superior  performance of 
t h e  ca ta lys t  formed by disproport ionat ion a t  200'C f o r  1 h ,  we concentrated on 
t h i s  ca ta lys t  f o r  f u r t h e r  evaluat ion.  

To inves t iga te  t h e  eff icacy of c a t a l y s t -  coal  mixing, a ca ta lys t  impregnation 
procedure was attempted and conversions and y ie lds  were compared t o  those from 
t h e  "standard" ca ta lys t  preparat ion procedure described above. In t h e  
impregnation procedure, an aqueous so lu t ion  of FeClS was sonicated with coa l ,  
then  NazS was added, followed by addi t iona l  sonicat ion.  After  

difference.  The THF-insoluble s o l i d  i s  analyzed f o r  6 H and PY. 

The shape of t h e  Fe i i n e  at around 40 eV indica tes  t h a t  PH of 
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disproport ionat ion at 2OO'C f o r  1 h ,  the  s o l i d  was washed with d i s t i l l e d  water 
t o  remove NaC1, dr ied and then placed i n  t h e  l iquefac t ion  reac tor  with 
t e t r a l i n  and CS2.  The conversion and o i l  (+ gas)  y ie ld  a f t e r  l iquefac t ion  at 
Tl = 350'C f o r  1 h a r e  shown i n  Figure 5 as ca ta lys t  preparat ion IDX.  Also 
shown i n  Figure 5 a r e  l iquefac t ion  r e s u l t s  f o r  preparat ion procedure IWD, 
wherein the  washing s t e p  was car r ied  out between impregnation and 
disproportionation. Comparing the  r e s u l t s  of these  procedures with the  
"standard" procedure, l abe l led  DWM, shows t h a t  impregnation of t h e  ca ta lys t  
yields  no p a r t i c u l a r  advantage. 

Also shown i n  Figure 5 a r e  t h e  e f f e c t s  of various NaC1-washing techniques on 
l iquefact ion.  I n  procedure DNM, the  ca ta lys t  was mixed d i r e c t l y  a f t e r  
disproport ionat ion,  without any washing s tep .  Conversions and y i e l d  a r e  
noticeably lower than DWM, where t h e  washing s tep  i s  not  omitted. F ina l ly ,  i n  
procedure DWAP, t h e  ca ta lys t  was disproportionated and washed (as  i n  DWM), but 
then a calculated amount of NaCl was added t o  t h e  s o l i d  before  mixing with 
coal .  The l iquefac t ion  r e s u l t s  here  are  very similar t o  those  where washing 
was eliminated, thus indicat ing t h a t  t h e  washing s t e p  el iminates  only t h e  
NaC1. I n  Figure 5 ,  NC represents  t h e  r e s u l t s  f o r  thermal l iquefac t ion ,  with 
no ca ta lys t  addi t  ion. 

Figure 6 shows t h e  e f f e c t  of ca ta lys t  loading on t h e  o v e r a l l  conversion and 
t h e  y ie ld  of o i l  (+ gas) .  The loading of the  PH/PY mixture ca ta lys t  a f f e c t s  
the  conversion and o i l  (+ gas) y ie ld  of DECS-17 coal i n  a nonl inear  manner. 
The conversion increases  f o r  upto 1 percent loading; at higher  loadings,  t h e  
conversion continues t o  increase but t o  a l e s s e r  ex ten t .  A t  low ca ta lys t  
loadings, t h e  y ie ld  of o i l  (t gas) i s  l e s s  than under non-catalyt ic  
conditions. The y i e l d  i s  a minimum around 1 percent loading, a f t e r  which t h e  
yield increases .  

Final ly ,  it i s  worth comparing the  disproportionated ca ta lys t  with other  
iron-based c a t a l y s t s .  F i  re 7 shows t h e  overa l l  conversion and t h e  o i l  (t 

f o r  t h e  case o y n o  ca ta lys t  NC , t h e  c a t a l y s t  mixture a f t e r  Td = 
, and an i ron  oxide c a t a l y s t ,  ill e OH, developed by Pobay Corporation 

by Dr. Farcasiu,  USDOE/PETC. Results of t h i s  ca ta lys t  a r e  
labe l led  IO i n  Figure 7. Liquefaction i n  each case was at  Tl = 350'C f o r  1 h. 
For DFS and IO, ca ta lys t  was added corresponding t o  0 .5  percent Fe. The DFS 
ca ta lys t  was prepared according t o  t h e  "standard" procedure described above. 
Figure 7 shows t h a t  conversions f o r  t h e  two sulf ided c a t a l y s t s  a r e  comparable 
and r e a t e r  than t h e  (sulf ided)  NC case. Unsulfided IO is  comparable t o  the  
unsuffided NC. Sulf iding improves IO considerably. The y ie lds  of o i l  + gas) 
with both c a t a l y s t s  a r e  smaller  than f o r  the  NC case,  with t h e  DFS y i e l 6  being 
somewhat l e s s  than t h e  IO yie ld .  This is consis tent  with Figure 6 which shows 
t h e  o i l  (+ gas) y ie ld  decreasing f o r  small addi t ions of c a t a l y s t  ( l e s s  than 1 
percent) .  

CONCLUSIONS 

Hydrothermal disproport ionat ion of f e r r i c  s u l f i d e  y ie lds  a mixture of i ron  
su l f ides  and elemental s u l f u r .  The su l f ides ,  FeS2 and var ious pyr rhot i tes  
FeS,, a r e  present as  int imately mixed c r y s t a l l i t e s  i n  small p a r t i c l e s .  The 
r e l a t i v e  amount and composition of t h e  FeS, can be control led by varying t h e  
time and temperature of disproport ionat ion.  Thus these  i ron  su l f ides  a r e  
su i tab le  c a t a l y s t s  f o r  coal l iquefact ion.  The a c t i v i t y  and s e l e c t i v i t y  of 
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these c a t a l y s t s  are comparable t o  those of o ther  iron-based ca ta lys t s .  
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TABLE I 

Pyrrhot i te /Pyri te  (PH/PY) Ratio Before and After Liquefaction as Functions of 
Disproportionation Temperature (Td) and Liquefaction Temperature (Te) . 

25 
100 
200 

PH/PY Ratios 
Before Liquefaction Af te r  Liquefaction 

Te = 350'C Te = 400'C 

286 
1.8 
0.87 

2.5 
5.7 
0.38 

TABLE I1 

Final  S/Fe Ratio i n  PH/PY Mixtures After  Liquefaction a t  Te = 350'C 

8.4 
3.2 
0.13 

25 1 . 3  
100 1.4 
200 1.7 
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Figure 6. Conversion and yield of oil(+gas) as functions of catalyst loading. 
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ABSTRACT 
The reaction pathways and kinetics of 4-(naphthylmethyl)bibenzyl (NBBM) were studied 

in an effort to resolve certain fundamentals underlying catalysis of coal liquefaction by Fe-based 
catalysts. Reaction of NBBM under a hydrogen atmosphere was performed for a series of iron 
carbonyl-based catalyst precursors: Fe(CO)@Ph3, Fe(C0)3(PPh3)2, and Fe(CO)2(pPh3)2CS2. 
The precursors' activities for the disappearance of NBBM were Fe(CO)@Ph3 > 
Fe(CO)2(PPh3)2CS2 > Fe(CO)3(pPh3)2. All precursors gave significantly higher rates than that 
for thermal reaction at 400OC. Thermolysis of NBBM was selective for cleavage at the bibenzyl 
bond, whereas the catalyst precursors were selective for cleavage at the naphthyl moiety. 
Hydrogenation activity was also observed for each of the three catalyst precursors. Possible cat- 
alytic reaction mechanisms are considered. 

INTRODUCTION 
Direct coal liquefaction is the process of fragmenting the coal structure into lower molecu- 

lar weight materials. Thermal liquefaction is accompanied by bond-making retrograde reactions, 
which can result in a more refractory solid than the original coal. This poor thermal selectivity to 
desirable products motivates the use of a catalyst to increase the rate and selectivity of liquefaction. 

Much of the microporous coal structure1 is not accessible to classical solid catalyst parti- 
cles. This suggests that the use of homogeneous or fme particle catalysts, which would better ac- 
cess the pore structtw and, in tum. the surface area of coal, could be promising for catalysis of 
coal reactions. The two key coal liquefaction reaction families of bond scission and hydrogenation 
could thus occur for coal, and not only coal-derived liquids. 

Our continuing work has focused on iron-based materials. In particular, catalyst precur- 
sors that are able to form fine particle iron and iron sulfides at coal liquefaction conditions have 
been sought To consider the effect of the precursor's ligands on the activity of the catalyst, the se- 
ries Fe(CO)@Ph3, Fe(CO)3(pPh3)2, and Fe(CO)2(PPh3)2CS2 of triphenylphosphine(PPh3)- 
substituted iron carbonyls has been examined. 

The evaluation of these catalysts involved extensive model compound reaction chemistry. 
This is because simple model systems, individually, mimic some of the important structural fea- 
tures in coal, which enables the examination of specific bond reactivities in coal. The use of well- 
defmed hydrocarbon systems also allows focus to be placed on the catalyst and its role. The 
model compound 4-(naphthylmethyl)bibenzyl (NBBM) mimics some of the important attributes 
of coal, e.&, a fused two-ring aromatic connected to other aromatics by short alkyl chains. 
However, its stNcture, illustrated in Figure 1, is simple enough to allow for quantitative analysis. 

Two studies of the reaction of NBBM have been published. Farcasiu, et al.2 reacted 
NBBM with the hydrogen donor 9.10-dihydrophenanthrene (DHP) thermally and in the presence 
of a catalytic carbon material. They observed products from thermal fission of each of the bonds 
labeled in Figure 1, followed by radical capping with DHP derived hydrogen. Reaction with the 
carbon catalyst increased NBBM conversion and showed, upon subtraction of the thermal 
background, nearly 100% selectivity to bond A scission. The thermal and catalytic (catalyst 
precursor Fe(C0)3(PPh3)2) reactions of NBBM under both hydrogen and nitrogen atmospheres 
at 420 "C have been examined by Walter et al? They classified the main products from reaction 
of NBBM into three major classes: bond A scission products, bond D scission products, and 
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hydrogenation products. Walter et al? proposed a reaction scheme that consists of the rupture Of 
the thermally weak bond D, followed by bond A cleavage through ipso-substitution of a benzyl 
radical and subsequent liberation of a methylbibenzyl radical. Bond A scission products are 
naphthyl phenyl methane (from benzyl ipso-substitution), naphthalene, tetdin, methyl bibenzyl 
and p-xylene (secondary product from methylbibenzyl). Bond D scission products are 4- 
(naphthylmethy1)toluene and toluene, and hydrogenation products are hydrogenated NBBM 
species (e.g., 1,2,3,4-tetrahydro NBBM). The stoichiometry for bond A scission was consistent 
with ipso-substitution by benzyl and H radicals, since the sum of the molar yields of naphthyl 
phenyl methane, naphthalene and tetralin is equal to the sum of the molar yields of methylbibenzyl 
and pxylene. 

The objective of the present paper is to report on the reaction of NBBM in the presence of a 
series of substituted iron-carbonyl catalyst precursors at 400°C under a hydrogen atmosphere. We 
fvst describe the preparation of the catalytic materials. followed by a description of the reaction 
system and procedures. Quantitative kinetics are examined through a lumped reaction network A 
consistent catalytic reaction mechanism, consisting of the insertion of catalytically bound hydrogen 
into the naphthalene ring leading to bond A scission and/or hydrogenation, is discussed. 

EXPERIMENTAL 

triphenylphosphine (99%. Aldrich), Fe(C0)s (99.5%. Alfa Research Chemicals) and Fe2(CO)9 
(99.7%. Alfa Research Chemicals), were used as received. AU solvents were distilled under N2 
over 4 A molecular sieve to remove oxygen and water, and reactions were performed under an 
atmosphere of purified nitrogen in Schlenk-type glassware to exclude air and water. 

and thermal route from triphenylphosphine (PPh3) in iron pentacarbonyl (Fe(CO)5), following the 
synthesis procedure of Conder and Darensbourg4. This preparation procedure, which is selective 
to the monosubstituted product, is outlined in Figure 2a. Thus, 3 g of PPh3 (0.01 1 mole) was 
added to 28 ml of Fe(C0)s (0.208 mole) under a dry N2 atmosphere. The stirred solution was ir- 
radiated with a 100-Watt long-wave UV lamp for 2 hours. The lamp was then turned off and the 
solution was held at reflux conditions (100OC) for one hour, followed by an additional hour of re- 
flux with the UV lamp turned on. At the end of the reaction sequence, excess Fe(C0)s was re- 
moved in vacuo. The residue was extracted with 50 ml THF and separated on a neutral alumina 
chromatography column in air, eluting with 75 ml THF. 50 ml of distilled water was then added 
and the solution vollime reduced under vacuum to precipitate pale yellow crystals that were col- 
lected by filtration and purified by recrystallization from heptane. The above procedure gave a 
50% yield of Fe(CO)@Ph3 (based on PPh3). The product was identified through melting point 
comparison, 198-200OC (lit.? 201-203OC) and spectroscopy, IR: v(C0) (CH2CI2): 2051, 1974, 
1939 cm-I (lk8 v(C0) (CHC13): 2059,1978,1938 an-'). 

Fe(C0)3(PPh3)2 Synthesis: Fe(C0)3(PPh3)2 was prepared from Fe(CO)5 and PPh3 
in refluxing cyclohexanol, following the procedure of Clifford and Mukhejee6 outlined in Figure 
2b. In this synthesis, 2 ml of Fe(C0)s (0.015 mole) and 5 g of PPh3 (0.018 mole) were added to 
100 ml of cyclohexanol. The solution was then refluxed (161'0 for 1 hour under N2. 100 ml of 
hexane was added to the reaction solution which was then cooled, giving a yellow precipitate. This 
relatively straightforward procedure gave a 39% yield (based on Fe(C0)s) of the disubstituted 
product, Fe(C0)3(PPh3)2, with a small amount of the monosubstituted derivative, Fe(CO)@Ph3, 
present, which was removed by silica gel chromatography. The product was identified through 
melting point comparison, 265-285OC (lit.8: 272OC) and spectroscopy, IR: v(C0) (CH2CI2): 1882 
cm-I (lit.*: v(C0) (CHC13): 1887 cm-l). 

Fe(C0)2(PPh3)2CS2 Synthesis: Fe(CO)2(PPh3)2CS2 was prepared from diiron 
nonacarbonyl (Fe2(CO)9) and PPh3 in refluxing (46°C) carbon disulfide (CS2). as outlined by 

Preparation of Catalytic Materials: The reagents for the synthesis of the catalysts, 

Fe(CO)@Ph3 Synthesis: Fe(C0)4PPh3 was prepared by a combined photochemical 
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Baird et d.' The route is outlined in Figure 2c. A mixture of 1.5 g of Fe2(CO)g (0.004 mole) and 
3 g of PPh3 (0.01 1 mole) in 25 ml of CS2 was refluxed under N2 for 40 minutes. The solution 
was cooled, and the rust-red solid, Fe(C0)2(PPh3)2CS2, was precipitated by addition of di- 
ethylether (-5-10% yield based on Fe2(CO)9). The product was identified through melting point 
comparison, 1 3 3 T  (lit."? 130-134'C) and spectroscopy, IR: v(C0) (CH2Cl2): 1990, 1929 cm-l 
(lit.'? v(C0) (CHC13): 1989, 1929 cm-'). 

NBBM Reactions: NBBM (TCI Americas), dichloromethane (Fisher Scientific) and all 
other chemicals (Aldrich Chemical Company) were used as received The reactions were carried 
out in 7 cm3 stainless steel microbatch reactors. T?ie reactant and catalyst precursor were placed in 
an open 10 x 75 mm glass tube within the reactor to prevent wall interactions. The loadings of 
NBBM and catalyst precursor were 50 mg and 1.4 wt% by iron, respectively (5 mg for 
Fe(CO)qPPhg, 8 mg for Fe(C0)3(PPh3)2,8.3 mg for Fe(C0)2(PPh3)2CS2), and all reactions 
took place under IO00 psig (cold) hydrogen pressure. The reactor was pressurized to 1O00 psig 
with hydrogen and then discharged three times prior to heat up. This ensured reaction in the ab- 
sence of air. The reactor was then plunged into a fluidized sand bath at W ° C  and, after the pas- 
sage of the reaction time, removed from the sandbath for cooling in an ice bath for at least 30 
minutes. A known amount of biphenyl was then added to the contents of the glass tube, which 
was subsequently diluted with dichloromethane. The mixture was then separated in a Hewlett- 
Packard 5890 Gas Chromatograph with Flame Ionization Detector and a Hewlett-Packard 5890 
Gas Chromatograph with a Hewlett-Packard 5970 Mass Selective Detector. Both Gas 
Chromatographs used Hewlett-Packard Ultra 2 columns (crosslinked 5% Ph Me Silicone) with 
dimensions 50 m x 0.2 mm and 0.33 mm fdm thickness. 

RESULTS AND DISCUSSION 

in the presence of each of the catalyst precursors (Fe(CO)@Ph3, Fe(C0)3(PPh3)2, 
Fe(CO)2(PPh3)2CS2) and in the absence of a catalytic precursor. 

significant activity above the thermal baseline for the disappearance of NBBM. Fe(CO)@Ph3 led 
to the highest conversion over most of the reaction times. Conversion in the presence of 
Fe(CO)2PPh3)2CS2 was initially lower than in the presence of Fe(C0)3(PPh3)2, but by 60 
minutes the hznd had reversed. 

Figure 4 is a plot of the yields of the three product classes, i.e., bond A scission, bond D 
scission and hydrogenation products, versus NBBM conversion for reaction at W 0 C  in the pres- 
ence of the three catalyst precursors. The predominate activity for bond A scission and NBBM 
hydrogenation is clear. Figure 4 shows that, for the catalyst precursor Fe(CO)@Ph3, the rate of 
appearance of bond A scission products decreases markedly between 120 and 150 minutes. There 
was very little NBBM left in the reaction mixture at this point (Figure 3); however, there was a 
significant amount of hydrogenated .NBBM (Figure 4). The stoichiometry for bond A scission 
during reaction with each of the three catalyst precursors at 400 OC was consistent with the results 
observed by Walter et al.3 and discussed earlier. Ipso-substitution by either benzyl or H radicals 
can account for the observed product distributions. 

Figure 5 is a simple reaction network that describes NBBM reaction in terms of the three 
product lumps: bond A scission products, bond D scission products and NBBM hydrogenation 
products. The network also includes an "other products'' lump, which accounts for products not 
identified through gas chromatography, e&, gases and high molecular weight products. Two 
additional product classes account for secondary reactions to hydrogenated versions of products 
attributed to bond A and bond D scission. 

Quantitative kinetics analysis was accomplished by optimizing network predictions against 
the experimental data. Table 1 contains the best-fit values of first-order rate constants obtained by 
parameter estimation using a simplex optimization routine. Model predictions, with the experi- 

The reactions of NBBM were studied at 400 OC under lo00 psig (cold) hydrogen pressure 

The disappearance kinetics shown in Figure 3 reveal that the three catalyst precursors had 
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mental data, for NBBM consumption are shown in Figure 6. The fits are good for reaction ther- 
mally and in the presence of Fe(CO)3(PPh3)2. However, for reaction in the presence of 
Fe(C0)qPPhg and Fe(CO)2(PPh3)2CS2 the fits are poor, due to highly non-first order behavior. 

bond D scission constants, b, are independent of the presence of the three catalysts. That is, kD 
for reaction with any of the catalysts is not significantly different than that during thermal reaction. 
This suggests that bond D scission is purely thermal and is unaffected by the presence of a cata- 
lyst. Similarly, the values for the bond A scission constants, kA, are similar for reaction with each 
of the three catalysts and quite different than that for thermal reaction. This suggests that a single 
mechanism is responsible for the bond A scission in the presence of the three catalyst precursors. 
In addition, the values of the hydrogenation constants, kH. are consistent with the higher hydro- 
genation activity observed for Fe(CO)@Ph3 catalyst than for the other two shown in Figure 4. 
Also, the slower scission of bond A in hydrogenated NBBM relative to that for bond A scission of 
NBBM is reflected in the relationship k m  e kA for all three catalyst precursors. Finally, all three 
catalyst precursors showed higher activity for hydrogenation of naphthalene ( k d  than for hydro- 
genation of the substituted naphthalene &H). 

Mechanistic insights derive from the known activity of reduced iron as an effective hydro- 
genation catalyst. The iron likely dissociates hydrogen into atoms that can, in turn, add to the 
naphthyl ring. When a hydrogen inserts at the ipso position, a thermochemically favorable p- 
scission pathway affords naphthalene and a methylbibenzyl radical. This proposed mechanism is 
also consistent with the lack of bond A scission of hydrogenated NBBM. The destruction of the 
electron rich naphthalene system both decreases the molecule's ability to interact with the catalyst 
and removes the electronic topology required for ipso-substitution. 

CONCLUSIONS 

of the series of iron-carbonyl based catalyst precursors Fe(CO)qPPhg, Fe(CO)3(PPh3)2 and 
Fe(CO)2(PPh3)2CS2 was examined. The three catalyst precursors showed significant activity for 
the disappearance of NBBM above the thermal baseline. Two of the main product classes were 
"bond A scission'' and "NBBM hydrogenation". Quantitative network analysis examined the ki- 
netics for each reaction family among the catalyst precursors. ?his analysis indicated that: bond D 
scission was purely thermal and unaffected by the presence of the catalyst precursors; bond A rate 
constants were similar for reaction in the presence of all three catalyst precursors and different 
from that for thermal reaction; and the hydrogenation rate constant was higher for Fe(CO)4pPh3 
than for the other two catalyst precursors. A consistent reaction mechanism involves catalytic dis- 
sociation of H2 into hydrogen atoms, which are, in turn, inserted into the naphthalene system of 
NBBM; the naphthalene site at which the. hydrogen atom is inserted determines the outcome of 
bond A scission or hydrogenation. The slower rate of bond A scission observed by the hydro- 
genated NBBM species can be qualitatively explained with decreased catalyst interaction and re- 
moval of ipso-substitution electronic topology. 

The rate constants do provide insight into the m t i o n  mechanisms. The values for the 

The catalytic chemistry of NBBM at 4OOOC under a hydrogen atmosphere in the presence 
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Ni 1 s-1) x 10s 
Thermal Fe(COhPPh3 Fe(CO)3(PPh3)2 Fe(CO)z(PPh3)2CS2 

0.455 
0.035 
0.457 
4.92 
1.83 

0.112 
0.03 1 
1.11 

4.32 3.00 4.19 
15.8 5.59 6.59 

0.366 0.454 0.363 
42.4 18.2 17.8 
4.44 6.36 8.87 
1.72 1.33 0.549 

0.505 0 0 
5.91 2.78 2.99 

Tablel: Regressed values for the first-order rate constants for the reaction network of Figure 5. 

Figure 1: Model compound, 4-(naphthylmethyl)bibenzyl. 
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Figure 3 Kinetics of NBBM disappearance at 400°C under loo0 psig H2 (cold) in the presence 
of iron carbonyl based catalyst precursors. 
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Figure 4: Molar yields of bond A scission, bond D scission and NBBM hydrogenation products 
classes upon reaction of NBBM at 400°C under loo0 psig H2 (cold) in the presence of iron car- 
bonyl b e d  catalyst precursors.0 Bond A Scission Products; I Bond D Scission Products; 

- Hydrogenation Products. 5 1  



Other Products 

ko t 

Bond A Scission Products I Bond D Scission Products 

Yk HA kHD BondA ~ NBBM ~ BondD , 

Hydrogenation Hydrogenation Hydrogenation 
Products Products Products 

Figure 5: Lumped network for the reaction of NBBM at 400°C under lo00 psig H2 (cold) in the 
presence of iron carbonyl based catalyst precursors. 
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Figure 6: Model fits for the lumped network describing the reaction of NBBM at 400°C under 
lo00 psig H2 (cold) in the presence of iron carbonyl based catalyst precursors. The lines are the 
predicted cutves and the points are the experimentally measured values. 
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ABSTRACT 
Fine particle (6-8nm) iron-sulfur systems with Complex 

chemical compositions are formed when a 3 nm iron oxide is heated 
with sulfur in the presence of 9,lO-dihydrophenanthrene for lhour. 
These systems form small-particle pyrrhotite when heated at 32OoC. 
The fine particle pyrrhotites are very active hydrocracking 
catalysts, but agglomerate rapidly during reaction at 32OoC. 

INTRODUCTION 
The use of iron-based catalysts in reactions of interest for 

direct coal liquefaction usually involves the addition of iron 
compounds to the reaction mixture and the in-situ activation of the 
iron compounds to form iron catalysts. The composition of active 
iron-based catalysts has been a subject of considerable interest 
and several reviews have been published on the subject (1,2). It 
was reported that the hydrocracking of monoaromatic model compounds 
at temperatures of 425-435OC is catalyzed by iron-sulfur systems in 
the presence of hydrogen sulfide ( 2 ) .  The catalytic activity was 
tentatively explained by an interaction of pyrite with pyrrhotite 
and hydrogen sulfide. 

We have studied the activity of some iron-sulfur catalytic 
systems formed in the reaction of fine-particle iron oxides with 
elemental sulfur and a hydrogen donor, 9,lO-dihydrophenanthrene 
(9,10-DHP), at low temperature. In this paper we will discuss the 
systems formed when the above compounds are heated at low 
temperatures (200 - 32OOC). We have found that the iron-sulfur 
systems formed under these conditions are very active in low 
temperature, selective hydrocracking of C,r-C%h bonds, when the 
aromatic carbon is a part of a condensed polycyclic aromatic 
hydrocarbon. The composition of the iron-sulfur systems and the 
variation of their compositions with time under various reaction 
conditions have been studied by a variety of methods. We report 
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here our findings concerning the catalytically active components in 
the above described iron-sulfur system. 

EXPERIMENTAL 

General. Reagent grade chemicals and HPLC grade solvents were 
used as purchased unless stated otherwise. Methylene chloride was 
dried over 4 8, molecular sieves. Ferrihydrite (5Fe20,.9H20), 
obtained from Mach I, Inc., King of Prussia, Pennsylvania, was 
vacuum dried for ca. 3 hours at 150 OC, then stored in a 
desiccator. The particle size reported by the vendor (3-5 nm) was 
confirmed by microscopic analysis and is consistent with the 
surface area determination by the BET method. Compound I was 
available from our previous work (3). 

The reactions were conducted in sealed 7mm 0.d. heavy walled 
glass tubes (Corning Glass) in a Lindberg Type 59344 muffle furnace 
equipped with a thermocouple. 

Chromatographic analyses were conducted on a Hewlett-Packard 
Model 5890 Series I1 Gas Chromatograph equipped with a split-vent 
injector and connected to an HP 3396A integrator, on a J&W 30 m x 
0.248 mm fused silica capillary column coated with 0.25 pm silicone 
S E - 5 2 ,  with a head pressure of 20 psi (136 KPa). The column 
temperature was increased from 8OoC to 31OoC at a rate of 8"Cjmin. 
Identification of the components was described in a previous 
publication (3). 

Catalvst Preparation and Activitv Measurement. In a typical 
experiment, ferrihydrite (2.5 mg) dried as indicated above, sulfur 
(2.5 mg) , and 9,lO-DHP (100 mg) were loaded into the glass tube 
which was sealed without excluding the air. The length of the 
sealed tube was ca. 14 cm. The tube was heated at the desired 
temperature for the duration indicated below, then it was cooled 
and stored at room temperature until use. For catalyst testing, the 
tube was cracked open (CAUTION: pressure buildup in the tube 
occurs, particularly for experiments at higher temperatures), 25 mg 
of the reactant, 4-(l-naphthylmethyl)bibenzyl (I), was added and 
the tube was resealed and heated as indicated 

below. In the alternative procedure, compound I was added together 
with the catalyst precursors such that catalyst preparation and 
reaction of I were conducted in one operation. For the analysis of 
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products, the tube was cooled to room temperature and carefully 
opened, the organic materials were dissolved in the minimum amount 
of methylene chloride possible and filtered through a layer of 
anhydrous MgSO, (ca. 0.3 9) supported by a glass wool plug in a 
micropipette. The tube was rinsed twice with methylene chloride 
(ca. 0.5 mL each time) and the washings were filtered through the 
same microcolumn for drying. The combined solution was concentrated 
to ca. 1 mL and analyzed by GLC (0.5 pL of sample was used for each 
injection). 

Catalvst Characterization. The particle size, chemical 
composition, and the crystallographic properties of the iron 
species formed under various experimental conditions were 
determined as described by Eldredge et a1.(4), using XRD and 
Moessbauer spectroscopy. The surface area was determined by the BET 
method (5) from the adsorption isotherms for N2 at 77K. The samples 
were first outgassed for 18 hr at 95OC and less than 10” torr. A 
Coulter Omnisorp lOOCX gas sorption analyzer operated in the fixed- 
dose, static-flow volumetric mode was used to measure the 
adsorption isotherms. Equilibration of the sample with a nitrogen 
dose was defined as five consecutive readings with a variance of 
less than 0.1 torr over a 3 second interval. A value of 0.162 nm2 
was used for the cross-sectional area of nitrogen. 

RESULTS AND DISCUSSION 

! 
I 

I 

The catalyst prepared in-situ from ferric oxide (20-80 nm) and 
sulfur in the presence of 9,lO-DHP and reported previously (6) was 
found active in hydrocracking reactions of compound I at 
temperatures of 420-430OC. In the present study, the reactions were 
performed at temperature and conditions where no thermal reaction 
of I occurs (3). In work reported here, we have used an oxide with 
smaller particles (3-5 nm) as the catalyst precursor. our goal was 
to prepare an iron-sulfur catalyst in an initial step, and then add 
the substrate I and perform the hydrocracking reaction. The 
temperature was varied independently in the two steps (between 
2OO0C and 32OoC for the first step and between 2OO0C and 4OODC for 
the second step) and each step was normally conducted for 1 hour. 
Alternatively, the two steps were combined by adding the substrate 
from the beginning and thus synthesizing the catalyst in-situ. The 
conversion of I, defined as the selective cleavage of the bond 
adjacent to the naphthalene ring, is presented in Table 1 for both 
of these approaches. It can be seen that the catalyst is active 
even at temperatures as low as 25OOC. Moreover, conversion of I 
reaches a maximum value of 92% in one hour at 35OoC (Table 1) 

The data in Table 1 also show that reaction of I at any 
temperature between 250 and 40OoC gives the same conversion with 
the catalyst generated in-situ or with the material pre-synthesized 
at 2OO0C. Synthesis of the catalyst in a prior step at higher 
temperatures gave less active catalytic systems. , Under our experimental conditions, specifically with the 
reactant dissolved in 9,10-DHP, there is likely no mass transfer 
limitation and the rate of formation of the active phase by the 
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reaction of iron oxide with sulfur (or more likely with the 
hydrogen sulfide formed from S and the H-donor) is faster than the 
hydrocracking reaction. Such favorable conditions might not be 
available if the catalyst were generated in a very complex 
heterogenous medium with large excess of solids, as is the case in 
coal liquefaction. Therefore, preparation of active, small particle 
catalysts, prior to the actual coal liquefaction, is desirable. 

The structural study of this Fe-S material formed after 
pretreatment of 3-5 nm particles of ferrihydrite for 1 hour at 
200OC indicates the presence of at least four distinct components: 
pyrrhotite, magnetite, unreacted ferrihydrite (or hematite), and a 
new iron sulfide phase identified as marcasite with pyrite stacking 
faults ( 4 ) .  The composition, as determined by Moessbauer 
spectroscopy, is reported to be ( 7 ) :  1 5 %  pyrrhotite, 19% unreacted. 
ferrihydrite, 29% magnetite, and 37% for the new iron sulfide 
phase. The particle size of the pyrrhotite component in this 
material was in the ran e of 6 . 5 - 8  nm (XRD) and its calcuated 
surface area was 150-182  m / g .  The direct surface area determination 
for all the components gave a surface area of 1 8 0  m2/g. The 
marcasitelpyrite phase is unstable at 2OOOC and is converted to 
pyrrhotite upon longer heating at that temperature. Pyrrhotite is 
also formed at the expense of the new phase when catalyst synthesis 
is conducted at higher temperature. In both cases, larger particles 
are obtained. When catalyst preparation was conducted at 32OoC, 
only pyrrhotite was observed even at a short reaction time of 2 0  
minutes. The particle size of the pyrrhotite obtained under the 
latter conditions was -30 nm, with a corresponding calculated 
surface area of -40  m2/g. Pretreatment at 2OO0C, followed by 
treatment for 10 minutes at 32OoC, or direct pretreatment for 10 
minutes at 3 2 0  OC gives pyrrhotite with particle size of 22-25  nm 
(corresponding surface area of 54-48m2/g) .  After pretreatment of 1 
hour at 320°C,  the particle size of the pyrrhotite was in the range 
of 38-50 nm (XRD) and a surface area of -24 mZ/g was calculated. 

The catalytic activity of the iron-sulfur system formed at 2OO0C 
may be due to one, some, or all of the components present; i.e., to 
pyrrhotite, the newly identified iron sulfide phase, magnetite, or 
tothe unreacted ferrihydrite. The ferrihydrite used alone in tests 
with I in the presence of 9,lO-DHP was found to be catalytically 
inactive. For identification of the active phase in this system, we 
studied the conversion of compound I at 320DC as a function of time 
in the presence of the iron-sulfur system presynthesized at 2OOOC. 
The results are given in Table 2 .  Based on the conversion at 4 0  
minutes with pyrrhotite of 2 4  m2/g initial surface area, a specific 
catalytic activity for pyrrhotite of 0.39 mmoles I/(mLhour) is 
calculated. X-ray diffraction data indicate that pyrrhotite is the 
primary material present after 2 0  minutes at 32OoC. Assuming the 
only catalytically active phase present even at short reaction time 
is pyrrhotite, then for the 4 5 %  conversion of I in the first 2 0  
minutes of the reaction, an average surface area of 108 m2/g can be 
calculated for this interval using the specific activity mentioned 
above. This value compares well with the observed decrease in the 
surface area during the first 2 0  minutes of reaction from - 1 8 0  m2/g 
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to -41 m2/g (a calculated average would be 110 m2/g). Using this 
result along with the observation that pyrrhotite is by far the 
major component in the system leads to the conclusion that 
pyrrhotite is most likely the catalytically active phase. 

The possible catalytic activity of magnetite (a major 
component after pretreatment of the mixture of ferrihydrite and 
sulfur in the presence of 9,lO-DHP at 200°C for 1 hour) was studied 
using samples of genuine magnetite of known particle sizes ( 8 ) .  
However, based on the observed conversion to pyrrhotite after 20 
minutes at 32OoC, it is unlikely that magnetite makes any important 
contribution to the activity under the reaction conditions reported 
in Table 2. The observed conversions after pretreatment at various 
temperatures can be explained by pyrrhotite as the catalytically 
active phase and by the variation of its particle size (surface 
area) as a function of the experimental conditions. Consequently, 
our present data indicate no measurable catalytic activity for the 
new form of pyrite-marcasite identified when the iron-sulfur system 
is preformed at 2OO0C, as described above. However, the stability 
at room temperature of the iron-sulfur system formed after 
pretreatment for 1 hour at 2OO0C without loss of the catalytic 
activity (Table 3) may be due to the fact that this complex system 
prevents the agglomeration of the particles. 

Data by Cugini et al. (9) show that when highly dispersed FeOOH 
is precipitated on coal and the coal is pretreated at 275OC in 
presence of a sulfur compound, an active catalyst for coal 
liquefaction can be formed. It is likely that this catalyst is 
highly dispersed pyrrhotite and that coal prevents its 
agglomeration. However, in the absence of sulfur, other iron 
compounds are stable and can act as catalysts. When a low sulfur 
bituminous coal is liquefied in the presence of magnetite, a 
significant catalytic activity is observed and magnetite is 
observed as such at the end of reaction (8). 

CONCLUSSONS 

We have found that pretreatment of fine particle size (30 nm) 
iron oxide with sulfur in the presence of 9,10-DHP, at 2oO0C for 
one hour gives a high surface area mixture of magnetite, 
pyrrhotite, and a newly identified phase of marcasite-pyrite (4). 
We studied this system for hydrocracking reactions of compound I at 
various temperatures. The iron-sulfur mixture transforms at 320°C 
(the temperature at which we report kinetic data) into pyrrhotite. 
The surface area of pyrrhotite varies with the reaction time and 
the catalytic activity can be correlated to the surface area 
variation. The observed catalytic activity in the hydrocracking 
reaction of I is attributed under these conditions to pyrrhotite. 
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One of the primary questions facing scientists working in the area of direct coal lique- 
faction (DCL) is the state of the iron in iron-based catalysts. While much work has been 
done on iron-based DCL catalysts, the mechanism of catalysis is poorly understood. In 
order to elucidate the possible catalytic action, we have begun modeling various surfaces of 
FeS and Fq1&, clusters with the ASED-MO method of Anderson. We have studied the 
adsorption of toluene and 1-methylnaphthalene at various sites on FeS and related defect 
clusters and have calculated bond breaking energies of the aromatic-aliphatic linkage. One 
explanation of the catalytic activity of the FeS is donation of electrons to the iron surface by 
the adsorbate, followed by a subsequent decrease in the bond breaking energies as compared 
to nonchemisorbed toluene or 1-methylnaphthalene. 

A. Introduction 
The development of effective and economical catalysts is the key to making di- 

rect coal liquefaction a commercially viable goal. To this end, there has been a great deal 
of interest in sulfided iron catalysts for coal liquefaction. Several facts are known from ex- 
periments: the presence of sulfur increases the liquefacton conversion;' molybdenum is a 
'more active catalyst' for liquefaction than iron;' molybdenum produces a more highly hy- 
drogenated product; and the addition of molybdenum to the iron sulfided catalysts greatly 
increases the activity of the iron catalyst.' However, the question of the state of the iron in 
the iron-based catalysts is still unanswered. For instance, in experiments starting with iron 
oxide as the catalyst it is still not known whether the iron oxide undergoes a phase transition 
directly to  Fe& phases or it transforms to metallic iron first and then goes to form Fe,S,.3 
We address such questions through quantum chemical modeling calculations. 

Two methods, both based on the EHMO method of Hoffmann? are particularly suited 
for these investigations. The first, a band structure tight binding EHMO approach, de- 
veloped by Whangbo? has already been successfully employed by Zonnevylle, et a16 in 
explaining thiophene desulfurization on MoSz and the formation of negatively charged ions 
in thescattering of oxygen from silver. This method is well suited for investigating bulk and 
semi-infinite surface properties of the catalyst system. 

The second, the ASED-MO method developed by A.B. Anderson,' has been used by us 
in the study of the possible cleavage mechanisms of model compounds of interest to investi- 
gators in the field.a11 Anderson also has used the method to study ethylene hydrogenation 
mechanisms on P t  surfaces and ethylene and acetylene absorption on MoSz clusters." In 
this method one models a surface by a small number of atoms (;.e., as the surface of a cluster 
of atoms), and is ideal for the study of the small ultrafine particle catalysts. One can thus 
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address whether the departure from bulk properties when the catalyst size approaches lOnm 
is the cause of catalytic activity. 

Our goal is to investigate the active sites in both nano-size and large particles of iron- 
based catalysts by quantum chemical methods. Initially the adsorption of small organic 
molecules such as ethylene and toluene on various sites on FeS, Fe&, other defect structures, 
and pure Fe surfaces will be investigated in order to try to determine the differences in 
adsorptive and catalytic activity as one progresses from pure iron to the defect pyrrhotite 
structue. As a prelude to these complex studies, we have begun to model these interactions 
with cluster studies using the ASED-MO method of Anderson.' 

B. Method Used 
The ASED-MO method is an attempt to improve the binding energy curve cal- 

culation in EHMO theory. There are two significant modifications. The first one is in the 
Hamiltonian matrix. In the ASED-MO method, as in the EHMO method, the molecu- 
lar orbitals are expanded in terms of Slater type orbitals for the valence electrons. The 
eigenenergies, E , ,  and the expansion coefficients are obtained from a solution of the secular 
equation, 

The Hamiltonian matrix H in ASED-MO is defined by 
IHij - €jSijl = 0 (1) 

H;i = -VSIE,  . (2) 
K 

Hi; = -(Hii 2 + Hjj)Sijexp (-6R;). (3) 

The Sij's are overlap integrals and are calculated explicitly with Slater-type orbitals (STO). 
The valence state ionization energies (VSIE) and the exponents in the STO's are frequently 
adjusted slightly from experimental or theoretical norms in order to give numbers that are 
in closer agreement with e~periment . '~  Note that the off-diagonal matrix elements in (3) are 
different from the usual EHMO form of the Wolfsberg-Helmholz expression by the inclusion 
of the exponential factor. The constant, K,  is taken to be 2.25 in the ASED-MO version, and 
the exponent 6 is 0.13au-'. The %;'s are the distances between the various atom centers in 
the molecule. The practical effect of the exponential factor is to produce a sharper increase 
in the potential curve between any two atoms than the standard standard EHMO methods. 

The second modification of EHMO in the ASED-MO method is the inclusion of spe- 
cific pairwise repulsion terms, derived from the consideration of the Hellman-Feynman force 
theorem.' Nuclear repulsion terms, attenuated by nuclear attraction integrals, are included 
in each pairwise repulsion term. The attraction terms are computed with classical formulae, 
approximating the density due to p and d electrons by spherical distributions. Inclusion of 
the two modifications of Anderson significantly improves the validity of EHMO calculations. 

4 

C. Results and Discussion 
The first cluster we investigated is shown in Figure 1 and consists of 19 Fe atoms 

in the top layer, 12 sulfur atoms in the second layer and 19 iron atoms in the third layer. 
This particular cluster was chosen because of its simplicity, and more realistic surfaces will 
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be studied subsequently. The interatomic distances were chosen to correspond to those in 
the idealized pyrrhotite s t r~cture . '~  The nearest neighbor distance between iron atoms in 
the same layer is 3.43 A but 2.84 A between layers. The Fe-S distance is 2.44 A. This is 
to be compared with the neared neighbor distance in bcc pure iron of 2.48 A. The inner 
iron atoms of the cluster exhibit a charge of about t0.6 lei. While this cluster does not 
have the overall stoichiometry of FeS, it is representative of the correct stoichiometry in the 
immediate vicinity of the adsorption sites studied. 

The 
hydrogen molecule was allowed to approach the top layer of the surface perpendicularly in 
several different sites-i.e. head-on, bridge, and interstitial (over the exposed sulfur atom in 
the second layer) sites. These positions are labeled A, B, and C, respectively, in the second 
panel of Figure 1. The iron pyrrhotite structure was modeled by removing an iron atom from 
the top layer, thereby creating a vacancy in this layer. The most stable positions for the 
hydrogen molecule a t  its ASED minimum energy distance were found. In several cases, once 
this position was found, the hydrogen atom closest to the surface was fixed and the position 
of the outermost hydrogen optimized with the grid search option of the ASED program. 
The binding energy of the hydrogen molecule to the surface was of the order of 0.04-0.07 
eV, in other words, a physisorption process is occurring. However, in the presence of the 
vacancy the physisorption energies slightly decrease, indicating an inhibitory effect as the 
iron pyrrhotite structure is formed. We next investigated the adsorption of a simple organic 
molecule, ethylene. The ethylene molecule, at its ASED minimum energy configuration, 
was brought up parallel to the surface of the cluster. In this manner, the p2 orbitals of the 
carbon atoms can interact with the d orbitals of iron. The ethylene molecule was allowed 
to approach with one carbon atom fixed directly above an iron atom and t,he other carbon 
atom along the x axis. Once the minimum energy distance above the surface of the molecule 
was found, the CH2 fragment not above the iron was allowed to relax until the energy of 
that fragment was minimized. For each of the sites studied, the binding energy of ethylene 
to the surface was found to be about 1 eV-i.e., a chemisorption process is occurring. There 
was almost no difference in binding energies whether the adsorption site was the central 
iron atom or one removed from the central atom. However, when a vacancy was created, the 
binding energy of ethylene over the vacancy site (with the sulfur layer underneath) decreased 
to about 0.25 eV, even after considerable relaxation of the whole ethylene molecule. 

In order to compare the effect of the sulfur layer, the second layer was changed to iron 
(Le., a pure iron cluster) and the same procedure followed. The adsorption in the absence 
of the vacancy was the same as for the iron-sulfur cluster. However, in the presence of 
the vacancy the chemisorption energies did not decrease as much as in the presence of a 
sulfur layer. Therefore, the presence of sulfur appears to have an inhibitory effect on the 
chemisorption ability of the cluster surface. 

We next studied the adsorption of toluene and 1-methylnaphthalene on the FeS cluster. 
A typicalgeometry studied is shown in Figure 2. The ring system of toluene was kept fixed at 
experimental distances and kept planar. The height of the toluene molecule above the surface 
and bond distances, angles, dihedral angles of the ring-CH3 group were optimized coarsely 
in this preliminary study. The binding of toluene to an iron atom of the surface is about 2.5 
eV and of 1-methylnaphthalene about 5 eV. We observe a transfer of charge from the ring 
systems to the cluster with a resultant decrease in the ring-CH3 bond breaking energy as 
compared to unadsorbed toluene and 1-methylnaphthalene: from 4.25 to 2.8 eV for toluene 
and from 4.18 to 2.6 eV for 1-methylnaphthalene (the geometry of the adsorbed molecules has 

We started by studying the adsorption of a hydrogen molecule on this cluster. 
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not yet been fully optimized, and so the energies are still approximate). Our initial results 
lead to the conclusion that the compounds are strongly chemisorbed on the catalyst surface, 
with a resultant transfer of charge from the molecule to the catalyst, leading to a decrease in 
bond breaking energies. This appears to be similar to the mechanism proposed by Farcasiu, 
et in the context of the catalytic decomposition of 4-(1-naphthylmethyl)bibenzyl in 
the presence of carbon black. We are now in the process of doing more rigorous geometry 
optimizations for the cases considered above and studying other adsorption sites, the effect 
of iron vacancies, and modeling other surfaces which have sulfur exposed. 
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Fig. (1) Top Panel: FeS Cluster 
Bottom Panel: Adsorption site labels 
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ABSTRACT 
New bulk and ultrafie iron-based coal liquefaction catalysts have been tested using coal 

substrates and a model compound. The results of these tests will be presented with emphasis on 
differences between bulk and ulaafine catalysts. The effects of catalyst size, surface area, and 
structure. on both the model compound reactions and the coal liquefaction reactions will be 
compared. Special emphasis will be placed upon identifying the best catalyst precursor for 
optimizing THF soluble yields from coal experiments. In addition, results from different 
micro-reactors for coal liquefaction will be compared. 

INTRODUCTION 
As coal liquefaction catalysts, iron-based products are genedly inferior to the more 

expensive molybdenum, cobalt, or nickel-based materials. However, the lower costs of 
production and recovery (or in the case of some iron catalysts, non-recovery) give the iron-based 
materials a potential economic advantage over the more efficient precious and semi-precious metal 
catalysts for this application. Recent research has shown that a number of different iron- 
containing materials can be successfully utilized as coal liquefaction catalysts or as catalyst 
precursors.2-6 

catalyst in coal liquefaction and model compound pyrolysis reactions,’ although no specific phase 
has been yet been isolated as the actual catalyst species. The active iron-containing catalyst is 
usually generated in siru from an iron-oxide precursor and an elemental sulfur source under 
reducing conditions in the reactor vessel. Most research has concentrated on the use of common 
iron-oxide phases such as hematite or goethite (and their derivatives) as the iron-bearing 
precursor, or on non-specific iron materials produced by the reaction of various iron salts and 
compounds in the coal or liquefaction reactor. To our knowledge there has been no systematic 
effort to determine the optimum itun-containing precursor phase for producing active coal 
liquefaction catalysts, despite the fact that there are over ten iron-(hydroxy)oxide phases which 
can be easily synthesized in the laboratory.8 

We have undertaken a systematic study to identify the most active iron-oxide catalyst 
precursor phases, the cecatalysts, and the coal pretreatments which will provide optimum yields 
in coal liquefaction processes. In this paper we present recent results of a study using a range of 
different authentic single phase ironconraining powders as catalyst precursors in coal model 
compound dissociation reactions. We also present the results of using ultrafine iron-containing 
powders synthesized by the Rapid Thermal Decomposition of Solutes (RTDS)%lO and Modified 
Reverse Micelle (MRM)Il methods as precursors for catalysts in model compound reactions. 
Preliminary results of coal liquefaction runs using both fixed volume tubing bomb reactors and a 
flow through mimliquefaction reactor are included. 

EXPERIMENTAL 
The synthesis of iron-containing powders using MRMII, RTDS,%lo and standard 

laboratory procedures8 has been described elsewhere. All iron-containing materials synthesized 
for use in this study were analyzed by X-ray diffraction (XRD) and other methods as appropriate. 
The model compound (naphthyl bibenzylmethane), its synthesis, and the test reactor conditions 
were also described previously.ll.lz 

Pyrrhotite (Fel.,S) or a similar iron-sulfide phase is commonly believed to be the active 
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- coal liquefaction studies were performed using 
the Wy-e premium coals. The coal (1.2 g). iron-oxide 
catalyst precursor (0.01 g), and elemental sulfur (0.01 g) were loaded into 316 stainless steel tube 
reactors with 2 ml of tetralin and pressurized with 800 psi hydrogen. The total volume of the 
stainless steel vessel and the gas inlet was less than 6 ml. The vessels were placed in a fluidized 
sand bath at the selected temperature for a specified time. A thermocouple was placed in contact 
with the metal surface of the reactor, allowing indirect observation of the reaction temperature. 
The warmup times were typically 1 minute to 380°C, 5 minutes to 390°C and 10 minutes to 
W C .  The temperam variation during an hour long run was * 3OC once the reaction 
temperarure was attained 

residue was used to calculate the liquefaction yield. The THF extract was reduced in volume and 
precipitated with pentane to determine the amount of pentane insolubles. The pentane soluble 
fraction was calculated by difference. All yields are reponed as moisture and ash free ( m a .  

- The miwliquefaction reactor (Fig. 1) consisted of an in- 
line fi1te-X pump and a capillary resaictor at the reactor exit for 
maintaining pressure. The stainless steel fitted cup was fded with the coal or codcatalyst 
mixture, weighed, and sealed inside the mimreactor body. Tebalin was pumped at 0.2 ml per 
minute through the assembly at a pressure sufficient to maintain the teualin as a liquid at 400°C. 
The assembly was immersed in a fluidized sand bath at the desired temperature for the appropriate 
time. The dark colored teaalin fractions were collected continuously. After removal from the 
sand bath, teuahydrofimn was pumped through the cooled micro-mctor until the color of the 
effluent was a light yellow. The coal residue was weighed after Soxhlet extraction with THF and 
drying. After cooling, the tetralii insolubles were filtered and weighed. Pentane was then added 
to the THF soluble fraction to precipitate the pre-asphaltenes, which were also filtered and 
weighed. 

RESULTS 

lepidocmcite (yFeOOH) and goethite (a-FeOOH), were better catalyst precursors than the oxides 
for carbon-carbon bond scission in naphthyl bibenzylmethane. Pure magnetite (Fe304) and 
maghemite (yFe2a) were found to be particularly poor catalyst precursors for this reaction. The 
protc-oxyhydroxide, 2-line femhydrite, was also determined to be a poor catalyst precursor for 
the model compound reaction . The organic products of the catalytic runs were almost exclusively 
methylbibenzyl and naphthalene (with some tehalin). The iron-containing products, while not 
rigorously characterized after the reaction runs, were typically observed as black solids with at 
least some ferromagnetic component. 

Significant increases in the activity of the 2-line femhydrite, magnetite, and maghemite 
phases toward carboncarbon bond scission in the model compound were noted when the 
materials were produced by the RTDS and the MRM methods (Table Q. This increase in yields 
may have been due to smaller particle size or the presence of undetectable active phases in the 
initial catalyst precursors of the RTDS and MRM powders. 

Selected coal liquefaction results utilizing tubing bombs (Table IIr) and using a MRM 
synthesized "iron-sulfide" catalyst showed that the reactivity of this catalyst appeared to change 
with the coal utilized. The results obtained using Wyodak coal showed an obvious improvement 
in both the THF soluble and the pentane soluble fractions obtained using this catalyst. There was, 
however, no statistical difference between the catalyzed and uncatalyzed runs when the Blind 
Canyon Seam coal was used with the MRM "iron-sulfide'' catalyst. 

The results of testing 2-line femhydrite catalyst precursors synthesized by the MRM 
method on both Wyodak and Blind Canyon Seam coals shown in Table IV. Again, a larger 
enhancement in the production of THF soluble products over thermal-only runs was noted when 
using the catalyst on the Wyodak coal. There was also an increase observed in the production of 
the pentane soluble fraction for both coals over the thermal-only runs when using the 2-line 

The reaction product was extracted with tetrahydrofuran 0, and the dried insoluble 

Table I shows that most of the authentic laboratory-prepared oxyhydroxides, particularly 
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ferrihydrite precursor. 

oxides and oxyhydroxides producal by the RTDS method. A moderate increase in the total liquid 
products as well as a smaller increase in pentane solubles was observed with these catalyst 
precursors relative to the thennal-only 31". 

Figure 2 shows the liquefaction yields from Blind Canyon Seam coal when a 2-line 
ferrihydrite catalyst precursor produced by MRM was used in the flow-through micro-reactor. 
The total liquid yield in these runs was only slightly greater than in the non-catalyzed or sulfur- 
only thermal runs for this coal, but a definite difference was observed in the types of products 
formed when the flow-through reactor was used. The amounts of tetralin insolubles and pentane 
insolubles obtained in the catalyzed runs were significantly less than in the uncatalyzed runs. 

SUMMARY 

model compound demonstrated large differences in catalytic activity between the starting iron- 
containing species. Materials produced by MRhl and RTDS promted more reaction with the 
model compound than did the phases synthesized using l i t e ram procedures. Our testing with 
coals showed that ultrafine iron-oxyhydroxide powders produced by the RTDS and MRM 
methods were good catalyst precursors for coal liquefaction in the presence of sulfur. 

ACKNOWLEDGEMENTS 

compound and coal liquefaction results. We also thank the Department of Energy, Office of 
Fossil Energy for supporting this work under contract DE-AC(M76RLO 1830. 

REFERENCES 
1. Pacific Northwest Laboratory is operated for the U. S. Department of Energy by Battelle 
Memorial Institute. This work was supported by the U. S. Department of Energy, Office of 
Fossil Energy under contract DE-AC06-76RLO 1830. 
2. Pradhan, V. R.; Tierney, J. W.; Wendex. I. ; and Huffman, G. P., Energy & Fuels, 1991, 
5 ,  497. 
3. Pradhan, V. R:; Hemck, D. E.; Tierney, J. W.; and Wender, I., Energy & Fuels, 1991, 5 ,  
712. 
4. Suzuki, T.; Yamada, H.; Yunoki, K.; and Yamaguchi, H., in Proceedings: 1991 International 
Coal Symposium, 1991, 703. 
5.  Miki, K; Yamamoto, Y.; Inabe, A.; and Sato, Y, in Proceedings: 1991 International Coal 
Symposium, 1991, 675. 
6. Bi, X - X  Derbyshire, F. J.; Eklund, P. C.; Hager, G. T.; and Stencel, J. M.Energy & Fuels, 
1991, 5 ,  683. 
7. Wei, X.-Y.; Ogata, E.; Aong, Z.-M.; and Niki, E. Energy & Fuels, 1992, 6, 868. 
8. S c h e m n ,  U. and Cornell, R. M. Iron Oxides in rhe Laboratory, Weinheim: New York, 
199 1. 
9. Matson, D. W.; Linehan, J. C.; and Bean, R. M. Mater. Len., 1992, 14,222. 
10. Matson, D. W.; Linehan, J. C.; and Darab, J. G. "Preparation of Ultrafine Catalyst Powders 
Using a Flow-Through Hydrothermal Process", This preprints. 
11. Linehan, J. C.; Bean, R. M.; Matson, D. W., Fulton, J. L.; and Crump, A. E. in Preprints, 
Div. of Fuel Chem.. American Chemkal Society, 1992, 37,488. 
12. Farcasiu, M. and Smith, C. Energy & Fuels, 1991.5.83. 

Table V shows the Blind Canyon Seam coal liquefaction run results for a series of iron- 

The testing of authentic iron-(hydroxy)oxide phases with the naphthyl bibenzylmethane 

We thank Drs. J. A. Franz, D. M. Camioni and S. T. Aumy for discussions of the model 

68 



TABLE1 
MODEL COMPOUND REACTIONS 

WITH AUTHENTIC IRON CONTAINING PHASES 
400°C, 1 h., Elemental sulfur added 

Naphthyl Bibenzylmethane 
% Consumution 

2-5% 
520% 

7% 

45% 
14% 
70% 
73% 

L 
!2xuQls 

None 
Sulfur only 

mt*Oxvhvdroxide 
2-Line Ferrihydrite 

Dxvhvdroxides (FeOOH) 
Feroxyhyte (S) 
Akaganeite (p) 
Lepidocrocite (y) 
Goethite (a) 

37% 81% Hematite (a-FQ@) 
Maghemite (yFeza)  14% 86% 
Mametite IFelOA) 16% 54% 
a) Selectivity rs defined as [Products A + B Cleavagemotal Products] 

c!zii&§ 

Table Il 
MODEL COMPOUND RESULTS 

WITH EON-CONTAINING MATERIALS 
PRODUCED BY RTDS AND MRM METHODS 

400°C, 1 h., S added 
w v s t  % Consumution Selectivity 

2-5% 40-60% 
sulfur onlv 5-20% 50-70% 

ChQ3m!s 
None 

49% 79- 1 2-Line Femhydrite 
79-4 Hematite 23% 

38% 39-39 2-Line Ferrihydrite 
7-2 2-Line Femhydrite 51% 

9-2 "Iron-Sulfide" 68% 

B3ps 

&mi 

7-2A MagnetiWMaghemite 77% 

95% 
83% 

90% 
91% 
89% 
96% 

Selectivity5 

4040% 
50-70% 

71% 

90% 
97% 
93% 
92% 
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Table III 
Coal Liquefaction Results Using 

MRM-Derived "Iron-Sulfide'' Catalyst Precursor and Sulfur.a 

coal Catalvst % THF Soluble % Pentane Soluble 

None 71 39 

BCSb None 83 28 
B G i k  9-2 85 28 
a) Reaction conditions: 800 psi Hz. 10 rng of sulfur, 4oooC for 1 h. 
b) BCS is Blind Canyon Seam. 

wyodak W Y U  9-2 85 46 

Table IV 
Revem Micelle Derived 2-Line Ferrihydrite 
Catalyst Precursors Reactions with Coalsa 

coal Catalvst Liauefaction % THF Soluble % Pentane 
re Soluble 

Wyodak None W C  71 39 
wyodak 7-2+ s 4oooc 88 64 

BCSb None 350°C 58 23 
BCSb 99-1+S 350°C 63 32 
E.23 99-2 i s 350°C 62 3Q 
a) Reaction conditions: 800 psi Ha 10 mg of sulfur, 1 h. 
b) BCS is Blind Canyon S e a m  

Table V 
RTDS Derived Iron-Oxide Catalyst Precursors 

Reactions with Blind Canyon Seam &ala 

coal Catalystb % THF Soluble % Pentane Soluble 

BCSc None 83 29 
BCSc 2-Line Fenihydrite + S 81 30 
BCSc 2-Line Fenihydrite + S 91 30 
BCSc Hematite+S 91 35 
€G!$ Hemah 'te + S 93 36 
a) Reaction conditions: 800 psi H2,lO mg of sulfur, 400OC for 1 h. 
b) Surface areas of catalyst precursors 180-215 mz/g as determined by BET. 
c) BCS is Blind Canyon Seam. 
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Figure 1. Schematic diagram of flow-through micro-liquefaction reactor and work-up method. 
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Figure 2. Liquefaction results of micro-liquefaction flow-through reactor with Blind Canyon 
Seam coal and a MRM synthesized 2-line ferrihydrite at 350°C for 1 hour with a 0.2 d m i n  
teaalin flow rate. Notice the large differences in the amount of teaalin and pentane insolubles 
between control and catalyzed runs. 
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EFFECT OF A SULFIDED, NON-POROUS AEROSOL Fq03  CATALYST ON THE 
CHEMICAL STRUCTURE OF COAL LIQUIDS FROM THE 

HYDROLIQUEFACTION OF A HIGHLY VOLATILE BITUMINOUS COAL 
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Villeurbanne, France. 

50. 
* Present adress: Department of Chemistry, University of Tennessee. Knoxville, TE 37996- 

INTRODUCTION 

Previous studies related with coal liquefaction in a batch reactor demonstrated that the 
pertinent parameter for the activity of a dispersed catalyst is not its total surface but the 
accesible external surface [l]. Thus, non-porous ultrafine aerosol oxides were synthetized by 
combustion of the corresponding metal chlorides in a hydrogen-oxygen flame [2-41. Iron 
oxide precursors obtained in this manner, and sulfided with elemental sulfur during heating, 
showed a high catalytic activity for a highly volatile bituminous coal even at temperatures 
lower than that of most bond breaking [3]. Furthermore, the sintering of the initially 
dispersed iron sulfide was prevented by the presence of carbonaceous solid substances [5,6]. 

This work was extended to other aerosol types (SnO,, MOO,, SOz, A1,0,, NiMo/Al,O,). 
Attemps were made to elucidate their active phases [7,8]. Their concentration, mode of 
sulfidation and introduction were also studied, as well as the effect of temperature and the 
solvent used [9]. Moreover, sulfided iron oxide aerosols also showed high yields in a 
multistage hydroliquefaction procedure [2, 10, 111. 

In  this paper, the effect of a sulfided aerosol FqO, on the chemical structure of oils and 
asphaltenes coming from the hydroliquefaction of a highly volatile bituminous coal will be 
compared to the effect of the other above-mentioned aerosols. For this purpose, methods of 
evaluation of hydroliquefaction runs in batch reactor and analytical techniques which permit 
differentiation between the effects of the catalysts have been developed. 

EXPERIMENTAL 
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catrrlvsts 
FqO,, MOO, and SnO, aerosol precursors were obtained by combustion of the corresponding 
chloride vapors. They were non-porous, with particle size lower than 50 nm and with BET 
surfaces from 20 to 60 m2g-l. SiO,, A1,03 and NiMo/Al,03 were commercial aerosols from 
Degussa and Institute FranCais du Pttrole (200 mzg-' SBm). More details are given in [ I ,  121. 

Hvdroliauefaction orocedure 
This was described elsewhere [9]. Briefly, 40 g of a high volatile bituminous coal (from 
Freyming, France) were suspended in tetralin (95 g) with (or without in the blank run) 2% 
of catalyst precursor. Elemental sulfur was added in order to obtain a partial pressure of 1 % 
H2S. The magnetically stirred reactor was pressurized (14 MPa) with H,. After the heating 
period (3OCm-I), the nominal temperature (350,400 or 430OC) was maintained for one hour 
before cooling. 

t$ 
Conversions were evaluated by parallel solvent extraction with THF, toluene and n-hexane, 
using microfiltration under pressure as it has been described in detail [9, 131. The results 
were expressed in terms of the percentage of conversion into soluble products, calculated by 
the difference in weight of the insoluble fractions. 

The activity of catalysts in hydrogen transfer reactions was evaluated by the extent of 
dehydrogenation of the solvent (expressed as the ratio of naphtalene to naphtalene + tetralin, 
measured by gas chromatography) and by the total consumption of hydrogen gas determined 
by the variation of the total pressure during a run [8, 141. 

The influence of the catalyst was also confirmed by measurements of Electron Spin 
Resonance of the stable radicals of the THF insoluble fractions. Spectra were performed in 
a Varian E 112 apparatus at 9 GHz. Freyming macerals had been previously isolated by 
Density Gradient Centrifugation [15], and ESR parameters, also obtained at 9 GHz. 
Assuming that inertinite is the least reactive maceral, the percentage of "destroyed" fossil 
radicals in inertinite after hydroliquefaction runs can be calculated. This technique has been 
described in depth [16]. 

Analvtical characterization of coal liauids 
Raw coal liquids were submitted to extrography [17]. A 2 g sample was dissolved in 15 ml 
of dichloromethane; then 16 g of activated (2 h at 12OOC) silicagel were added to the solution 
and the mixture transferred to a column after elimination of the solvent. It was succesively . 
eluted with pentaneltoluene (85/15), chloroform, chloroformlethanol (97/3) and THF. The 
efficiency of extrography as a fractionation tool, advantages and structural attributions to the 
separated fractions have been described elsewhere [18, 191. 

Derived oils and asphaltenes were separated by careful distillation of tetralin (controlled by 
GUMS at 65OC under 0.27-0.4 Ha)  and subsequent sequential ultrasonic extraction 
(Sonoclean B30 probe) in the conditions described in [20, 211. 

Gas Chromatography (GC) of oils on a SE 30 glass capillary column were canied out in a 
Intersmat IGC 121C3 apparatus under the conditions described in [20, 211. Identification of 
individual structures was out of the scope of our work. Results were summarized by retention 
index zones, which were calculated according to Lee et al. [22] with naphtalene, 
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phenanthrene and chrysene as standards. Literature reported that elution is made according 
to the number of total rings (aromatic or not) [23]. Index between 100-200 correspond to 
compounds with one ring, 200-300 to two rings, etc... This classification of ring size by 
retention indices can also be applied to phenolic and heterocyclic compounds, mainly 
nitrogen, neutral and basic compounds [23], and thiophenic structures [24]. 
The use of n-decane as internal standard allows a quantitative estimation (index zones) and 
the evaluation of non-dosed products. 

Gel Permeation Chromatography (HPLC-GPC) on three p-styragel columns in series (1 x 500 
A t 2 x 100 A) was applied to the oils and asphaltenes in a M-600 Waters apparatus with 
refractive index detection using dichloromethane as eluent [20]. Qualitative interpretation of 
chromatograms according to the partition in four zones as a function of the retention factor 
(k) was carried out on the basis of 70 model compounds, as follows: 0.1 sk<0.6 :  
"asphaltenic type" of unknown structure, 0.6sk<0.75: alkylated aromatics, 0.75 sk<0 .85:  
non-alkylated aromatics, and 0.85 < k <  1.1: pericondensed aromatics. 

ZESijiis AND DISCUSSION 
The evaluation of catalvtic effect 
At the first stage of hydroliquefaction (35OoC), differentiation between the effects of the 
catalysts is net and related to the different conversions in preasphaltenes and asphaltenes, 
hydrogen consumption and percentages of stabilized fossil radicals of inertinite [3]. Fq03 and 
MOO, precursors were the most active catalysts (fig.l), also giving an enhancement of 
hydroaromatic structures (NMR "CICPIMAS data) and breaking of ether bridges @TIR data) 
in Freyming coal [SI. 
Taking into account that tetralin is not dehydrogenated at this temperature, and that tetralyl 
radicals do not stabilize fossil radicals of inertinite, a mechanism of H2 dissociation on 
catalyst surface and subsequent migration of activated hydrogen (Ha) to stabilize the fossil 
radicals of inertinite, was proposed [8]. The small size of H' would allow its diffusion into 
the inertinite structure. 

Our results show that the catalytic effect is reduced at higher temperatures and the 
differentiation of catalysts by the total conversion in soluble products at 400 and 43OOC is 
somewhat indecisive, as already observed by Makabe et al. [25]. Our total conversions are 
comprised in all the cases between 83 and 90% [26]. 

The wt% of consumed H, is more dependent on the nature of the catalyst. Tetralin donates 
hydrogen in the absence of added catalyst at 400°C but when used with a catalyst, the result 
is an increase of the contribution of gaseous hydrogen consumption [14]. Makabe et al. [25] 
pointed out that thermally produced coal radicals are mainly stabilized by H' when the 
catalyst is active. With less active catalysts, the stabilization is due to tetralin. Therefore, 
catalyst efficiency can be related to its ability to dissociate H, into H' and the ratio of 
hydrogen transferred from gas phase to hydrogen transferred from the solvent (HJH,,,,.,) is 
a good test to evaluate it (table 1). 

The efficiency of the catalysts (at 350 and 400OC) evaluated by H,,JH,, parameters, are well 
related to the wt% of fossil radicals stabilized in the inertinite during hydroliquefaction at the 
same temperatures. Table 1 shows that trends are similar for both parameters at 35OOC. The 
order of wt% of fossil radicals stabilized at 4OOOC decreases in the following order: SnQ 

74 



I 

- F%O, - NiMo/Al,O, > MOO, > SiO, > no catalysts. Trends are also similar to 
HJH&, although this last allows a clearer differentiation among catalysts. At 43OOC these 
ratios decrease significantly as the amount of hydrogen transferred from the solvent increases 
because of the thermal bond cleavage. 

The influence of Fe,O, orecursor on the structural comoosition of coal-derived liauids 
According to the results of extrography of the raw liquids (fig.2) [13, 261, the formation of 
PAHs (main constituents of F1 and F2 fractions) increases significantly as the temperature 
increases, at the expense of polar compounds (F4) and residues. However the differentiation, 
for a given temperature, between runs with or without F%03, is not decisive using this 
technique, except for a small increase of the lightest compounds (Fl) for F q 0 3  runs (400 and 
43OOC). 

More details about the structural analyses were found when characterization of oils and 
asphaltenes were performed by GC on capillary columns and HPLC-GPC. 

GC data, using the classification according to ring size as previously described in 
Experimental, revealed the higher and significant proportion of two-nuclei aromatic 
compounds in the oils when the rums were performed with non-porous sulfided FGO, 
or MOO, catalyst rather than with SO,, SnO, or NiMo/Al,O,. This effect was found at 400 
and 43OOC for the iron precursor (fig 3). This fact could be attributed to hydrogenolysis of 
ether oxide or alkyl linkages between doubled two-ringed structures rather than to 
hydrocracking PAHs, all structures known to exist in the products of coal liquefaction [27]. 
Hypothesis of hydrocracking can be eliminated because pyrrhotite Fe,.,S formed from Fq0,  
aerosol does not meet the requirements of hydrogenative and acid functions, needed for a 
hydrocracking reaction [28,29]. The hypothesis of hydrogenolysis is supported by literature 
data on model compound reactions using iron oxide catalyst [30-321 and pyrrhotite [33, 341. 
The possibility of a hydrodesulfurization activity of some carbon-based iron catalysts has 
been also reported [35] and should also be considered. 

GC and HPLC-GPC data showed the important effect of temperature for oils and asphaltenes, 
in general, and for a given catalyst run [26]. On one hand, the wtX of non-dosed GC 
compounds decrease as the temperature increases (from 400 to 43OoC), the cases of Si& and 
SnO, being the most significant (fig. 3). On the other hand, HPLC-GPC showed that the 
same increase of temperature involves degradation of the heaviest components of asphaltenes 
(O<k<0.6) (fig. 4). However, this technique did not permit the observation of differences 
among the catalysts for a given temperature neither for oils nor for asphaltenes. 
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Table 1. Evaluatioii of catalytic activity iii coal hydroliquefaction by ESR and hydrogen 
balance ineasureineiits 

Catalyst % of stabilized R. 

350UC 400°C 
HJ%I" 

35OOC 4000c 

Without 0 60 

AI@, 0 66 

sno, 19 77 

Fez03 52 74 

MOO, 72 68 

NiMo/Al.O, 13 

0.83 0.33 

1.87 0.65 

6.29 7.74 

8.75 8.53 

15.62 3.17 

13.05 

Figure 1. % of conversions (THF) of hydroliquefaction runs at 35OOC. 
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Figure 2. Iron oxide runs. Fractionation by Extrograpliy. 
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Figure 3. GC/CC analysis of oils. Classification by retention index zones. 

WcighL 

I 

' 400 430 i 400 430 j i 400 430 j j  400 430 i i 400 430 1 
catalysta; - . . without . . . : . . Si% . . . . . : , . SnO, ; I ,  F%O, , .,fiO,,, . 

0 >500 lnon doredl 0 400-500. 300-400 200-300 1111 100-200 

Figure 4. HPLC-GPC of oils (A) and asplialtenes (B) of iron oxide runs. (- -: 40ooc; -: 
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DYNAMIC STUDIES OF THE INTERACTION OF IRON SULFIDES 
WITH HYDROGEN 

N. M. Rodriguez, and R. T. K. Baker 
Materials Research Laboratory 
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University Park. PA, 16802 

Keywords: Modified iron catalysts, hydrogen spillover, 
hydrogenation of solid carbon 

ABSTRACT 

Controlled atmosphere electron microscopy and in-situ electron diffraction techniques 
have been used to study the manner by which various iron sulfides interact with 
hydrogen using graphite as a probe material. When the metal sulfide was in direct 
contact or physically separated from the graphite probe, pitfing of the basal plane 
regions was observed even at room temperature. This unusual behavior is believed to 
result from the action of atomic hydrogen on the metal sulfide particles. These species 
are extremely reactive towards the x-electrons present on the graphite basal planes 
and this action leads to the creation of pits. At the low pressures used in this work, 0.2 
Torr, i t  is clear that the atomic species can migrate not only by surface diffusion 
processes (spillover) but also by transport through the gas phase. 

INTRODUCTION 

The notion of using atomic hydrogen to convert carbonaceous solids to a variety of 
hydrocarbon products has been the subject of a number of investigationsf-10. This 
type of study has also been extended to cover the interaction of atomic hydrogen with 
various coals 6-10. Sanada and Berkowitz compared the reactivity pattern arising 
from the interaction of atomic hydrogen with various coals to that with graphite. They 
found that a complex mixture of gaseous hydrocarbons was produced from the coal 
samples, whereas when graphite was the reactant methane was the sole product. 
Amano and coworkers '38 carried out a very comprehensive examination of the 
products generated from the interaction of a Japanese subbituminous coal with atomic 
hydrogen at 200% and reported that gaseous hydrocarbons accounted for only 10 to 
15% of the coal converted, the major product being a liquid which consisted of C5 to 
C22 alkanes and cycloalkanes. A somewhat different product spectrum was found by 
Wong and coworkers from their investigation of the reaction of atomic hydrogen with 
a bituminous coal (Illinois No 6), where the major products were low molecular weight 
volatile hydrocarbons (methane, acetylene, ethylene and propane). 

Transition metal sulfides are used extensively as hydrotreating catalysts with the most 
important reaction in this category been hydrodesulfurization (HDS) and there are a 
number of excellent reviews on this subject ll-14. In such systems the precise manner 
by which hydrogen interacts with the sulfide catalyst is a key factor to the 
understanding of the mechanism. Wright and coworkers 15 studied the interaction of 
hydrogen with alumina supported molybdenum disulfide catalysts using a combination 
of hydrogen adsorption and inelastic neutron scattering techniques. They found that 
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the uptake of hydrogen was several times higher than that which was expected from 
nitrogen adsorption experiments. In order to account for this unusual behavior they 
suggested that the adsorption of extra hydrogen could arise from intercalation into the 
layered structure of the sulfide particles or alternatively as a result of hydrogen 
"spillover" onto the alumina support. 

In the current investigation we have attempted to gain a clearer understanding of the 
manner by which hydrogen interacts with various iron sulfides as a function of 
temperature by using controlled atmosphere electron microscopy techniques. In these 
experiments graphite has been used a a probe material since its reactivity in both 
molecular and atomic hydrogen is well characterized 

EXPERIMENTAL 

The experiments reported here were carried out in a modified JEOL 200CX TEM 
electron microscope, which allows one to continuously observe the behavior of a 
specimen as it is heated in the presence of a gas environment. In addition to being 
able to directly follow changes in the appearance of a specimen as it is undergoing 
reaction it is also possible to use the microscope in the diffraction mode and obtain 
information about the chemical state of the specimen at any stage of the experiment. 

In this investigation two types of specimen arrangements were utilized. (a) The 
catalyst particles (metal sulfide) were placed in direct contact with the graphite 
specimen, and the observations made were limited to areas in the vicinity of the 
catalyst particles. (b) A microscope grid was cut in half and one section contained a 
pristine transmission graphite specimen and on the other, the catalyst mounted in the 
same manner as shown in (a). In this arrangement the catalyst and graphite probe 
reactant were physically separated. It was essential that when this type of specimen 
was placed into the environmental cell the reactant gas stream came into contact with 
the catalyst prior to passing over the clean graphite, the component under observation. 

RESULTS AND DISCUSION 

(a) Iron Sulfide/Graphite-Hydrogen 

When graphite specimens containing particulates of either FeS2 or FeS were exposed 
to 0.2 Torr hydrogen a very unusual pattern of behavior was observed. Immediately 
following the introduction of the gas attack of the basal plane regions of the graphite 
support took place at room temperature. This action initially took the form of the 
creation of very tiny pits which became visible when their width had expanded to 
approximately 1.2 nm and their depths reached a level sufficient to allow a contrast 
difference to be observed in the transmission image between the pit and the 
surrounding unattacked graphite. 

It was evident that in the early stages of the reaction the pits tended to be generated in 
clusters which were aligned in definite directions with respect to the graphite substrate. 
Examination of numerous areas showed that the hexagonal arrangement was 
predominant. On continued reaction at the same temperature the pits increased in 
size and in a given group gradually merged with each other to form a single larger 
entity up to 10 nm in width. Examination of these more highly developed pits showed 
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that they tended to acquire a hexagonal outline and a this stage generally contained 
an internal region of unattacked carbon. 

The intensity of the reaction increased significantly as the temperature was gradually 
raised to 200°C. Unfortunately, the indiscriminate mode of attack made it impossible 
to identify any dynamic events that could be followed for the purposes of estimating 
rates of graphite hydrogenation. Moreover, the gradual deterioration in quality in the 
transmission image due to collection of deposit on the specimen made it difficult to 
resolve many surface features. In studies where the temperature was held at 35OOC 
for extended periods of time the attack became so extensive that specimens lost their 
integrity and experiments were normally terminated. 

On continued heating to above 500°C, the sulfide particles were observed to exhibit a 
change in morphological characteristics from faceted structures to a more globular 
geometry. This transformation which occurred at about 725OC with the iron sulfides 
was most clearly evident with particles located at edge regions which appeared to be 
quite fluid and tended to wet the graphite. This behavior was a prelude to the 
restoration of catalytic activity, seen as the propagation of channels by these particles 
when the temperature was increased by a further 100°C. 

A more fundamental understanding of the factors which control the ability of a 
supported particle to undergo morphological changes can be obtained from a 
treatment of the surface forces operative at the particle-support-gas interface. 
Consider the situation of a metal sulfide particle located at the edge site of a 
carbonaceous solid exposed to a hydrogen environment, as depicted in Figure 1. The 
contact angle, e at equilibrium is determined by the surface energy of the support, ~ G S ,  
the surface energy of the metal sulfide particle, V G ,  and the particle-support interfacial 
energy, yps, and is expressed in terms of Young's equation: 

YGS = YPS +yPG cos @ 1 

or 

If yPG is larger than yGs, the contact angle is greater than 90' and the particle is in a 
non-wetting state, if the reverse is true, e is less than 90°, then wetting occurs, and if 
yGs ws + ypG, then the particle will spread out over the support surface in the form of 
a thin film. Spreading of the catalyst particle results in the most efficient use of the 
additive in that the contact area between catalyst and carbon atoms is maximized. 

The ability for particles to undergo the morphological transformations mentioned 
above indicates that a significant degree of atomic mobility exists, particularly in the 
surface layers. Previous studies '6, have demonstrated that this phenomenon can 
occur below the Tammann temperature of the material constituting the particles, which 
is calculated from 0.52 [bulk melting point (K)]. For iron sulfides the Tammann 
temperature is about 480°C, and for systems such as those studied in this work, where 
a weak interaction exists with the support, particles will exhibit mobility at this 
temperature 17. 

In an attempt to determine whether the catalytic action .could be'sustained at even 
greater distances from the sulfide particles, another set of experiments was carried out 
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using a different specimen design. This involved complete physical separation of the 
supported metal sulfide and the graphite probe component. When this combination 
was treated in 0.2 Torr hydrogen then attack of the unadulterated graphite surface was 
once again observed at room temperature. In these systems, however, there was a 
modulation in the severity of the reaction compared to that where the catalyst and 
graphite were in intimate contact. It was significant to find that the incidence of pit 
formation showed a steady decline as one scanned across the graphite surface in the 
opposite direction to that where the sulfide catalyst particles were located. 

A feature which must always be taken into consideration with experiments carried out 
within the electron microscope is whether the electron beam exerts any effect on either 
the gas or the solid under investigation. Concern that this problem was being 
encountered in the current work was dispelled by performing "blank experimehts" in 
which specimens were reacted in hydrogen with the beam turned off for periods of up 
to two hours. When such specimens were eventually examined it was clear that there 
have been extensive reaction prior to exposure to the beam. 

(b) In-Situ Electron Diffraction Analysis 

In a final series of experiments the electron microscope was operated in the in-situ 
diffraction mode and patterns taken of the FeWgraphite specimens at various stages 
of the reaction during heating from room temperature up to 850°C in 0.2 Torr 
hydrogen. Examination of the data summarized in Table 1 shows that reduction of 
FeS2 to FeS and FeSe (Pyrrhotite) starts to occur at 240°C and at 400°C respectively, 
and these latter sulfides become the stable phases. At 600°C FeS appears to be the 
only phase present, however, on increasing the temperature to 750°C metallic iron (y) 
begins to appear along with Fe3C. 

The major feature which emerges from this study is that the interaction of hydrogen 
with certain metal sulfides produces a species, which even at room temperature is 
highly reactive towards the electrons present on the graphite basal plane and this 
action leads to the creation of pits. The observation that the carbonaceous solid does 
not necessarily have to be in direct contact with the metal sulfide particles in order for 
hydro-gasification to occur, indicates that at the gas pressure used in these 
experiments, it is possible for the active species to be transported through the gas 
phase in addition to the surface migration route. The intensity of this action appears to 
increase with temperature up to a certain point and then come to a complete halt. 
Catalytic activity could, however, be regenerated by lowering of the temperature to a 
previously active regime. 

This intriguing pattern of behavior can be rationalized according to the following 
arguments. At low temperature graphite can only undergo attack due to interaction 
with atomic species, generated from the dissociation of molecular hydrogen with metal 
sulfides via a reversible chemisorption process. This reaction will continue until 
conditions are reached which favor weakening of sulfur-metal bonds and the 
concomitant release of hydrogen sulfide. At higher temperatures, the sulfides are 
converted to the metallic state and the mode of gasification of graphite will revert to 
that normally associated with the metal, i.e. channeling. 
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TABLE 1. IN-SITU ELECTRON DIFFRACTION ANALYSIS OF FeS2 REACTING IN H2 

TEMPERATURE PHASESPRESENT 
(“C) 
240 FeS2; FeS’ 
300 FeS2; FeS 
400 FeSn; FeS; Fe7Ss 
500 FeS2; FeS; Fe7Ss 
600 FeS 
700 FeS 
750 FeS; Fe3C; a-Fe’; y-Fe 

WETTING SPREADING NON-WETTING 

Figure 1. Metal Sulfide-Graphite-Hydrogen Interaction 

* Possibly present 
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INTRODUCTION 

Wing to the difficulties of recovering more expensive catalysts such as Ni, Mo after use, 
iron has continued to be of interest as the basis of an economical and disposable catalyst 
for coal liquefaction. Most of the invaigations on iron catalysts have focused on non- 
supported highly dispersal catalysts, introdudvia impregnation techniques and as fmely 
divided powder. It is believed that dispersed hase ca ta lw in coal liquefaction can offer 
several advantages over conventional o n e s L .  A suitably dispersed catalyst helps to 
establish a highly reducing environment with the coal matrix in the presence of hydrogen, 
thus reducing the need for a good hydrogen donating solvent. Effective contact of coal- 
solvent slurries with the catalyst surface can be achieved even at low catalyst 
concentration. Diffusion limitations are minimized because of the small catalyst particles. 
In addition, certain bond cleavage reactions can be promoted during the early 
liquefaction step which minimize the detrimental regressive reactions. The objective of 
our research is to examine the catalytic activity of dispersed iron oxide catalyst in the coal 
liquefaction process To lay a good foundation for this work we have also examined the 
selectivity and activity of several forms of iron including Fq03, FeS, and reduced Fe in 
both a continuous and a tubingbomb microreactor (TBMR) using naphthalene and 
biphenyl as model compounds Coal liquefaction experiments were also performed with 
a small particle iron catalyst. 

MPERIMENTAL 

Coal liquefaction experiments were carried 
out in 45 cc tubing bomb microreactors (TBMR's) at the reaction conditions outlined in 
Table 1. The ratio of reaction solvent (tetralin, 1-methylnaphthalene, or mineral oil) to 
coal (Blind Canyon DECS-17 and Illinois #6) was 3:l. Elemental sulfur was added as a 
sulfur source with the DECS-17 coal. The iron catalyst employed was F e 3  (Nanocat 
superfie iron oxide, Mach-I Inc.). According to the product specification, it is a - F q q  
with a surface area of 282 m2/g, and particle size of 30 A and approximately one-half of 
the atoms reside on the particle surface. For each run, two horizontal TBMR's were 
agitated in a f l u i d d  sand bath that was maintained at 4oooc After 60 minutes reaction 
time, the two TBMR's were removed and quenched in water. The pentane and THF 
solubles formed by coal liquefaction were measured and used as an indication of catalyst 
activity and liquefaction reactivity for coal samples The equation used to calculate the 
pentane and THF solubles is as follows: 
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WJl -M)-(I.S.-Wc-- -F&) 

%SOLUBLES= MWw3 
Wo( 1 -A -M) 

W,: initial weight of coal charged to bomb 
A fraction of ash in the coal 
M: fraction of moisture in the coal 
LS.: weight of insolubles 
W,: 'weight of catalyst 
M W  molecular weight of specified species 

The hydrogenation activities of iron catalw 
with model compounds were investigated in both tubing bomb microreactor (TBMR) and 
continuous reactor. Table 1 shows the TBMR experimental conditions. The two model 
compound systems employed were 2wt% naphthalene (NAF'H) in mineral oil (M.O.) and 
2 wt% biphenyl in hexadecane. The iron catalysts were Fe-2 (Strem Chemical Inc, 
unsupported FqO, powder) and Fe-3 as described earlier. CS, was utilized as sulfur 
source at 2 wt% in the liquid solution for the Fe-2 catalyst and 0.2 wt% for the Fe-3 
catalyst. The catalyst loading of Fe-2 was ten times of that of Fe-3 to keep the surface 
area of these two catalysts about the same. The H, charged to the reactor was generally 
loo0 psig at ambient temperature. For Fe-2 catalp, when CS, was added to the 
reactants, the initial H, prasure charged was increased to 1250 pig  to compensate for 
H, used in converting CS, to HS. The insitu reduction of catalysts was performed in a 
H, atmosphere for 24 h r s  

The model compound system of NAPH/M.O. and Fe-2 catalyst were tested in a C D S  900 
trickle bed reactor shown schematically in F i  1, and which has been described in 
detail elsewherem. The reactor was operated at 250°C and loo0 psi at a hydrogen flow 
rate of 100 ml/min (STP) and liquid feedstock flow rate of 02 ml/min. Nitrogen was 
used to purge and pressurize the reactor before starting the reaction. 

The product samples collected from both the continuous reactor and the TBMR were 
anal@ with a Varian 3300 gas chromatograph. Temperature programming was used to 
impme peak resolution and decane used as an internal standard 

RESULTS AND DISCUSSION 

When moisture free Illinois #6 coal was used with 
tetralin as the reaction solvent in the tubing bomb runs, the percentage of pentane 
solubles (%m) increased from 3% without catalyst to 36% with Fe-3 catalyst. For Blind 
Canyon coal, the %PS increased from 36% without catalyst to 44% with 2 WL% catalyst 
When sulfur was added to the coal in addition to the catalp, the %PS increased further 
to 46%. This is the highest value of the pentane solubles obtained so far for any coal 
studied in our research. 
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Various other reaction solvents (e.& mineral oil and 1-methylnaphthalene) were also used 
in place of tetralin; but their use did not show a significant advantage over tetralin. 
Figure 2 shows an overall comparison of the various reaction solvents studied. When 
mineral oil (a non-hydrogen donor) was used in place of tetralin, little difference was 
obtained between the values for pentane and THF solubles of the coals with or without 
catalyst. Although the use of 1-methylnaphthalene showed a similar trend as tetralin in 
the %E for the coals with or without catalrst, the actual values of the %PS were 
somewhat lower. The percentage of THF solubles, however, increased from 74% without 
catalyst to !97% with catalyst. Although dispersed catalyst might be expeckd to reduce 
the influence of the reaction solvent, our study indicates that the properties of the solvent 
remain very significant with a d i s p e d  catalyst. 

Blind Canyon coal was used to study the effect of sintering the catalyst by preheating the 
catalyst alone at 4oooc, 2oOT, and loooC before use. Sulfur was added to the catalyst in 
all liquefaction runs. The results, shown in Figure 3, show that preheating the catalyst 
lowers its activity presumably by lowering its surface area 

Blind Canyon coal was also used in a catalyst loading study with Fe-3 catalyst. The 
results, shown in F i i  4, are consistent in showing that coal conversion is increased 
when the number of catalytic active sites is increased; however, the effect is not great. 

In these experiments, a hydrogenation activity 

. 

A,, was defined as follows to characterize the extent of hydrogenation reaction: 

Where, MN: moles of naphthalene/gram of liquid product 
M+ moles of tetralin/gram of liquid product 
M,: moles of decali/gram of liquid product 
MwH: moles of biphenyl/gram of liquid product 
&: moles of qclohexylbenzene/gram of liquid product 
M,: moles of diqclohexyl/gram of liquid product 

Fe-2 catalyst was reduced in hydrogen at 4oooc and Fe-3 catalyst was reduced at 
different temperatures in advance to examine the activity with naphthalene as reactant. 
Figure 5 showed that MIO-WPC would be a suitable reduction temperature. It is likely 
that a higher temperature would cause the 30 A catalyst to be sintered and thus lower the 
activity. Therefore, a reduction temperature of 2oooC for Fe-3 was chosen for the later 
runs. Figure 6 indicated that, for the naphthalene hydrogenation, both the pre-reduced 
iron catalysts gave higher activities than their oxide forms, and sulfur almost completely 
poisoned both cataljst~, whether in the oxide or metallic form. Similar results were 
obtained for the hydrogenation of biphenyl as shown in F i i  7. A notable phenomenon 
observed was that, in both reaction systems, secondary reactions, e.g., the conversion from 
tetralii to decalin, took place only when the cata1y-d~ had been reduced, even at the 
highest catalyst loadings. This suggests that the metallic iron is more active for 
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hydrogenation than iron oxide owing to active sites of greater activity rather than an 
increase in number of sites. 

The test results of three trickle 
bed reaction runs with sulfur in the feed in different periods are shown in Figure 8 It can 
be seen that when iron oxide was used as cataljst, without sulfur in the feed, the 
hydrogenation activity of NAPH increased gradually to a relatively stable level. However, 
once the sulfur was introduced, the A,, dropped continuously to about zero after 32 hm 
during this process indicating that the hydrogenation reactions have been inhibited by the 
presence of q. The other two runs were performed by adding CS, to the feed fust and 
then switching to the CS, free feed. The results (Figure 8) showed no reaction at WPC 
once there was CS, in the feed, and A,, could not be restored. This indicates that Hfi has 
poisoned the iron catalyst permanently for the hydrogenation reactions and/or that the 
sulfide form of the iron is much less active than the hydrogen redud form. After 
removal of the CS, in the feed at 48 and 92 hours, both runs showed very small, but 
stable A,, as the residual Hfi concentration in the reactor became smaller. Thii indicates 
that the FeS, form of the catalyst has fmite, although significantly lower hydrogenation 
activity than the H, r e d u d  form of iron. The inhibition effect of H S  is consistent with 
the earlier works by Rhee['l with NAPH hydrogenation in batch reactor using Ni- 
Mo/AI& catalyst and Sapre[s] with biphenyl hydrogenation in the continuous reactor 
using Co-Mo/A120, catalyst. 

Considering the hydrogenation behavior of NAPH over iron catalysts in both continuous 
reactor and TBMR, we think there probably exists a corresponding reduction process 
before the reaction occurs when iron oxide is employed We suggest that the active phase 
of iron cataljst in the hydrogenation processes investigated in the absence of sulfur may 
be metallic iron. We have also report&'] that hydrogen reduced iron generally yields 
higher hydrogenation activity than the iron sulfide which is a much less active 
hydrogenation catalyst. However, the iron sulfide form may possess a higher cracking 
activity which may be more beneficial to coal liquefaction. 
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Table 1. TBMR Reaction Conditions 

coal NAPH 
3 0.24 

Fe-3 Fe-2 Fe-3 
0.66 0.6 0.06 

Tetralin etc. Mineral Oil Mineral Oil 
10 12 12 

Elementary CS, cs, 
Sulfur 0.1 0.24 0.024 

400 350 350 

1250 lo00(1250) lo00 

1 1 1 

BPH 
0.24 

Fe-3 
0.06 

12 

0.024 

300 

HBcadecane 

cs, 

1000 
1 

1. HyQosep Cyllnaer 2. Nitxogem Cyliada 3. Oas plow c 4 n a o U a  
4 . o a s - U q u i d ~  5.ReaaOrnlbe 6. Liquid Tank 
7. liquid Pump 8.Oas-Uquid Separator 

F i  1. CDS 900 Reactor System 
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Figurc 2 Comparison of Reaction Solvents using Blind Canyon Coal 

Figure 3. Effect of preheating the Cataljst at Dieemt Temperahus 
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Figure 4. Comparison of Diffemt Loadings of Catalyst 
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Reduction Temperature ('C) 

Flgure 5. Effect of Reduction of Fe3 
Catalyst at Different Temperatures on 
NAPH Activity in TBMR 

Figure 6. NAPH Hydrogenation Activity 
at 350 OC in TBMR 
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Figure 7. BPH Hydrogenation Activity 
at 3oooc in TBMR 

Figure 8 NAPH Hydrogenation Activity 
at 25OOC in Continuous Reactor 
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Design of Coal Liauefaction Catalysts with Functions for 
Recovery and Repeated Use 

Isao Mochda, Kinya Sakanishi, Masahiro Kishino, Katsuyuki Honda, 
Tatsuya Umezawa, and Seong-ho Yoon 
Institute of Advanced Material Study, 
Kyushu University, Kasuga, Fukuoka 8 16, Japan 

Abstract 
Active catalysts with functions for recovery and repeated use are 

expected to reduce the cost and waste in the coal liquefaction. The authors 
are going to propose basically two types of catalysts which are 
recoverable for the repeated use. The first type is acid-proof iron 
catalysts which are recoverable from the mixture with carbonate and 
chloride minerals. Such catalysts are applicable to particular coals such as 
Australian brown coal which is completely liquefied, carrying calcium 
and magnesium carbonates as the major minerals after the primary 
liquefaction. 

Second type is characterized by its sulfur-proof ferromagnetism 
for the recovery from the minerals and carbons by gradient magnetic 
field. The authors are going to describe the performances of Fe3AI 
powder and carbon-coated ferrite. Fine powders are essential for their 
high activity. 

The deactivation of the catalyst by carbon and minerals in the 
liquefaction should be clarified, and a multi-step liquefaction scheme 

. including coal pretreatment can be designed to minimize the deactivation. 

Introduction 
Coal liquefaction has been rather extensively investigated for 

longer than several decades to provide clean liquid fuel from coal in 
order to meet the increasing demand expected in early next century. 
However the cost of the liquid fuel is still too high to substitute the fuel 
from petroleum. Several break-through ideas are strongly wanted to cut 
the cost currently estimated. 

Cut of installation cost appears most effective. The ways are 
1) More moderate conditions 
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2) Better yields per installation, more change of coal 
conversion 
3) Simpler scheme, 

and better 

1 .hydrogen source 
2.solid-liquid separation 

4) Stable operation for years 
5) Cheaper catalyst and residue handling 

The present authors have been studying a complete conversion of 
coal (no organic residue), with least amount of hydrogen donor in the 
reactor by multi-stage scheme which includes the coal pretreatment, coal 
dissolution, catalytic up-grading. The catalyst of primary liquefaction 
stage is a key to be developed. The authors assumed that the recovery and 
recycle of the catalyst from the residue is as approach to reach the 
objective described above. 

In the present report, recovery and recycle of the catalyst for the 
primary liquefaction stage were studied .The basic idea is to recover the 
catalyst from the inorganic residues which come from the feed coal. 
According to the natures of inorganic residue, two approaches were 
examined in the present study. 

1.Washing out the inorganic residues such as carbonates which are 
principally found in Australian brown coal 

2.Recovery of the ferromagnetic catalyst from the diamagnetic residue 
by applying the magnetic gradient. 

The catalyst deactivation and adhesion of the catalyst and minerals 
should be avoided by designing the scheme. The pretreatment and 
hydrogen transferring liquefaction as the prior to the catalytic steps are 
responsible.The catalyst and organic residue can be recycled to the 
liquefaction stage when the organic residue still carries significant amount 
of reactive portions. 

Exuerimental 
Milt&&. 

The liquefaction (hydrogen donating) solvent was a hydrogenated 
fluoranthene prepared by catalytic hydrogenation of commercial 
fluoranthene (FL) using a commercial Ni-Mo catalyst in an autoclave at 
250"c, under initial hydrogen pressure of 13.5 MPa. The major 
component of the solvent was 1,2,3,10b-tetrahydrofluoranthene (4HFL), 
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which was identified by 'H and "C n.m.r., quantified by g.c., and 
purified by recrystallization with n-hexane, removing 
perhydrofluoranthenes (PHFL). 

Liauefaction Drocedure 
Liquefaction was carried out in an autoclave (50ml volume). The 

ground coal (3.0g), the solvent (4.5g) and catalyst (0.9g) were 
transferred to the autoclave. The products remaining in the autoclave 
were extracted with THF, benzene and hexane.The hexane soluble (HS), 
hexane insoluble but benzene soluble (HI-BS), benzene insoluble but THF 
soluble (BI-THFS), and THF insoluble (THFI) substances were defined as 
oil, asphaltene, preasphaltene, and residue, respectively. A small amount 
(4%) of solvent derived products, which remained in the HI-BS 
fraction, was corrected by g.c. analysis. The gas yield was calculated by 
the difference between the initial (dry ash free base) and recovered 
residual weights. Thus, the weight loss during the experiment was 
included in the gas yield. 

Hvdroeenation of 1-MN procedure 
Hydrogenation of 1-MN was carried out in an autoclave (50ml 

volume ). 1 -Methylnaphthalene (1 .Og), Decahydronaphthalene (9.Og) 
and catalyst(0.3g) were transferred to the autoclave. The reaction 
products were washed out with acetone. Hydrogenation conversion and 
products were determined with GC and GC-MS , respectively. 

Results 
Catalvtic activity of washed residue in the liauefaction of Australian 

brown coal. 
Figure 1 summarizes the catalytic activity of the residue in the 

solvent washing, and ones resulfided, S-added or washed followed by 
resulfiding in the liquefaction of the brown coal. Basically the residues 
indicated similar activities, although the resulfiding enhanced activity to 
produce more gases. The point is that the washing removed almost 
completely the inorganic carbonates, concentrating the ion catalyst. Thus, 
the bottom recycle can be performed by avoiding the accumulation of the 
inorganic residues. Even if the catalyst is covered by the carbonates, such 
washing can remove the carbonates without diferiolating the catalytic 
performances. 
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Ferromagnetic catalvsts 
Two kinds of ferromagnetic catalysts are examined in the present 

study, Fe3Al and carbon-magnetite composite. Their catalytic activities 
are illustrated in Figure 2. Both of them exhibited significant activities 
and maintained ferromagnetic susceptibility after the liquefaction. Their 
susceptibility stood in H2-H2S atmosphere at 400 “C. 

Ferromametic S U D D O ~  

Table 1 shows the activity of NiMo supported on Fe3Al for the 
hydrogenation of 1-methylnaphthalene at 380°C for 40min under H2 
pressure of lOMPa ; Non-trivial activities were induced by supporting 
NiMo on Fe3Al. The catalyst maintained the ferromagnetic susceptibility. 

Discussion 
The present study indicated that the recovery and recycle of the 

catalyst are basically possible after the primary coal liquefaction where 
the inorganic residues are present to contaminate the iron catalyst. 
Although the catalytic activity so far revealed is not super yet, more 
elaborate preparation of the catalyst can improve the activity without 
losing functions of recovery. Smaller particle size, better dispersion and 
favorable catalyst-support interaction are applicable ways to enhance the 
activity. 

The reaction scheme including coal pretreatment procedure should 
be also examined for further development to avoid the catalytic 
deactivation. 
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Yield(%) 

0 50 100 
1 1 1 1 1 1 1 1 1 1 1  

Fig.1 Effects of pretreatment for several recoverable 
catalyst to the liquefaction yields 

catalyst: 3% addition to coal 
solvent(75%4HFL/25% Py)/ coal= 1.5 
single-stage used autoclave 
380~-40min,H2Press. 1 OMPa 
(a) ; non-treatment Y-coal PI 
(b) ; presulfided Y-coal PI 
(c) ; presulfided and S-additon Y-coal PI 
(d) ; acetic acid washing and 

presulfided Y-coal PI 
:G 0 :O 0 :A :P :R 

Yield( %) 
0 50 100 
1 1 1 1 1 1 1 1 1 1 1  

Fig.2 Effects of Fe3AI catalyst 
to the liquefaction yields 

catalyst: 3% addition to coal 
solvent(75%4HFL/25% Py)/ coal= 1.5 
single-stage used autoclave 
380"C-40min,HzPress. lOMPa 

(a) ; C/Coated Magnetite, (b) ; Fe3AI 

:G 0 :O 0 :A :P :R 
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Table 1 Catalysttype and 1 -MN hydrogenating conversion 
Catal st Mo Ni Conversion 

A 10 2 9 
WiMolFYei AI) wt% wt% % 

B 10 5 13 
C 5 1 5 
D 10 5 20 
E 10 5 23 

Sulfiding conditions ( ABC:360"c 6hr D: 300 "c 3hr 
E: 360 "c 3hr after 300 "c 3hr) 
Reaction conditions (1-MN:l .Og DHN:9.0g 
catal st:0.3g used autoclave 
380$-40miin,H2press. 10Mpa. 
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COAL LIQUEFACTION WITH IRON CATALYSTS 

Cuuini. A.V., Krastman, D., Martello, D.V. and Holder G.D.. 
U.S. Department of Energy 

Pittsburgh Energy Technology Center 
Pit;sburgh, Pennsylvania 15236 

University of Pittsburgh 

INTRODUCTION 

Dispersed catalysts have been used for first stage direct coal 
liquefaction studies. Compared to supported catalysts, dispersed 
catalysts offer many advantages for first-stage coal liquefaction, 
such as the lack of aging and, for inexpensive catalysts, such as 
iron, the ability to simply dispose of the catalysts. The 
effectiveness of dispersed catalysts depends on the dispersion of 
the catalyst in the coal-vehicle system. Catalyst dispersion can 
potentially be improved by two methods in coal/catalyst systems: 
improving contact between coal and catalyst during the initial 
stages of coal liquefaction and optimizing the physical properties 
of the catalyst, i.e. increased surface area, smaller particle 
size, or smaller crystallite size. 

Dispersion is usually treated qualitatively. Studies have 
shown that methods of catalyst preparation that should result in 
enhanced levels of catalyst dispersion also result in the highest 
levels of catalyst activities as measured by coal conversion to 
soluble or distillable products. 1-7 Methods of enhancing catalyst 
dispersion which have been investigated include developing 
techniques to increase the surface areas and/or reduce the particle 
sizes of catalysts, using aqueous catalyst impregnation of coal, 
and coupling aqueous impregnation with coal swelling. 

Enhancing catalyst dispersion has been found to be effective 
with iron systems. It has been reported that the effectiveness of 
iron catalysts can be improved by decreasing their initial particle 
size.'-'' However, sintering or a glomeration has been observed 
under liquefaction conditions."-" Coal as well as sulfate 
pretreatments can act to mitigate this 

Another means of enhancing the activity obtained with iron 
catalysts is to improve the contacting between the coal and 
catalyst. Workers have attempted to use forms of iron catalyst 
precursors that are soluble in oil or aqueous media. The 
solubilized precursor could then either be precipitated onto the 
coal's surface prior to charging the reactor or directly mixed with 
the coal/solvent mixture in the reaction. Studies have shown that 

Reference in this manuscript to any specific commercial product, or 
service is to facilitate understanding and does not necessarily 
imply it endorsement or favoring by the United States Department of 
Energy. 
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catalyst pretreatments that result in enhanced levels of contacting 
between coal and catalyst also result in higher levels of coal 
con~ersion.’,’~ ” 

Recent work at PETC has centered on the development of an iron 
catalyst precursor that is intimately contacted with the coal and 
maintains a fine particle size upon conversion to the active, 
sulfided phase. The procedure, reported previously,’ results in 
the precipitation of FeOOH directly on the coal surface. Failure 
to intimately contact the FeOOH with the coal surface resulted in 
the loss of iron activity. The present study investigates the 
surface area and particle size changes resulting from the 
transformation of the precursor, FeOOH, to the active phase, 
presumably pyrrhotite. The effect of improved contacting between 
the FeOOH and coal was also investigated. 

EXPERIMENTAL 

Experiments were conducted with Blind Canyon bituminous (DECS- 
6, from the DOE/Penn State Coal Sample Bank) and Black Thunder 
subbituminous coals. Properties of the feed coals are presented in 
Table 1. 

The catalyst precursor was added to the reactor as a dry 
powder, aqueous solution or by precipitation onto the coal. 
Hydrated iron oxide (FeOOH) was dispersed onto the feed coals by an 
incipient wetness impregnation/precipitation approach.’ Forms of 
iron tested include powdered Fe,03, aqueous ferric nitrate, aqueous 
ferrous sulfate, and powdered FeOOH. A sample of Fe203, with a 
nominal particle size of 1p (from Spang and Company) was added as 
a dry powder. High surface area, powdered FeOOH was prepared by 
precipitating FeOOH from an aqueous solution of ferric nitrate by 
the addition of ammonium hydroxide. The precipitate was recovered 
by filtration through a 0.45p filter, was vacuum dried at 4OoC, and 
ground to a powder. The N BET surface area of the FeOOH prepared 
in this manner was 138 m‘fg. Catalyst prepared in this way was 
added to the reactor in a physical mixture with the coal. 

The effectiveness of each catalyst precursor was determined by 
using each precursor in a 40-mL tubular microautoclave reactor. 
Experiments were conducted by adding 3.3 g coal to the reactor with 
6.6 g of Panasol (a mixture of alkylated naphthalenes obtained from 
Crowley Chemical). Elemental sulfur (0.1 g) was added to the 
reactor to sulfide the catalyst precursors. The reactor was 
charged with 1000 psig (6.9 MPa) of hydrogen and sealed. The 
pressurized reactor was then heated to the liquefaction temperature 
in a fluidized sandbath. The heating period lasted 30-40 minutes. 
Following the liquefaction period (0.5 h), the reactor was cooled 
and depressurized. Coal conversion was calculated from the 
solubility of the coal-derived products in THF and in heptane as 
determined by a pressure filtration technique.18 

Microautoclaves were also employed to investigate the 
transition of impregnated FeOOH to pyrrhotite. In these 
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experiments, FeOOH was impregnated onto carbon black rather than 
coal to eliminate interferences on subsequent analyses from the 
indigenous pyrite in the coal. The carbon black was Raven 22 
Powder obtained from Columbian Chemicals Co. The iron-loaded 
carbon black and tetralin were heated (under Hz in the presence of 
CS2) to 400°C and held at temperature for 5 minutes. The products 
were mixed with THF and filtered through a 0.45~ filter. The 
filter cake, containing the iron loaded carbon, was recovered and 
analyzed by X-ray diffraction (XRD). 

A series of iron sulfide catalysts (pyrrhotite, as analyzed by 
XRD) were prepared from the iron oxide precursors as well as from 
aqueous ferric nitrate solution and aqueous ferrous sulfate 
solution. The iron sulfide was prepared by adding the precursor to 
a 1-L autoclave containing tetralin. The mixture contained 400 g 
of tetralin and sufficient precursor to produce 4 g of iron 
sulfide. To convert the precursor to catalyst, the mixture was 
heated to 4OO0C and held for 0.5 h under 2500 psig ( 1 7 . 3  MPa) of 
H2/3%H,S which was passed through the reactor at 4 SCFH. The 
recovered iron sulfide catalysts were extracted with THF. 

RESULTS AND DISCUSSION 

Catalvst Surface Area 

The effect of iron oxide surface area was investigated using 
powdered FeOOH with a surface area of 138 m2/q and micronized FezO 
with a surface area of 5 m2/g. Table 2 gives the effect od 
precursor surface area (iron oxide) on coal conversion. The 
precursor surface area does not appear to be important. This was 
expected to some extent since the precursor undergoes a chemical 
reaction to form the catalyst. The surface area of the catalyst 
itself is the important variable. Consequently, a series of tests 
were conducted to determine the relationship between the surface 
area of the catalyst (pyrrhotite) and the surface area of the 
original iron oxide. The catalyst was formed from the precursor in 
tetralin with an H2/HrS atmosphere as described in the experimental 
section. XRD and BET surface area were conducted on the resulting 
pyrrhotite. Table 3 presents the surface areas and crystallite 
sizes of the resulting iron sulfides (pyrrhotites). Also shown in 
Table 3 are the characteristics of pyrrhotites resulting from 
soluble iron precursors (ferric nitrate and ferrous sulfate). The 
analyses showed that the pyrrhotite was crystalline with estimated 
crystallite sizes ranging from 42 to 8 2  nm by XRD. The BET surface 
area analysis indicated that the surface area of the resulting 
pyrrhotite was significantly different than that of the original 
iron oxide. For the high surface area precursor, the surface area 
dropped from 138 m2/g to 1 7  m2/g, while the low surface area 
precursor increased its surface area from 6 m2/g to 9 mZ/g. The 
similarity of the surface areas of the pyrrhotites resulting from 
the sol+d iron oxide precursors helps to explain the similar coal 
conversions observed with each. The surface areas of the 
pyrrhotites prepared by aqueous precipitation were both about 30 
m/g, which is greater than those from either of the iron oxide 
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precursors. 

The next series of tests conducted was aimed at investigating 
the effect of pyrrhotite surface area on coal conversion. Table 4 
presents coal conversion as a function of iron sulfide surface area 
and crystallite size. It appears that there is a relationship 
between surface area and coal conversion. Clearly the precipitated 
precursors produced a higher surface area pyrrhotite and 
subsequently higher coal conversions. 

Impremation 

The effectiveness of catalysts formed from FeOOH depends on 
the method by which FeOOH is added to the system. Table 5 compares 
coal conversion using physically mixed FeOOH with impregnated 
FeOOH. The impregnated FeOOH is more active and results in higher 
coal conversion than the physically mixed FeOOH. As shown in Table 
3, the surface area of the iron sulfide formed from powdered FeOOH 
(not impregnated) in tetralin dropped to 17 m2/g compared to 138 
m2/g for its precursor. This large reduction in surface area 
produced a catalyst which resulted in lower coal conversions 
compared. to the conversions obtained when the precursor was 
precipitated onto the coal. 

The surface area and crystallite size for the catalyst 
precipitated onto the coal may not be the same as those measured 
* V I  LIAS iorluod in pure tetralin. The pyrrhotite formed 
from coal-impregnated FeOOH is not easily characterized because of 
the presence of pyrite and other crystalline material in the coal. 
Therefore, a separate preparation of impregnated carbon black was 
prepared in order to see what effect impregnation has on 
crystallite size. The impregnated carbon black was subjected to 
liquefaction conditions and recovered by THF extraction. XRD 
analysis of the iron sulfide on the carbon black revealed that the 
average crystallite size of the catalyst was 27 nm. This is 
significantly lower than the pyrrhotite crystallite size formed 
from powdered FeOOH (56 nm) . One of the effects of impregnation of 
the FeOOH appeared to be the generation of smaller iron sulfide 
particles in the system. 

e-- **^ __--..--.-- 

CONCLUSIONS 

In the absence of a carbonaceous support, the transformation 
of FeOOH to iron sulfide results in a loss of surface area, 
possibly due to sintering. This effect has been previously 
do~umented.""~ The loss in surface area prevents a correlation 
between precursor surface area and coal conversion from being 
established. However, an increase in the surface area of the 
actual (iron sulfide) catalyst does appear to improve liquefaction 
yields. Iron sulfide preparations with a broader range of surface 
area need to be investigated. 

The presence of a carbonaceous support for FeOOH tends to 
mitigate the sintering and favors the formation of smaller particle 
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size iron sulfide catalysts which are likely to have higher 
specific surface areas. It is likely that the same effect occurs 
in coal impregnated with FeOOH since addition of the precursor 
through impregnation results in higher coal conversions. However, 
the better contacting between coal and catalyst achieved by 
impregnation may also contribute to the higher conversions. 
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T a b l e  1. Analyses of Coal Feeds 

Black Thullder Blind Canyon 
DECS-6 

Proximate Analysis ( w t % ,  as received) 

Moisture 1 9 . 2  
Volatile Matter 3 4 . 8  
Fixed Carbon 40.6  
A s h  5.4 

U l t i m a t e  Analysis ( w t % ,  Moisture Free) 

Carbon 68.2  
Hydrogen 4.8 

Sulfur 0.4 
Oxygen (Difference) 1 8 . 8  
A s h  6.8  

Nitrogen 1.0 

S u l f u r  Forms ( W t % )  

Sulfate 
Pyritic 
Organic 

0.02 
0.04 
0 .30  

4 .7  
42.4 
47.3 

5 . 6  

76 .5  
5 . 9  
1 . 5  
0.4 
9 . 9  
5 . 8  

0 . 0 1  
0.02 
0 . 4 1  

Table 2 .  E f f e c t  of Iron Precursor  Surface A r e a  on Coal Conversion 
of DECS-6 Blind canyon coal a t  425'C, 0.5 h, 1000 p s i g  
(cold) H2, 5000  ppm Fe, 0.1 g 8 added t o  9.9 g of a 2:l 
mixture of Panasol t o  DECS-6 Coal. 

Precursor  Precursor  Coal conversion(%) TO: 
Surface Area, THP 801s. Heptane Sols .  

m2/q 

None None 58 30 

FeOOH 138 66 34 

Fe203 6 73 35 
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Table 3. Effect of Precursor !Qpe and Surface Area on the 
Resulting Iron sulfide crystallite size and surface Area 
Produced in a 1 - L  Autoclave at 4OO0C, 0.5 h, 2500 psig 
Hd3%H#. 

Catalyst Precursor surface Area Iron Sulfide Iron Sulfide 
mz/g Crystallite surface Area 

size, nm m2/g 
8 28z53.2 

Micronized Fe,O, 6 82.0 9 

FeOOH 138 56.0 17 

Aqueous Ferric Nitrate n/a 43.0 30 

Aqueous Ferrous Sulfate n/a 42.1' 32 

' Calculated based on surface area. 

Table 4 .  Effect of Iron sulfide Precursor Surface Area and 
Crystallite Sixe on Coal conversion of DECS-6 Blind 
Canyon Coal at 4250Cf 0.5 h f  1000 psig (cold) H ~ ,  5000 
ppm Fe, 0.1 g 8 added to 9.9 g of a 2:i mixture of 
Panascl to DECS-6 Coal. 

Precursor coal Conversion(%) TO: 
Surface Area, Crystallite THP Sols. Heptane 8015. 
m2/9 Sixe, nm 

8 ze=53.2 

None na 

9 8 2 . 0  

58 30 

73 31 

17 56.0 70 31 

30 43.0 84 38 

32 42.1' 76 35 

' calculated based on surface area. 
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Table 5.  Effeat of  FeOOH Mode of Addition on Coal Conversion of 
DECB-6 Blind canyon coal and Black Thunder coal at 425'C, 
0 . 5  h, 1000 psig  (cold) H , 5000 ppm Fe, 0 . 1  g B added to 
9 . 9  g of  a 2:1 mixture 04 Panasox to  Coal. 

Preaursor coal conversion(&) TO: 
THP Sols .  Heptane Sols .  

Blind Canyon 

None 58 30 

Physically Mixed FeOOH 66 34 

Impregnated FeOOH 85 41 

Black Thunder 

None 

Physically Mixed FeOOH 

Impregnated FeOOH 

54 

64 

73 

30 

35 

33 
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A STUDY OF DISPERSED IRON-BASED ADDITIVES 
IN COAL LIQUEFACTION 

The0 L.K. Lee, AI Comolli 
Edward Johansorr, Robert Stalzer 
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100 Overlook Center, Suite 400 
Princeton, New Jersey 08540 

Keywords Liquefaction, thermal-catalytic, iron additives 

INTRODUCI'ION 

Iron-based additives have been extensively (1-5) evaluated for their catalytic behavior 
in direct coal liquefaction. The catalytic activity of these iron-based additives 
depends not only on their chemical composition but also on their effective contact 
area with the coal/solvent mixture. Various preparation techniques have been 
investigated (6) to produce nanoscale iron-based catalyst precursors to enhance its 
activities. 

The activity of two different iron-based additives for liquefying a Wyoming sub- 
bituminous coal, Black Thunder mine coal, was evaluated in a two-stage, bench scale 
continuous flow unit. One of these additives, iron oxide, was introduced in form of 
a powder to the slurry feeding system, while the second additive was impregnated 
on the coal matrix using an incipient wetness technique developed at the Pittsburgh 
Energy Technology Center. 

This paper describes the findings of the bench scale evaluations (Runs CC-7 and CC- 
15) which were intended to examine the relative effects of catalyst type and reactor 
configuration (e.g. Catalytic/Thermal or Thennal/Catalyst). 

EXPERIMENTAL 

Coal Preparation 

Black Thunder mine coal was used as feed. Analyses of the feed coals are shown in 
Table 1. The feed coals (HRI-5630 and 5828) were screened to -70 mesh and dried 
under nitrogen to obtain moisture content between 5-10 W% for tests when the iron 
additive was added in form of a powder. The impregnated coal feed (L-780) was 
dried to 5 to 12 W% moisture content. 

The PETC incipient wetness technique involves the contact of coal with a solution of 
iron salt followed by preapitation (impregnation) of hydrated iron oxide on 
accessible coal surfaces. 
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The iron content of the untreated coal was 0.2 W% (dry basis), while that of the 
impregnated coal feed contained 0.57 to 0.65 W% of iron. 

Start-upmake-up Solvent 

Each run was start-up with coal derived distillates. The start-up oil used in CC-7 was 
HRI-5648 and was derived from Wilsonville using Illinois coal as feed. This oil was 
also used as make-up oil in the early part of the run to supplement the process- 
derived oil for the recycle oil requirements. In the later part of the run, the make-up 
oil, if required, was made up from the accumulated processderived oil. Run CC-15 
employed filtered process derived liquids stored in Tank 4 from a recent HRI PDU 
run (Run 260-03) as start-up and make-up oils. Analyses of these solvents are 
summarized in Table 2. 

Additives 

In Run CC-7 the iron-based additive was in an oxide from. l l i s  additive was 
labelled as magnetic pigment and was purchased from Wright Industries (Brooklyn, 
New York). Analyses of the iron additive are shown in Table 3. In Run CC-15, iron 
was added as hydrated oxide and was impregnated on the coal matrix. 

Liquefaction Tests 

The liquefaction tests were carried out in a 20 Kg/day continuous flow unit 
employing two backmixed reactors, as shown Figure 1 .  An additional preheater was 
added to the system in Run CC-15 for activating the iron catalyst precursor prior to 
the thermal stage (first stage). 

Each run usually starts with coal derived distillates from Wilsonville or HRI's PDU. 
The unit is then brought to equilibrium by the recycling of pressure filter liquids to 
the coal slurry preparation section on a bi-hourly basis. Mass balance is performed 
every 8 or 12 hours and a daily average is then reported. Each of the conditions 
tested is of minimum 3 days duration to ensure the validity of the data point. 

Due to the low inherent sulfur content of Black Thunder mine coal, sulfur was added 
in form of liquefied hydrogen sulfide to ensure proper sulfidation of the catalyst 
precursor as well as maintaining the supported catalyst in a sulfided state. 

RESULTS AND DISCUSSION 

Coal conversion is normally calculated from the ash-to-solid (quinoline insoluble) 
ratio of product and comparing it with the feed coal. This assumes that non-ash 
portion of the product is organic unconverted coal. This is not entirely true as asking 
transforms mineral matter into other inorganic form. In dealing with subbituminous 
coal, HRl usually considers ash on a SOJ-free baiis to discount the sulfur capture by 
lime that might occur during asking. When additives are introduced, calculation of 
true coal conversion can be uncertain and imprecise. If additive contains iron as in 
this case, it captures sulfur from coal or coal-derived liquid or from hydrogen sulfide. 

' 
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If the liquefaction product containing thii sulfided iron species is ashed, the inorganic 
material undergoes transformation. For example, if the product contains FeS, it could 
be oxidized to Fe203 or some other oxide. If it is converted to Fe20y it would lose 
weight during asking. As a result, the amount of the mineral matter in the product 
would be underestimated and that of the organic matter overestimated. Calculated 
mal conversion would then be lower than the real conversion. 

A true or more accurate value of coal conversion could be arrived at if the chemical 
nature of the iron species in the product and tin the ashed form is known. Since this 
information was lacking, it was assumed here that the iron species in the liquefaction 
product was present as pyrrhotite Fee.$ with x of 0.15 and that it was converted to 
F%03 during asking. 

Dispersed Iron Oxide 

Run CC-7 was conducted to study the effect of reactor configuration in two-stage 
liquefaction: catalytic/thermal vs thermal/catalytic modes of operation. 

The supported catalyst charged to the unit was a blend of fresh Shell 317 catalyst 
(12.5 W%) and the recovered catalyst (87.5 W%) from an earlier run (CC-5). The 
latter was obtained from the first stage of a run which also used Black Thunder mine 
coal. Table 4 summarizes the run plan and results. The catalytic stage temperature 
was maintained at 399C The temperature of the thermal stage was varied from 440- 
448% and space velocity varied from 4.4-67 lb/h/fe cat. The additive used in this 
run was iron oxide, the magnetic pigment supplied by Wright Industries. The rates 
of the additive and hydrogen sulfide were about 5.5 and 3.8 W%. 

Figure 2 and 3 compares the performance of different reactor configurations. In 
catalytic/thermal mode of operation, increasing the thermal stage temperature from 
440% (Condition 1) to448'c (Condition 2) increased C,-524T distillate yield (2.0 W% 
maf coal) as increased coal and residuum conversions outpaced increase in gas yield. 
With the thermal stage at 448%, catalytic/thermal configuration gave higher coal and 
residuum conversions relative to thermal/catalytic configuration (Condition 3). 
However, the product quality was superior in the latter case. 

Compared to catalytic/catalytic mode (Run CC4 Condition 2), thermaI/catalytic and 
catalytic/thermal configurations gave slightly higher coal conversion, as shown in 
Table 4. Typically, conversion of subbituminous coals is quite sensitive to residence 
time which was less in the catalytic/catalytic mode of operation due to catalyst hold- 
up in the reactor. However, residuum conversion and distillate yield were higher in 
catalytidcatalytic configuration. The process performance in this configuration was 
superior with less gas yield, lighter distillate slate. Hydrogen consumption was 
higher, however, it was used efficiently to produce a better quality product. 

Iron Impregnated Cod (CC-15) 

The performance of iron impregnated (about 5000 ppm Fe) Black Thunder mine coal 
was measured in a thermal/catalytic mode of operation. The second stage contained 
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a fresh charge of Criterion 317 Ni/Mo catalyst. The catalyst was presulfided in situ 
by holding the catalyst at various temperature levels during the start-up period 
under a continuous stream of hydrogen sulfide and start-up oil. 

The iron catalyst precursor(FeO0H) was activated with HS at 275'c (Condition 1) 
and 290T (Conditions 2 to 4). The test was conducted using constant conditions of 
space velocity of about 42.5 lb coal/h/ff (supported catalyst), and temperatures of 
427T and 413T for the thermal and the catalytic reactors, respectively. The run plan 
and results are given in Table 5 .  

The yield of C,C, gas remained constant around 10.5 W% maf coal reflecting the 
relatively stable operation. Although the results were masked by the continuous 
deactivation of the supported catalyst throughout the course of the run, the process 
performance in term of coal conversion, 5 2 4 T  conversion, and C4-524'C distillate 
yield were higher in tests with iron impregnated coal as compared with the untreated 
coal (Condition 3). 

In the presence of iron additive, coal conversions varied slightly between 92.7 and 
93.1 W% maf coal (Conditions 1,2 and 4). In Condition 3, no dispersed catalyst was 
used. The coal conversion dropped by 2.7 W% to 90.0 W%. The decrease in 
residuum conversion (3.7 W%) and distillate yield (7.7 W%) were more noticeable 
because these performances were more sensitive to catalyst activity. Iron additive 
was reintroduced in Condition 4, repeat of Condition 2. The coal conversion 
increased back up to 92.7 W%, while the residuum conversion and distillate yield 
rebound to a level as projected assuming h e a r  deactivation in catalyst activity. 
Interstage samples show that all coal conversion occurred in the thermal stage (at 
427.C). Similar trend was observed on the effect of iron additive on coal conversion 
in the interstage sample, i.e. 3.7 to 4.1 W% lower when no additive was used. 

The iron impregnated coal contained substantially higher nitrogen content (L-780, 
2.64 W%) than the untreated coal (HRI-5828,0.95 W%). This was probably due to 
the sorption of ammonium nitrate on the coal matrix during the precipitation 
procedure. As a result, both the interstage and the twostage product liquids 
exhibited higher nitrogen content when iron impregnated coal was used, as shown 
in Table 4. 

0 

CONCLUSION 

Black Thunder mine coal was liquefied in thermal/catalytic and catalytic/thermal 
modes of operation to study effect of iron additive on process performance. With the 
limited data and variations in catalyst age, in the thermal/catalytic mode of 
operation, it seems that the distillate yield with 5000 ppm of f ie ly  dispersed iron (on 
the coal matrix) was 66.0 W% and was equivalent to, if not slight more higher, than 
that with 5.7 W% of magnetic pigment (Run CC-7 Condition 5). However, the 
selectivity toward lighter product was higher in the case of magnetic pigment 
reflecting the higher overall reaction severity used in the test. 
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TABLE 1 
FED COAL ANALYSES 

HRI No. - 5630 - 5828 

Moisture Content, W% 6-9 8.41 
Ash Content, W% (m0 6.69 6.95 
SO,-free, W%(mf) 5.74 5.71 

Ultimate Analysis, W% (ma0 
Carbon 71.90 72.51 

Sulfur 0.38 0.51 
Nitrogen 1.04 0.95 
Oxygen (by diff.) 21.77 21.95 

Iron Content, W% (mf) n/a 0.20 

Hydrogen 4.91 4.08 

TABLE 2 
ANALYSES OF START-UP SOLVENT 

HRI No. 

API Gravity 

Elemental Analysis, W% 
Carbon 
Hydrogen 
Sulfur 
Nitrogen 

ASTM D-1160 Distillation, 
IBP 
5 V% 
10 V% 
20 V% 
30 V% 
40 V% 
50 V% 
60 V% 
70 V% 
80 V% 
90 V% 
95 V% 
FBP 

Boiling point at 96 V% 

5648 

n/a 

90.14 
9.85 
0.13 
0.37. 

391 
413 
426 
432 
443 
450 
459 
469 
476 
483 
499 
51 1 
542 
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L-769 

10.1 

88.95 
10.08 
0.06 
0.34 

318 
339 
345 
358 
366 
376 
385 
398 
416 
449 
479 
517 
524' 

- 1-780 

8.81 
7.15 
6.03 

72.38 
4.31 
0.49 
2.64 

20.18 

0.57-0.65 
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TABLE 3 
ANALYSES OF IRON ADDITIVES 

Magnetic Piement 

0.02 
0.003 

61.22 

Moisture, W% 
sulfur, W% 
Iron, W% 

Forms of Iron, W% 
Fe 0.05 
FeO 25.14 
Fe203 70.42 

TABLE 4 
Evaluation of Disuersed Iron Oxide (CC-n 

Catalyst: Shell 317 Ni/Mo Coal: Black Thunder Mine 

Run No. 7 7 7 7 7 4 
Condition 1 2 3 4 5 2 

Mode 

1st Stage 
2nd Stage 

Temperature, T 
1st Stage 
2nd Stage 

1st Stage 
2nd Stage 

Catalyst Age, lb coal/lb cat. 

Space Velocity 

lb coal/h/ft3 cat. 
Addiditive Rate, W% mf coal 

H2S Rate, W% mf coal 
Performance. W% maf coal 

CiC3 
H2 Used 

Coal Conversion 
524'(3+ Conv. 
HDN 

C,-524T 

Cat. 
Therm. 

Cat. 
Therm. 

Therm. 
Cat. 

Therm. 
Cat. 

Therm. 
cat. 

cat. 
cat. 

398 
441 

399 
448 

448 
399 

448 
399 

441 
399 

399 
441 

658 - 
801 
- 

71 7 
1088 

- 
974 

- 
1101 

- 
1107 

66.9 
5.5 
4.5 

65.6 
5.3 
4.7 

68.3 
5.5 
4.3 

45.7 
5.4 
6.3 

43.8 
5.7 
5.4 

68.9 
5.2 
1.8 

9.96 
6.73 
58.5 
90.4 
85.5 
57.4 

12.01 
7.43 
60.5 
93.3 
89.0 
55.1 

4.81 
8.07 
59.4 
91.3 
89.1 
71.2 

17.41 
8.31 
55.8 
92.4 
87.7 
69.0 

14.10 
8.28 
59.0 
90.8 
87.4 
53.9 

8.81 
8.60 
64.6 
88.1 
87.5 
76.9 
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TABLE 5 
Evaluation of FeOOH Imureeanted Coal CCC-15) 

Catalyst: Shell 317 Ni/Mo Coal: Black Thunder Mine 

Mode 

1st Stage 
2nd Stage 

Temperature, *C 
Retreating 
1st Stage 
2nd Stage 

Catalyst Age, Ib coal/lb cat. 

2nd Stage 

Space Velocity 

Addiditive Rate, W% mf coal 

Performance, W% maf coal 

lb coal/h/ft, cat. 

H2S Rate, W% mf coal 

C1-G 
H2 Used 

Coal Conversion 
C,-524T 

1st Stage 
2nd Stage 

524V Conv. 
HDN 

Thm. Therm. Them. Them. 
cat. cat. cat. cat. 

275 298 297 297 
426 429 427 427 
413 412 413 412 

143 227 314 403 

42.3 41.7 43.7 42’7 
0.4 0.4 None 0.4 
3.5 3.6 3.2 3.0 

10.55 10.78 10.35 10.49 
9.26 9.0 8.14 8.34 

66.1 64.1 56.4 60.2 

91.1 91.1 87.0 90.7 
93.1 92.7 90.0 92.7 
89.1 87.7 84.0 85.3 
90.0 87.1 66.6 82.6 
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EIGURE 1 - HRI TWO STAGE EBULLATED BED BENCH SCALE UNIT 
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FIGURE 3 - PROCESS PERFORMANCE OF IRON OXIDE AS ADDITIVE: 
GAS YIELD AND HYDROGEN CONSUMPTION 

FIGURE 4 - NITROGEN CONTENT OF SELECTED INTERSTAGE SAMPLES 
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HYDROGENOLYTIC ACTIVITY OF SOLUBLE AND SOLID Fe-BASED 
CATALYSTS AS RELATED TO COAL LIQUEFACTION EFFICIENCY 

W. Zmierczak, X. Xiao, Jesse C.H. Tsai and Joseph Shabtai 
Department of Chemical & Fuels Engineering 

University of Utah 
Salt Lake City, Utah 84112 

Keywords: Iron-based catalysts, Hydrogenolysis activity, Coal liquefaction. 

ABSTRACT 

A comparative activity study of soluble and solid Fe-containing catalysts for hydrogenolysis of 
(1) coal-simulating compounds, Le., 24sopropylnaphthalene (IPN) and diphenylmethane @PI@, 
and (2) a Blind Canyon coal sample (designated as DECS-ln, was performed. The soluble 
catalysts were supported on Si& and included aqua complexes of various Fe salts, Le., sulfate, 
acetate and chloride. The solid catalysts consisted of finely dispersed superacids, Le., 
Fq03/S0," and ZrO,/SO:-. The soluble catalysts contain the aqua complex ion FegIzO)J'', 
which is pre-formed or formed in siru in the presence of water, and acts as a protonic acid by 
ligand dissociation especially above 250°C. Kinetic rate constants for hydrodealkylation of IPN 
and hydrogenolytic cleavage of DPM show that at temperatures of 350-400°C the above solid 
superacids possess markedly higher activity as compared with that of the Si&-supported, 
soluble Fe salts. In agreement with this finding, the same solid superacids were found to be 
effective hydrogenolysis catalysts in the depolymerization of the Blind Canyon coal sample. 
Therefore, small amounts (0.1-0.5 wt %) of Fe-containing solid superacids can be conveniently 
used in the initial step of a modified version of the previously developed HT-BCD (mild 
hydrotreatment-base catalyzed depolymerization) coal liquefaction procedure. 

INTRODUCTION 

An important aspect of direct coal liquefaction research is the development of effective catalysts 
for the chemical reactions involved in the liquefaction process. A large variety of catalysts have 
been investigated in fundamental studies, but two groups of catalysts have attracted particular 
attention, i.e.,(l) bifunctional metal sulfides which are believed to act mainly as ring 
hydrogenation but also as C-0, C-S, C-N, and C-C hydrogenolysis catalysts, and (2) soluble 
or solid acid catalysts which cause primarily hydrogenolytic bond cleavagel']. 

In recent years the concept of applying disposable, highly dispersed iron-based catalysts in coal 
liquefaction has attracted considerable interest. The advantage of these catalysts is Seen in their 
anticipated high activity, low cost, and environmental acceptance. Iron-based catalysts which 
can be added to coal in the form of very fine solid dispersions include iron oxide, iron 
oxyhydroxide, prepared by different  method^^*^^, iron carbides[4', and others. Alternatively, coal 
impregnation with soluble iron compounds has been examined using various  method^^^-'*]. 

Numerous studies have been performed on a sulfated iron oxide An IR 
spectroscopic study, performed by Yamaguchi et al. 'I3' indicated the presence of surface 
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complexes between SO:- ions and iron oxide. It was proposed that a chelated iron oxide-sulfate 
structure, containing two covalent S=O double bonds, is responsible for the strong acidity of 
sulfated iron oxide. Hino and Arata used this catalyst for various acid-catalyzed reactions, e.g., 
dehydration of ethanol1l41, and skeletal isomerization of butane to isobutane at low 
temperatures["l. They pointed out that Fq03/S0:- catalyst can be considered as a superacid. 

Previous reports have shown that many iron compounds in their original form are not the active 
catalysts in direct coal liquefaction processes. Rather, it is assumed that such iron compounds 
are converted under coal liquefaction conditions, viz, in the presence of sulfur p~161 or other 
sulfidation agents ('I to very active forms of non-stoichiometric pyrrohotites. The introduction 
of sulfate ions on the surface of iron oxide catalyst apparently enables its transformation into 
fine particles of pyrrohotite, which is characterized by high acidity and other properties['*'. 

Shabtai et al.15'n have recently developed a two-stage, low-temperature coal depolymerization- 
liquefaction procedure. In the first step of the depolymerization stage, a coal sample is 
impregnated with a soluble, highly dispersed iron catalyst1191 and then subjected to mild 
hydrotreatment (HT) at temperatures 5290-C and a H2 pressure of 1000-1500 psig. The mild 
hydrotreatment results in partial depolymerization of the coal by preferential hydrogenolytic 
cleavage of alkylene, benzyl etheric, cycloalkyl etheric and some activated thioetheric linkages. 
In the second depolymerization step, the mildly hydrotreated coal sample is subjected to base- 
catalyzed depolymerization (BCD) at 5290°C with a methanolic solution of KOH or Ca(0Hk. 
This completes the coal depolymerization by hydrolysis (alcoholysis) of diaryletheric, aryl 
cycloalkyl etheric, diary1 thioetheric and other bridging groups. The sequential HT-BCD 
treatment results in a mixture of low M.W. (about 100-300) products, composed primarily of 
monocluster compounds. 

In the present study the hydrogenolytic activity of soluble vs solid Fe-containing catalysts was 
compared, using the hydrodealkylation of 2-isopropylnaphthalene and the hydrogenolysis of 
diphenylmethane as model reactions. In parallel, the activity of the two types of acid catalysts 
in the framework of the HT-BCD procedure (as measured by the overall yield of depolymerized 
coal products) was examined, using a Blind Canyon coal sample (DES-17) as feed. 

EXPERIMElrPTAL 

Materials. 2-isopropylnaphthalene (purity, 98%) was obtained from Willey Organics. 
Diphenylmethane(purity, 99%) was obtained from Aldrich Chemical Company, and n-dodecane 
(purity, 99%) from Phillips Petroleum Company. Coal samples (DECS-17) were supplied by 
the Penn State Coal. Sample Bank. 

Preparation of Catalysts. Two series of catalysts were prepared. 

The first series consisted of three SO,-supported soluble salts, Le., FeC1,.6H20, Fep04),5H,0 
and Fe(CH,COO),. Those were prepared by incipient wetness impregnation of SIC& (Aldnch, 
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grade 62, 60-200 mesh, 150 A) with aqueous solutions of the respective salts, followed by 
drying under vacuum for 24 hours at room temperature. An alternative drying procedure, which 
produced a more active Fq(SO,);SH,O/SiO, catalyst involved drying of this catalyst in air at 
120’C. The second series of catalysts comprised two solid superacids, Le., FezOJSO2- and 
ZrO,/SO~-* which were prepared as follows: 

Fe,OJSO.”. A solution of 25 g of wFe(S04),.12H20 and 50 g of urea in lo00 ml of 
distilled water was heated at 95°C for 2 h. The precipitate formed was filtered, washed with 
hot water (until no free SO:- ions could be detected) and dried at 100’C for 24 h. The dry 
product was treated with 0.5 M H,SO, (10 mllg of solid) with continuous stirring, and then 
filtered, dried at 100’C for 24 h and calcined at 500°C for 3 h. 

Zr0,lSO.”. 25 g of ZrOC1,.8H20 was dissolved in 150 ml of water and subjected to 
hydrolysis at room temperature by slowly adding 28-30 % W O H  with vigorous mixing, until 
a pH=8.5 was reached. The precipitate was filtered, washed with distilled water until no free 
C1- ions could be detected, and then dried at 110°C for 24 h. The dry solid was pulverized to 
-100 mesh and treated with 0.5 M H2S04 (10 mug of solid) for 1 h with continuous stirring, 
and then filtered, dried at 100°C for 24 h and calcined at 650°C for 3 h. 

Procedure of Kinetic Hydrogenolysis Studies. The kinetic studies of model compounds, in 
particular 2-isopropylnaphthalene, were carried out in a 50 rnl Micmlave reactor (Autoclave 
Engineers) equipped with a special sampling device. Twenty grams of a solution containing 2 
wt. % of 2-isopropylnaphthalene in ndodecane and the catalyst were introduced in the reactor 
and the latter was quickly closed, purged with nitrogen and then pressurized with hydrogen to 
an initial pressure of 800 psig. The reactor was brought to the desired temperature (350-4OWC) 
in 12-15 min., and at this point stimng (800 r.p.m.) was started. After each sampling, at 
intervals of 5-10 i n . ,  some hydrogen addition was necessary to keep a constant hydrogen 
pressure of 1500 psig. The reaction products were analyzed by gas chromatography using a 
4 m x 0.3 cm 0.d. stainless steel column packed with 10% OV-17 on Chromosorb W-HP. 

The treatment of the kinetic data was made on the basis of pseudo-first-order reaction in 
reactant concentration, viz., 

-ln(l-xJ = kWAt/V) 

where k is the rate constant; 
(volume-corrected space time) is defined by 

is the conversion at time 4; W is the catalyst weight, andfft/v), 

i- 1 
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in which, n is the total number of intervals between the samples; V,, is the liquid volume 
remaining in the reactor during a given time period, and F is the corrected time. 

RESULTS AND DISCUSSION 

Table 1 summarizes the values of the pseudo-first-order kinetic rate constants (I,) for 
hydrodealkylation of 2-isopropylnaphthalene, IPN (to yield naphthalene and propane) as a 
function of catalyst type. The Table also provides the values of the rate constants (k3 for the 
competing ring hydrogenation of IPN to yield 2-isopropyl-I ,2,3,4-tetrahydronaphthalene. 
Kinetic runs were performed at two different temperatures, i.e., 350 and 400°C (for other 
conditions, and for the experimental procedure, see Experimental). The k, values obtained were 
taken as a measure of the hydrogenolytic activity of the catalysts. 

As seen, at 350°C the solid superacid catalysts 4 and 5 show markedly higher hydrogenolytic 
activity than the supported soluble catalysts 1 and 2. The difference in activity becomes larger 
with increase in reaction temperature to 400°C. The supported anhydrous Fe(CH,COO), catalyst 
shows the lowest activity among the soluble Fe salt catalysts. Addition of a small amount of 
water to this catalysts (see footnote d, Table 1) prior to reaction, resulted in some 
hydrogenolysis activity, which, however is lower than that of catalysts 1 and 2 which contain 
the pre-formed aqua complex Fe(H20)2+. The latter has been previously indicatedw1 as the 
precursor of active, protonic acid-generating species, e.g., H+pe(H,O),OH]-. The relatively 
low activity of catalyst 3, even in the presence of water, indicates that it is preferable to use 
pre-formed aqua complexes of Fe salts. The thermal stability of such catalysts between 250- 
400°C is presently being investigated in this laboratory. The very low values of the ring 
hydrogenation rate constants (ka with the supported soluble catalysts 1-3 indicates that the latter 
possess essentially no ring hydrogenation activity, viz., they act as selective, monofunctional 
hydrogenolysis catalysts. In contrast, the FqOJSOt- catalyst 4 shows moderate ring 
hydrogenation activity, especially at 400°C (k2=0.30). This would indicate that under reaction 
conditions (Hz pressure; elevated temperature) the sulfated iron oxide may be converted to a 
bifunctinal catalyst system containing not only a strongly acidic functional group, but also a 
moderately active ring hydrogenation co-catalytic component. This could explain the overall 
good efficiency of this catalyst under coal liquefaction conditions. 

The observed extraordinarily high hydrogenolytic activity of ZrO,/SO," suggests the desirability 
of developing active Fq03-Zr0,/S0,2- co-catalysts. Work on such catalyst systems is presently 
underway in this laboratory. Parallel hydrogenolytic activity studies with diphenylmethane 
(DPM) as feed showed similar trends as those in Table 1. However, the rate constants for 
hydrogenolytic cleavage of DPM (to yield benzene and toluene) were lower, due to the slower 
protonation rate of the monocyclic aromatic rings in DPM, as compared with that of the 
bicyclic arene system in IPN. 

Table 2 summarizes the total conversions of the Blind Canyon coal sample (DECS-17) into 
depolymerized, THF-soluble products obtained by HT-BCD treatment, using different acid 

. 
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TABLE 1. Kinetic Rate Constants for Hydrogenolysis (Hydrodelkylation) and Ring 
Hydrogenation of 2-Isopropylnaphthalene (IPN) as a Function of Catalyst Type”. 

Catalyst k,xl@ (mug-min), k,x16 (mllg-min), 
h ydrodealkylation ring hydrogenation 
350°C 400°C 350°C 

FeC1,. 6H20/Si02 

0.4 6.9 0.2 0.5 

312.5 565.9 4.1 5.1 

‘ 
dodecane. 

In each kinetic run was used 20 g (26.7 ml) of a 2.0% by weight solution of IPN in n- 

The amount of SiQ-supported soluble catalysts 1, 2 and 3 used in each run was 4 g. The rate 
constants for these catalysts were calculated on a Si02-free basis. The amount of superacids 4 
and 5 used in each run was 5000 ppm (0.5%). 

Reaction conditions: H, pressure, 1500 psig; temperature, 350 or 400°C; microclave reactor 
volume, 50 ml; sampling time intervals, 5-10 min.; total reaction time, 75 min. 

A calculated amount of water, needed for in siru formation of the Fe(H20)d+ ion was added 
to this supported anhydrous salt, prior to reaction. 
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catalysts in the HT reactor (a flow reactor system was used in this part of the study). As yen, 
using either the soluble aqua complexes of Fe salts (unsupported; impregnated in the coal) or 
solid superacids (in the form of fine dispersions; physical mixture with coal) results in a very 
high level of depolymerization (92.4-94.5 wt. %, calculated on the pre-extracted (THF) DECS- 
17 sample; MAF basis). However, the impregnated aqua complexes can be applied as acid 
catalysts at a mild HT temperatures (275325°C) whereas the use of finely dispersed solid 
superacids in the HT treatment requires temperatures of 2 340°C. 

TABLE 2. HT-BCD Treatment of Blind Canyon Coal @ECS-17) using different acid catalysts 
in the HT reactof 

HT Catalyst Catal yst/Feed HT Temp., "C HT-BCD 
Ratio Conversionb 

, Fq(&O)dSOd3 1:9 325 92.7 

Fe(H20)6C13 1:9 ' 300 94.1 

zro,lso,z- 1 :200 340 94.5 

FqO,/SO?- 1 :zoo 340 92.4 

' In each run was used 10.0 g of coal-catalyst mixture. HT reaction conditions: H, pressure, 
1500psig; H, flow rate, 50 sccm; total reaction time, 2 h. BCD reaction conditions: catalyst- 
solvent system, 10% KOH solution in MeOH; temperature, 290°C; total reaction time, 1 h. 

Total yield of THF solubles (MAF basis), calculated on the pre-extracted Blind Canyon coal 
feed. 

CONCLUSIONS 

1. Kinetic studies of acid-catalysed hydrogenolysis of 2-isopropylnaphthalene and 
diphenylmethane show that (in the temperature range of 350400°C) finely dispersed solid 
superacids, e.&, FqO,/SO:- and ZrO,/SO~-, possess markedly higher hydrogenolytic activity 
as compared with that of soluble aqua complexes of Fe salts, e.g., Fe sulfate, chloride and 
acetate (supported on SiOa. 

2. In agreement with the above, it is found that solid superacids, in very low concentrations 
(0.1-0.5 wt. 46) can be conveniently applied as hydrogenolysis catalysts in the HT step of the 
HT-BCD coal depolymerization pr0cess'''I. The effective application of superacid catalysts in 
this process, however, requires HT temperatures 2 340°C, which are considerably higher than 
those found as optimal in the case of impregnated soluble Fe salts as hydrogenolysis catalysts 
(275-300°C). 
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ABSTRACT 
Hydrogenation of a set of low and high rank coals was studied using iron containing 

species as catalyst. Three catalytic precursors were used: FeSO4.7H2O (IS), FqO, (RM) and 
Fe(CO), UP). The addition of catalyst increased the conversion in important extent when low 
rank coals were hydrogenated and in a more moderate way with the bitumminous coals under 
an initial hydrogen pressure of 10 MPa and in absence of solvent, dry hydrogenation. When 
CS2 was added to high sulphur content coals only slight increase of oils formation was 
observed. However, significative higher conversions to asphaltenes and oils were reached 
when the coal sulphur content was around 1 %. It seems to be more important the amount of 
total sulphur than its organic or inorganic nature. 

INTRODUCTION 
Coal hydrogenation processes consists in coal transformation into progressively lighter 

products in order to obtain oil. In general, the product distribution of processes such as 
hydroliquefaction and hydropyrolysis, shows a mixture of low-molecular weight oils, 
asphaltenes and preasphaltenes, as well as the insoluble residue. The hydrogenation has been 
widely used, not only for its interest in hydrocarbon production, but also as an strategy of 
degradative reaction applied to coal in order to study the coal structure. 

Both approaches to coal, the practical and the theorical one, seem to be nowadays not 
yet resolved, regardless the great research effort that is been done, in many senses, process 
development, variables optimization and catalyst selection. 

Iron containing compounds have been widely studied as hydrogenation catalysts, due 
to their relatively low cost, hydrogenation activity and iron descarboxilation potential. Several 
ways of iron addition to the coal can be used. Each one presents advantages and drawbacks. 
The iron precursors dispersion onto the coal surface is now generally considered to have a 
beneficial effects, that increases the amount of active catalyst surface area available at the 
same loads. This dispersion requires the previous dissolution of the precursors and several 
of the compounds of interest as liquefaction catalysts, such pyrite, iron oxide, are insoluble 
in common solvents. Other solid precursors have to be added by physical mixing. The 
organometallic species are usually added with the hydrogenation solvent; when the working 
procedure is dry, liquid species as Fe(CO), can be just added to the coal previously to the 
introduction into the reactor. In all the cases, the active form of the iron catalyst is 
considered to be the iron sulphide. 

The aim of this work is to study the effect of the hydrogenation temperature and 
catalysts on the product distribution and characteristics, when the hydrogenation is carried 
out in absence of solvent, keeping constants the initial hydrogen pressure and the 
hydrogenation time. 

EXPERIMENTAL 
The work reported is part of a broader investigation (1) of dry catalytic hydrogenation 

of a set of 25 coals from different mining areas around the world. For this paper, the results 
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obtained with 9 of these coals, 6 from Spain (Ref. S9, S13, S16, S18, S20 and B23), one 
from USA (Illinois No 6,Ref. B19), one from Germany (Zollverein,Ref. B22) and one from 
UK @gworth,Ref. B25). The low-rank coals are from Mequinenza (S9), Andorra-Ariiio 
613, S16 and S18) and Portalrubio (S20) and were selected as a function of their nature(2). 
The analysis of the coals are compilated in Table 1. 
Catalyst Precursors 

Three iron containing precursors with iron in different oxidation stages were used: 
FeSO4.7H2O, Red Mud (36.5% FqOJ and Fe(CO),. The first one was converted "in situ" 
into iron sulphide by HzS bubbling for 30 min through the alkaline aqueous solution. Then 
was dispersed on coal using coal as catalytic support. The two others precursors were added 
to coal before hydrogenation by direct physical mixing (RM) or by embedding (Fe(CO),). 
The catalyst loading was equivalent to 5% wt iron of dmmf coal. 
Hydrogenation Procedure 

The hydrogenation was carried out in small reactors type tubing bomb (16Occ 
capacity) loaded with about 10 g of daf coal and catalyst, pressurized with H2 to 10 MPa and 
heated in a fluidized sand bath for 30 min at 300, 350, 400, 425, 450 and 500OC. When the 
coal sulphur content was low, CS2 was added. 

The products work-up was according to Fig 1. The gas were analyzed by GC, the oils 
by elemental analysis, FTIR, TLC-FID and simulated distillation by GC. The THF-insolubles 
by CP-MAS 13C nmr and FTIR 

RESULTS AND DISCUSSION 
As the numerical data on conversions and derived product distributions of each coal 

would enlarge this paper, tables 2 and 3 show the results obtained with coals Ref. S13 and 
B25 as representative models. However, comments on the other hydrogenated coals will be 
done along this paper since each coal has its own characteristics. 

The selected coals, apart from low and high rank coals can be classified as high and 
low sulphur content coals. The percentages are calculated on "as received" basis. While the 
low rank coals have %S ranging from 8.6% to 5.7%, the bituminous coals show a total 
sulphur content around 1%, with the exception to B19 with 3.9% of total sulphur. That is 
the reason why to very few experiments has been added CS2, see Table 2, when SI3 coal has 
been hydrogenated. Coals S13, S16, and S20 have about the same organic sulphur contents 
(4%), while S18 has more pyritic sulphur (3.80%) and S9 has much more organic sulphur 
(7.78%). Not one of these coals need CS2 addition to reach high conversions in iron catalytic 
hydrogenation and when CSz was added not significative variations were detected on 
conversion percentages nor THF-solubles; only a very slight increase in oils formation 
percentages were obtained. 

Keeping constants the hydrogenation time and the starting hydrogen pressure, in 
general, the higher the temperature, the higher the conversions, the THF-solubles and the oils 
percentages. 

The very high conversions ( 95% dmmf for the S9 coal) reached with these low-rank 
high-sulphur content coals seem to show that it does not matter the origin of the sulphur, 
organic or inorganic, the real point seems to be the total amount of sulphur present in order 
to reach the HzS pressure to convert the iron ( whatever be its original oxidation degree) 
from the catalytic precursor into the iron sulphide salt which is the active form (3). On the 
other side the SEM analysis shows that if the HzS pressure is sufficient at the end of the 
processes most of the iron is in the sulphide form. The optical microscopy shows the 
superficial, not yet the nucleous, transformation of the pyrite nodules from the inherent 
mineral matter into pyrrhotite on the THF-insolubles from non-catalyzed test at 300 "C. This 
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transformation is complete at 350 "C. 
The presence of iron catalyst increased coal conversion from 47% to 75% (IS), 60% 

and 59% UP) at 350 "C and from 76% to 89% (IS), 95% (RM) and 91%.(IC) at 
400°C when S9 coal was hydrogenated. With the bituminous coals the different between non- 
catalytic and catalytic processes was not so pronounced, but significative enlargement were 
reached when CS, was added. 

For the B22, B23, and B25, Table 3, at the lowest temperature studied, the addition 
of CS, is not determinant because at this temperature there are not yet thermic nor catalytic 
cracking with these high rank coals, but at the medium temperatures studied, 35OOC and 
400OC, the CS, addition influences helping to stabilize the radicals from both thermic and 
catalytic cracking. The bituminous coal with an intermediate total sulphur content (B19) 
follows the some trends but the effect of CS, addition is significative in a minor extent. 

The nature of the oils, analyzed by TLC-FID, show to be mainly aromatic and polar, 
with percentages in saturate compounds always minor to 3% . On polar percentages, the 
nature of the iron precursor is not relevant but the increase of the process temperature means 
a reduction of polars to the corresponding aromatic compounds. 

The curves of simulated distillation, from the oils by GC analysis, show that there are 
not conversion into light fractions with low-molecular weight, the gas oil fraction is very 
scare, always lower than 2% and the rest of the components are heavy oils. 

The transformation of coal into liquids has been followed by solid state nmr 
spectroscopy of the THF insolubles, Tables 5 and 6 .  Due to the magnetic properties of this 
analytical technic and to the iron catalysts used, in some of the spectra was not easy the 
chemical shift assignation, so only the aliphatic (0-100 ppm) and aromatic (100-190 ppm) 
carbons have been assigned. These troubles were deeper when RM than when FeSO, was 
used. In order to do not lose rigor, the simplification was done in all the cases. It can be 
deduced a gradual diminution in the length of the alkylic chains and with increasing 
hydrogenation temperature, an increasing aromaticity slightly higher when red mud is the 
catalytic precursor. The FTIR (Fig. 2), confirms the disapperance of aliphatic chains, the 
decrease in oxygen groups and the aromaticity increase. 

Summarizing, at the conditions studied, it can be concluded: a) The importance of the 
total amount of sulphur in order to reach the suitable H,S pressure, being not significative 
the organic or inorganic nature of the parent sulphur. b) The CS2 addition does not influence 
the yields from high-sulphur content coals, but increases conversions and THF-solubles, 
mainly asphaltenes formation, when about 1 % is the inherent sulphur content of coals. c) 
The iron of the catalytic precursor is converted into pyrrhotite in a higgher extension when 
it comes from IS than from RM. 
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Table2 Conversions and product yields (dag from 
SI3 coal (10MPa H2 coI 

1 Tern. % %THF O/A 
Cat. OC CS2 Conv sol. 
- 350 - 32.4 23.4 0.1 
- 350 YES 37.7 26.9 0.2 

IS 300 - 15.8 9.1 0.4 

IS 400 - 78.7 54.2 0.5 

IS 450 - M.8 51.2 1.1 

- 450 - 80.5 56.3 0.4 

IS 350 - 82.0 69.6 0.1 

IS 425 - 80.2 48.9 0.7 

RM 300 - 12.1 8.6 0.5 
RM 350 - 33.1 23.2 0.3 
RM 350 YES 35.6 23.9 0.4 
RM 400 - 87.9 60.9 0.4 
RM 425 - 84.4 53.5 0.4 
RM 450 - 64.7 30.9 0.8 

IP 350 YES 61.3 40.2 0.2 
IP 350 - 34.4 26.0 0.2 

and 30 min). 
bGas formation 

69 4 27 
:OX C1-C4 SH: 

71 
46 
98 
78 
54 

4s 
100 
86 
79 
57 

50 
83 
85 
69 

5 2s 
18 37 
0 2  
6 16 

16 29 

41 14 
0 0  
8 5  
8 14 

20 23 

39 11 
3 14 
4 I 1  

-. 20 12 
~ 

Table3. Conversion and product yields (daf) from 

RM 425 YES 75.1 59.8 0.6 
RM 450 YES 70.2 44.2 0.8 
RM 500 YES 64.6 32.8 1.4 

IP 350 YES 9.2 17.1 0.4 
IP 350 - 12.6 12.4 0.6 

. .  
and 30 min). 
&Gas formation 
:OX C1C4 SH2 
71 7 14 
51 
41 
97 
96 
56 
43 
38 
23 

49 
92 
48 
61 
4s 
50 
29 
24 
22 
98 
90 
ho 

1 no 

36 13 
54 5 
0 3  
0 4  

37 7 

59 3 
73 4 

1 50 
8 0  

10 43 
31 1 
20 34 
49 1 
28 43 
36 40 
72 6 
2 0  
3 7  

14 25 

sn 7 

n o  

ss 33 12 
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ABsTRAcr 
Iron based catalysts are being used in our laboratory to process coal with waste oil. 
Almost 1.2 billion gallons of waste oil are generated in the United States each year, 
posing an environmental hazard due to metal bearing compounds and high sulfur 
content. Waste oil is primarily paraffinic and is a poor hydrogen solvent, but contains 
surfactants which could help in better dispersion of the coal particles and the catalyst 
during liquefaction. The undissolved coal can act as a trap for the metals removed from 
the waste oil without significantly altering the metal content of the coal. The initial 
results - coal conversion over 70% and oil yield greater than 48% indicate that 
coprocessing coal with waste oil is beneficial. The resulls are preliminary and responses 
in coal conversion and selectivity due to different ratios of waste oil and conventional 
hydrogen solvents are being evaluated. The effect of various parameters such as 
temperature, pressure and the amount of catalyst on coal conversion and selectivity 
during coprocessing is being evaluated. 

INTRODUCIION 
The coprocessing of coal with used oil has the potential to improve the economics of coal 
liquefaction. Almost 1.2 billion gallons of waste oil are generated in the United States 
each year, posing an environmental hazard due to metal bearing compounds and high 
sulfur content. The used oil must be re-refined and hydrotreated before use as a fuel or 
as a lube base stock. The reactions during the hydrotreatment of used oil include 
hydrodesulfurization (HDS), hydrodemetallation (HDM) and hydrodeoxygenation 
(HDO). The undissolved coal during coprocessing could act as a trap for the metals 
removed from the oil and the sulfur present in the oil could setve to produce the sulfided 
catalyst needed for liquefaction. The overall objective of this work is to evaluate the 
beneficial effects of coprocessing coal with waste oil using iron based catalysts. 

The use of unsupported dispersed catalysts for conversion of coal to liquids via direct 
coal liquefaction is believed to be a very effective method to overcome the limitations of 
supported metal catalysts [l]. The restricted access to the reaction surface of the 
supported metal catalysts such as CoMo/Al,O, used in direct coal liquefaction prevents 
them from influencing the reactions of coal and high molecular weight coal derived 
products. In addition, supported metal catalysts suffer from rapid deactivation. 
Unsupported dispersed catalysts provide efficient contact of coal/solvent slurries with the 
catalyst surface [I]. The effective dispersion of the catalysts can be achieved by different 
methods such as using water soluble [2] or oil soluble precursors (31 and by using finely 
divided powders [4]. These techniques allow formation of the active inorganic phase 
under reaction conditions. The addition of finely divided solid precursors with high 
specific surface area is considered a very effective way to achieve good dispersion and 
improved overall coal conversion and selectivity to oil production in direct coal 
liquefaction [4,5]. 
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Iron based catalysts have the potential to be used as effective dispersed catalysts and 
have been employed recently for direct coal liquefaction. Iron based catalysts are cheap, 
readily available and disposable. Sulfated iron oxide was found to be an effective catalyst 
for liquefaction with 86 wt% conversion and 50 wt% selectivity for oils [6]. The addition 
of elemental sulfur to the catalyst was found to further increase the conversion and 
selectivity. It was postulated that the sulfate group inhibits agglomeration of the metal 
oxides and subsequently increases the surface area and catalyst dispersion [6].  oil  
soluble iron carbonyls have been used in direct coal liquefaction and in coprocessing with 
heavy oil in a number of studies [3,7-lo]. The iron carbonyls are distributed throughout 
the coal/solvent mixture and decompose upon heating to form very small catalyst 
particles active for liquefaction of coal. The addition of sulfur in either elemental form 
or as an organic sulfur compound favored the formation of pyrrhotite whereas the less 
active iron oxide (Fe,O,) was formed in its absence (81. The iron pentacarbonyl 
precursor was converted to pyrrhotite at the reaction conditions with time. The use of 
0.5 wt% iron as iron pentacarbonyl increased the coal conversion from 39% to 82% [3]. 
Hematite (Fe,O,) was found to be a very good sulfur scavenger during coal 
desulfurization [ l l ] .  The iron oxide reacts with all the hydrogen sulfide released to form 
pyrrhotites and prevents any reaction of hydrogen sulfide with the organic constituents of 
the process solvent. The formation of pyrrhotites as the major phase has also been 
reported when iron oxide was presulfided in a mixture of hydrogen and hydrogen sulfide 
under reaction conditions [12]. 

Waste oil is primarily paraffinic and is a poor hydrogen donor solvent. It does, however, 
contain surfactants which could be advantageous to liquefaction. The additives found in 
the waste oil such as detergent/dispersant additives, oxidation inhibitors, etc., are organic 
sulfur compounds 1131. These additives could help effectively disperse the coal and the 
catalyst precursors throughout the coal/oil slurry during coprocessing. In addition, these 
additives can serve as sulfur sources to convert the catalyst precursors to the more active 
form. The unconverted coal could act as a trap for the metals removed from the oil. 
This has been the case during coprocessing of coal with a heavy oil where metallic 
impurities in the oil were found to deposit on the coal residue or pitch [ 141. The 
demetallation of used oil during hydrotreatment was found to be primarily due to the 
process of physical deposition on the catalyst bed [15]. 

EXPERMENTAL 
The co-processing reactions in the tubing bomb were carried out using DECS 6 coal, 
waste oil (1% sulfur, 0.45% ash), tetralin as a solvent (in some cases), and superfine iron 
oxide (Fe,O,) as a catalyst precursor. The coal was crushed and separated to obtain a 
particle size of less than 16 mesh. The liquid and solid reactants were then charged in 
the desired proportions into a tubing bomb reactor. High pressure hydrogen was added 
through a fine metering valve and capped with a Swagelok fitting. The bomb was leak 
tested by submerging it in water. The bomb was then attached to a variable-speed motor 
via an extension arm. The bomb was then lowered into a fluidized sand bath to maintain 
the reaction temperature and was shaken vertically. At the end of the desired reaction 
time, the motor was stopped and the tubing bomb was removed from it. The reaction 
was then quenched using water at room temperature. The liquid and solid reactant 
mixture was filtered under vacuum to separate the solid and liquid components. The 
liquid portion was saved for sulfur and ash analysis. The bomb and the solids collected 

132 



i 

I 

0 

in the first filter were then washed with hexane to obtain the hexane-soluble fraction. 
The solids remaining after hexane washing were allowed to dry before weighing. The 
solids were then washed with tetrahydrofuran (THF) to obtain the THF solubles. This 
solid was also allowed to dry before being weighed. The liquid obtained from the first 
filter was then tested for sulfur content using a LECO sulfur deterrninator (SC-32) and 
ash content was determined using a SYBROM Thermolyte furnace. 

RESULTS AM) DISCUSSION 
The coal conversion during coprocessing with waste oil was defined as 

Conversion = 100 * (1-X) where, 

W, weight of residue remaining after THF wash, 
W, weight of catalyst (it was assumed that all the iron oxide was converted to FeS) 
W, weight of ash in the coal 

The results from coprocessing experiments are given in Table 1 (using superfine iron 
oxide) & Table 2 (using Fisher grade iron oxide). 

The reduction in sulfur and ash are for the oil obtained after the first filter on the basis 
of initial analysis of waste oil. The conversion and the oil yield are very high (88% and 
69% respectively) even when only coal and oil are used. The conversion increased when 
either tetralin or catalyst precursor (iron oxide) was added lo the reaction mixture. The 
oil yield remained nearly same. However, both the conversion and oil yield decreased 
when both tetralin and iron oxide were added. The reason for this behavior is not very 
clear at this time and additional experiments are being conducted for confirmation. The 
amount of iron oxide used in these runs was the stoichiometric amount (2.5 wt% based 
on the oil) needed to remove all the sulfur in the waste oil. However, when the iron 
oxide was used in excess (1.5 times the stoichiometric amount), and the amount of 
tetralin was increased, the conversion and the oil yield increased as expected (89% and 
48% respectively). 

The reduction in the sulfur content was greater when tetralin was present in the system. 
This is probably due to the increased availability of hydrogen in the liquid phase when 
tetralin is present, leading to increased removal of sulfur by forming hydrogen sulfide. 
The reduction in the ash content was greater than 70% in most of the runs. The ash 
reduction is believed to be primarily due to the deposition of the metals on unreacted 
coal and residue 114,151. 

CONCLUSIONS 
Coprocessing coal with waste materials such as waste oil which have expensive disposal 
costs offers several advantages. Unsupported dispersed catalyst precursors (iron oxide) 
were used in an initial study to coprocess waste oil with coal. The conversion of the coal 

133 



and the selectivity for the oil was in excess of 70% for most of the runs. The conversion 
and the selectivity were higher even when the catalyst precursor was not used. The 
sulfur and the ash content in the oil were reduced substantially during coprocessing. A 
detailed study is underway at present to evaluate the effect of various parameters such as 
different ratios of oil to hydrogen donor solvents, temperature, pressure , catalyst loading, 
etc., on the coal conversion and selectivity. 
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Introduction 

liquefaction.1 We have been developing highly dispersed catalyst for coal liquefaction since 198L2 In 
1951 Weller and Penpetz first reported that the distribution of the catalyst is very important for the 
high activity.3 However, exact roles of coal liquefaction catalyst have not been well elucidated. Until 
now understandings of coal liquefaction catalyst involves many contradictory arguments. 

Our understanding in coal liquefaction reaction mechanisms is as follows: Thermal scission of 
covalent bonding in mal macromolecular shucture occur to give free radicals, followed by stabilization 
by a hydrogen abstraction either from hydrogen donor substances or a molecular hydrogen activated 
on a catalyst. This p m s s  is schematically represented in Scheme I. 

a) To keep good contact between catalyst and solid coal. 
b) High activity toward hydrogen transfer in both coal fragment radicals and aromatic moiety. 
c) High activity for cracking and hydroaacking of C-C bonds 
d) Cost of the catalyst should be low and recovery or recycle use of the catalyst should be easy. 

From these view points, following four conditions would be required for the efficient coal 

Among them (a) and (b) are the most significant characknsticr required for the catalyst in the early 

A catalyst which fulfill all the 

Recently much attention has been focused on the highly dispersed catalyst for coal hydro- 

liquefaction catalyst. 

stage of the coal liquefaction course shown in Scheme I. 

requirement shown above 
cannot be found hitherto. 
Amongmany catalysts 
previously investigated, ZnClz 
or SnC12 is superior in 
functions (b) and (c), on the 
other hand, iron is important in 

mT Thermal decomposition 

\ H abstraction (a.b) 

the and cost N-Mo of metal catalyst (d). employed CeMo 
[coalfrF;i-]q l""'"""] for the hydrdesulfurization of 

petroleum fractions are 
extremely active in functions (b) 
and (c). However, such a 
supported catalyst is poor in 

coal (a) and in addition 
deactivation of catalyst is 
indispensable. 

most important path in order to obtain higher coal conversion. A certain amount of coal fragment 

Thermal 8 hydro cracking m- [-I a,bsc) 
Hydrocracking (b,c) 

between and 
Scheme I coal liquefaction scheme and functions ,,f the catalyst 

required in  the particular steps 

In several processes involved in coal liquefaction, hydrogen transfer to coal fragment radicals is the 
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radicals exist in the solid coal matrix or appear as partially fused macromolecular structure of which 
mobility is restricted, at the early stage of the liquefaction. Under such conditions, contact between 
catalyst and solid coal is a very important factor to obtain higher coal conversion. 

Previous attempts to use homogeneous transition metal complexes as a catalyst were not 
s u d u l . 4  We have been noticed that iron carbonyl decomposes to give fine particles of iron metal 
at an elevated temperature. This prompts us to use iron carbonyl as a catalyst precursor of coal 
liquefaction. Iron carbonyl is freely soluble in a common organic solvent, therefore the catalyst 
precursor may penetrate into pore structures of coal at a lower temperature and above a decomposition 
temperature the precursor d m m p o m  to a finely dispersed iron species on the solid coal. Thus g o d  
contact between the catalyst and solid coal could be attained. 

Results of coal liquefaction with organometallic compoundssb 

various reaction conditions. A 2.0 g of coal and 4.0 mLof vehicle oil (1-methylnaphthalene or 
tetralin) was charged with a certain amount of catalyst. The autoclave was heated to the desired 
reaction temperature and shaked. The reaction mixture was separated into preasphaltene asphaltene, 
and oil fractions 

we have known that that Fe(C0)s exhibited higher catalytic effects than those of conventional iron 
catalyst previously reported, we wanted to carry out the liquefaction reaction at a higher reaction 
temperature in a short contact time. At an initial hydrogen pressvre of 5.0 Mk, coal conversion was 
not high as expected (compare run 2 and 4 ). Increases in the initial hydrogen presure to 8.0 ma, 
remarkable increases in the coal conversion and oil yield were obs=rved at a reaction time of only 20 
min. At 480 OC a reaction time of 10 min is sufficient to obtain oil yield of 50 %. Conventional Fez@ 
catalyst afforded smaller coal conversion and oil yield of 43 % (see run 10). Even in a very short 
reaction time (10 min), conversions to THF soluble fraction were almost constant and very high (over 
93 9% in the temperature range of 425 to 480 O C  ). However, the asphaltene and oil yields increased 
with an increase in the reaction temperature. This indicates that conversion of THF soluble products to 
oil and asphaltene fractions can not be promoted with the iron catalysts at a lower temperature. 

We have extended the use of iron carbonyl based catalyst to the liquefaction of Australian low rank 
coals (Yallourn C: 68.2 %, Wandoan C 76.8 %). The results are summarized in Table 
lower conversions were observed in the absence of the catalyst as compared to Illinois No6. coal. Use 
of Fk(CO)5 increased conversions, but the increases are not significant as in the case of Illinois N0.6 
coal. Addition of one to two equivalent amount of sulfur to iron greatly enhanced the catalytic activity. 
Several iron carbonyl derivatives also enhanced coal conversion and oil yield markedly with sulfur. 

The role of sulfur in the iron catalyst was examined by X-ray diffraction study of the residues from 
the liquefaction reaction. 
Pyrrhotite has been proposed to be one of active species of iron-sulfur based catalyst by Montan0.7 

In our.case a liquefaction residue in Fe(C0)s-S system clearly showed intense peaks attributed to 
R1,S in the XRD pattern. On the other hand, that obtained in the absence of sulfur exhibited the 
peaks asaibed to FqQ. These findings indicate that active form of Fe(CO)s based catalyst is 
essentially the m e  as that of conventional iron oxide or iron sulfide based catalyst 

Further studies of an active form of Fe(C0)s based catalyst were done by using Wsbauer 
spectrohcopy in the reaction with coal model copounds.8 Mosbauer spectra of FeSz or Fk2Q-S 
based catalyst after a hydrocracking reaction of diphenylmethane exhibited clear Sextet signals ascribed 
to Ri-XS. On the other hand, WC0)s-S based catalyst exhibited rather broad doublet signals in the 
center of the spectra, in addition to the sextet signals ascribed to Fe1,S. "tus abssrption is probably 
atiributed to highly dispersed paramgnetic iron species, so called superparamagnetic species. 

Superiority in such a finely dispersed iron catalyst can be observed when hydrogenation of coal 
model compounds phenanthrene or pyrene were hydrogenated. Much higher conversion of condensed 
aromatic compounds to +ally hydrogenated cornpounds were observed as compared to conventional 

Hydroliquefaction of coal with Fe(CO)5 was carried out in a batch 50 mL micro autoclave under 

The results of the liquefaction of Illinois N o  6 coal (C:76.8 %) are summarized in Table 1.5 Since 

Much 
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iron catalsysts such as &g or FeS2. On the hydrogenolysis of djphenylmethane or diphenylethane 
slightly higher activityies of l+(CO)s-S based catalyst was observed. 

Kinetic studies of Fe(C0)s based catalysts9 

coal liquefaction. A kinetic model used in our study is a combined parallel and consecutive reaction 
paths shown in Scheme 11. Where first order rate constants were estimated by computer curve fitling 
methods. Typical results of curve fitting in the hydroliquefaction of Yallourn coal with Fe(C0)s-S 
catalyst system is shown in figure 1. The first order rate contestants summanzed in Table I11 indicate 
that much larger values for kl,k4, and k5 in all the experiments shown here. Such tendency is more 
pronounced in the case. of low rank coal (Yallourn). This indicates that direct depolymerization of this 
coal into asphaltene and oil fractions predominate over the consecutive path ways via preasphaltene 
intermediate. Thii seems to saongly reflect the chemical structure of low rank coal. Yallourn coal is 
thought to contains mall amounts of condensed aromatic ring structure and to have large amounts of 
ether linkages, which would easily cleave thermally. Thus even at an early stage of the liquefaction 
smaller molecular weight fragment radicals would be formed. Most of them abstmcts hydrogen from 
molecular hydrogen activated on the catalyst surface to give lower molecular weight prcducts 
(qhaltene and oil). 

Increase in the amount of catalyst markedly increased all the rate constants. As shown in Fig. 1, 
yields of preasphaltene and qhaltene reached maximum values at reaction times 10 and 20 min. 
respectively, and gradually deceased. Accordingly the yield of oil fraction increased with an increase 
in the reaction lime. Among the rate constants k2 and k5 increased by about factor of 10 and 3 
respectively with a 2.5 fold increase in the l+(CO)s. On the other hand kl, k4,and k5 increased by 
factors of about 3. 

Ufects of hydrogen partlal pressure, reaction temperature, and coal rank are also discussed. 
From these raults the role of iron catalyst is ascribed to mainly activate molecular hydrogen and 

transfer hydrogen to coal fragment radicals in a non hydrogen donor solvent In this stage fragment 
radicals tend to recombine, if the catalyst is not effective or the concenhation is not sufficient At the 
late stage of the liquefaction, condensed aromatic compounds in preasphaltene and asphaltene fractions 
are gradually hydrogenated to yield lighter oil fraction. 

Further investigation of the nature of Fi?(CO)5 based catalyst was carried out by kinetic treatment of 

All these results clearly show superiority of the highly dispersed catalyst prepared from organc- 
tanation metal complexes Combined with recent results, it is concluded that the catalyst used for 
coal hydroliquefaction played key functions for the hydrogen transfer reaction from gas phase to coal 
fragment radicals 
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Table 1 Hydroliquefaction of Illinois N0.6 Coal Using Iron Pentacarbonyla 

H2 Temp Time Conv Gas oil AS PA M 
run catalystb M P ~  OC min % I I % % % 

1 none 5.0 425 60 56.7 3.7 22.8 19.2 11.0 0.5 
2 Fe(C0)s 5.0 425 60 92.9 6.3 33.1 39.0 14.5 2.2 
3 none 5.0 460 20 54.9 4.2 31.5 15.8 7.6 0.8 
4 Fe(CO)5 5.0 460 20 84.2 5.2 40.9 25.5 17.8 2.0 
5 Fe(C0)s 5.0 460 40 83.9 6.7 47.3 23.3 13.3 2.4 
6 none 7.9 460 20 69.7 6.4 37.2 20.4 12.1 1.4 
7 Fe(C0)s 7.9 460 20 95.0 5.6 53.1 30.5 11.4 3.0 
8 Fe(C0)gC 7.9 460 20 94.8 4.6 56.2 26.2 10.2 2.7 
9 none 7.9 480 10 61.2 5.3 34.9 16.2 10.1 1.2 

10 Fez@ 7.9 480 10 83.7 6.3 43.4 25.4 14.9 2.2 
11 Fe(C0)s 7.9 480 10 93.9 6.4 50.4 29.5 14.0 2.8 

a Coal; 2.0 g, solvent, 1-methylnaphthalene; 4.0 mL. b Fe.0.4 mmol(l.1 wt % coal). 
c Solvent ; Decalin 

Table 2 Hydroliquefaction of Australian coals using iron-sulfur catalystsa 

Run Catalyst Fe S Conv. Gas CXl AS PA H2 
mmol % 

Wandoan Coal 

7 
8 
9 

10 
11 
12 
13 
14 
15 

0 0  
1 0  
1 1  
2 2  
1 1  
1 1  
1 1  
1 1  
1 1  

0 0  
1 0  
2 0  
1 0.5 
1 1  
1 2  

I coal 

48.6 7.8 22.3 12.6 5.9 0.2 
85.2 6.9 35.5 21.0 21.8 1.8 
94.4 9.5 48.6 24.8 11.5 2.8 
94.7 7.5 47.3 27.5 12.4 2.6 
92.7 8.1 47.7 25.8 11.1 2.6 
94.8 7.9 46.2 27.7 12.8 2.9 
81.6 12.0 23.7 25.2 20.7 2.4 
93.2 8.7 39.3 28.5 16.7 2.4 
93.3 8.0 42.1 29.8 13.4 3.0 

36.7 15.0 12.9 5.4 3.4 0.8 
69.7 15.2 25.3 14.4 14.8 1.6 
92.5 18.9 30.8 22.9 19.9 2.3 
91.5 18.8 34.6 17.0 21.1 2.2 
97.7 16.9 41.8 21.6 17.4 3.3 
96.0 20.2 36.8 19.3 19.7 2.9 

~~ 

a Coal; 2.0 g, 1-methylnaphthalene; 4.0 ml, H2 pressure; 5.0 MPa, 4 2 9 2 ,  60 min. 
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Figure 1 Observed and simulated results of kinetics in 

425 OC, Fe(C0)s: 1.0 mmol. S: 1.0 mmol, PH2=5.0 MPa 
Yalloum coal hydroliquefaction 

4 

r, 
Coal -% PA __t AS - Oil 

\' k A  / 
Scheme I1 Kinetic model of liquefaction reaction 

Table 3 Rate constants for hydroliquefaction of various coals with Fe(CO)s atalys@ 

c o a ~  catalyst P H ~  C0nv.b rate constant, min-1 
eney mmol MPa % k l  k2 k3 k4 k5 k6 

1 n 0.40 5.0 83.5 0.0213 0.0007 0.0007 0.0366 0.0178 0.0018 

3 n 0.40 7.9 89.4 0.0380 0.0070 0.0062 0.0590 0.0380 0.0037 
2 YL 1.00 5.0 97.7 0.0740 0.0078 0.0110 0.0760 0.0550 0.0049 

4 YLC 0.40 5.0 87.8 0.0230 0.0024 0.0 0.0340 0.0160 0.0 
5 WDC 0.40 5.0 87.4 0.0700 0.0120 0.0100 0.0300 0.0330 O.Oo80 
6 M K C  0.40 5.0 %.8 0.1300 0.0050 0.0038 0.0100 0.0700 0.0033 

a Coal 2.0 g, 1-methylnaphthalene 4.0 mL, Temperature 425 OC, b Conversion at 60 min 
c at4ooOC 
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INTRODUCTION 
c o a l  has  been l i q u e f i e d  t o  v o l a t i l e  l i q u i d  products  by a v a r i e t y  of methods 
b u t  t h e  f e a s i b i l i t y  of t h i s  method of producing s y n t h e t i c  l i q u i d  f u e l s  
depende on conversion without extreme r e a c t i o n  cond i t ions .  To react c o a l  a t  
milder t h a n  t h o s e  used i n  t h e  German p l a n t s  (h igh  p res su res  and temperatures)  
r e q u i r e s  t h e  a p p l i c a t i o n  of c a t a l y s t s  which permit r e a c t i o n  a t  r easonab le  
rates and conversion l eve l s .  I ron  has been used i n  many c a t a l y t i c  
l i q u e f a c t i o n  processes  because o f  i t s  low c o s t  and l o w  environmental  impact. 
I n  t h i s  s t udy  s e v e r a l  i ron  c a t a l y s t s  and combinations tested on bituminous 
and subbituminous coals .  The i r o n  c a t a l y s t s  used were mostly i n e f f e c t i v e  a t  
s i g n i f i c a n t l y  inc reas ing  t h e  f r a c t i o n  of c o a l  converted t o  l i q u i d s .  However, 
i r o n  w a s  found t o  migrate  throughout t h e  c o a l  p a r t i c l e s  during t h e  r e a c t i o n  
holding t h e  promise t h a t  an e f f e c t i v e  i r o n  c a t a l y s t  may still  b e  a 
p o s s i b i l i t y .  
C a t a l y t i c  r e a c t i o n s  were done without  s o l v e n t s  or v e h i c l e  o i l s  t o  avoid t h e  
complexity of product cha rac t e r i za t ion  and t o  s impl i fy  t h e  procedure.  

COALS AND EXPERIPIENTAL CONDITIONS 

Several  c o a l s  from t h e  Argonne Premium coal  sample bank and t h e  Penn S t a t e  
sample bank w e r e  used i n  t h e  d ry  hydrol iquefact ion experiments.  These 
included: Bl ind Canyon, Utah; Elkhorn, I l l i n o i s ;  Hiawatha, Utah; P i t t sbu rgh ,  
Pennsylvania;  Wyodak, Wyoming; I l l i n o i s  16,  I l l i n o i s ;  and Lewiston-Stockton, 
W e s t  V i r g i n i a  coa l s .  The proximate,  u l t ima te ,  and maceral  ana lyses  have been 
given p rev ious ly  f o r  t h e s e  coa l s . '  The experimental  procedure c o n s i s t e d  of 
t ak ing  t h e  c o a l ,  e i t h e r  -100 mesh (Penn S t a t e  - DECS-6) or -60 mesh (Argonne 
Samplee) and impregnating t h e  c a t a l y s t ,  i f  any, from aqueous s o l u t i o n  onto 
t h e  s u r f a c e  of t h e  coa l .  The mixture  w a s  t hen  d r i e d  f o r  4 hours a t  6O0C. 
When promoters  were used with HO c a t a l y s t s  t h e  Mo w a s  impregnated f i r s t ,  t h e  
mixture  d r i ed ;  t h e  promoter w a s  t hen  added and t h e  mixture dred again.  The 
c o a l  and any c a t a l y s t  were placed i n  a t ub ing  r e a c t o r ,  s ea l ed ,  p re s su r i zed  
w i t h  hydrogen, and a t t ached  t o  a shaking mechanism. The r e a c t o r  w a s  t hen  
immersed i n t o  a sand bath heated t o  t h e  r e a c t i o n  temperature.  React ions w e r e  
conducted u s u a l l y  f o r  one hour wi th  shaking a t  160 rpn. For some experiments 
t h e  coals were f i r s t  e x t r a c t e d  with t e t r ahydro fu ran  (THF) or were 
demineral ized wi th  HC1 and HF. Experiments were run with no c a t a l y s t  o r  with 
one o r  more of t h e  following: ammonium tetrathiomolybdate  [(NH,)z MoS,], i r o n  
(111) c h l o r i d e  hexahydrate [FeC1,.6H20], n i cke l  (11) ch lo r ide  hexahydrate 
[NiClz~6HPI,  n i cke l  (11) n i t r a t e  [Ni(N0,)2], ammonium f e r r i c  s u l f a t e  
[NH,Fe(SO,),I (AFS), f e r rocene  [C,&,Je], f e r r i c  c i t r a t e .  Af t e r  t h e  r e a c t i o n  
t h e  r e a c t o r  w a s  t aken  ou t  of t h e  sand ba th ,  quenched, and t h e  gases  vented 
f o r  a n a l y s i s .  The l i q u i d s  and s o l i d s  w e r e  e x t r a c t e d  wi th  THF. Conversion 
w a s  d e f i n e d  as: 

Conversion = 100 -1weiaht of maf THF-insolubles i n  oroduct)  x 100 
weight of maf coa l  charged 

RESULTS ANLl DISCUSSION 

Some p re l imina ry  experiments were done t o  determine t h e  e f f e c t s  of d i f f e r e n t  
impregnation methods, r eac t ion  t ime, and hydrogen p res su re  on t h e  
l i q u e f a c t i o n  y i e l d s .  Impregnation by i n c i p i e n t  wetness ( c a t a l y s t  s o l u t i o n  
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just the entire coal surface) or ultrasonic treatment' (excess solution, with 
application of ultrasonic energy for two hours) gave essentially the same 
results. Liquefaction yields after 1 hour, 2 hours, and 3 hours were 
determined. Hydrogen pressures of 1000, 2000, and 3000 psi (at reaction 
temperature) were used. 
Since similar results were obtained for all the coals tested most of the data 
reported here are for Blind Canyon, Utah coal. Some results for runs at 350, 
400, and 425OC will be reported although other runs were done at higher 
temperatures. Above 400OC reactions gave significant gas conversion and 
corresponding reduced liquid yields. 
Soxhlet extraction of Blind Canyon (BC) coal gave 19.9 per cent THF-soluble 
liquids. Hydroliquefaction without catalyst gave approximately 22 per cent 
li&ids at 350° and 30 per cent at 400". several iron catalysts were tested 
for liquefaction effectiveness. Table 1 shows the liquid yields for 
Pittsburgh 18 coal at 350 and 450O.. Molybdenum catalysts gave higher 
liquefaction yields than any other catalysts we tested in dry 
hydroliquefaction experiments. Figure 1 gives results for Mo (as ammonium 
tetrathiomolybdate) hydroliquefaction of BC coal at 400OC. The improvement 
of liquid yields from less than 30 per cent without catalyst to near 80 per 
cent with only 0.05 per cent No was dramatic but we also wanted to determine 
if further improvements could be obtained by using iron or nickel as 
promoters for the molybdenum catalyst. 
The main results of testing iron and nickel as promoters are shown in figures 
2 and 3. Both iron as iron chloride and nickel as nickel chloride were 
active as promoters even at low concentrations i.e. 0.01 per cent. The iron 
was slightly better than nickel at 350° while the reverse was true at 400'c 
(Figure 4). 
To determine the effectiveness of our impregnation methods and to locate the 
catalyst materials after the reaction, we utilized electron probe 
microanalysis (EPMA)'. With this technique one can determine the dispersion 
of certain elements. To do this the insoluble product is embedded in a resin 
block using Petropoxy 154 and polished on a Syntron diamond paste polisher. 
samples are sputter-coated with carbon to minimize charging in the electron 
microscope. Characteristic X-rays are collected for iron, nickel, 
molybdenum, sulfur and other elements with an energy dispersive spectrometer 
detector (CANECA Model SX-50 detector, Courbevoic Cedex, Francs). Visual 
images of the samples are made from secondary electron and back-scattered 
electron images of the sample. X-ray data analysis is carried out with a 
Digimap program. Magnification of the samples is typically 2000 yielding a 
Digimap area of about 45 microns by 45 microns for each micrograph. 
Figure 5 shows a coal particle in the center with sulfur accumulated around 
the particle (A). The Mo response in B is similar. In Figure 6A the visual 
image shows a coal particle while 6B shows that the dispersion of iron after 
reaction is uniform throughout the coal particle. 
The products of the hydroliquefaction reaction were char, liquids (defined as 
THF-soluble), and gases. The gases were minor (2 per cent of the maf coal at 
350°, 12 per cent at 400°, and 16 per cent at 425OC) products and were 
composed mostly of carbon dioxide and methane. As the temperature increased 
the fraction of the gases that were methane, ethane, and propane increased 
while that for carbon dioxide decreaaed. The liquid products were quite 
similar, with average molecular weights between 240 and 270. When the 
reaction time was increasedto 3 hours the average molecular weight increased 
slightly to about 310. Table 2 gives compositional information on 
representative liquids produced from BC coal at 350OC and 40OOC. I3C nuclear 
magnetic resonance spectroscopy of the liquids produced in experiment MS-BC 
#28 showed that the aromaticity was 0.64, the aliphatic fraction was 0.32 and 
that the average molecular weight per cluster was 326. This was similar to 
results obtained for other liquid products. 
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SUMWRY AND CONCLUSIONS 

High liquid yields can be obtained by dry hydroliquefaction when an active 
catalyst is applied, even at relatively mild conditions (2000 psi, hydrogen 
and 400'C. for one hour). Molybdenum sulfide was found to be the most 
effective for the conditions tested and was used in concentrations of 0.05 
per cent or less (weight of Mo as per cent of maf coal). Iron and nickel 
were found to be active as promoters for liquefaction using Mo catalyst at 
350° and 4OOOC. Increasing hydrogen pressure resulted in higher yields of 
liquid product. 
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TABLE 1. Hydroliquefaction of Pittsburgh 18 (HVB) coal using several iron 
catalysts. 

% of maf coal 

Run No. Catalyst ' Temp. "C THF Insol. THF Soluble 
(Liquefaction %) 

FP-FT#5 -none - 450 65 14 

FRC-FT #1 Ferrocene 450 53 28 

FRC-FT #2 Ferrocene 350 67 33 

Fa-PT #1 Femc Citrate 450 42 33 

Fff-PT #2 Femc Citrate 350 62 38 
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Table 2. Composition of Liquid Products  from t h e  hydro l ique fac t ion  of Blind 
Canyon coa l  at QOO°C and 350DC a t  2000 p s i  hydrogen and 1 hour r e a c t i o n  time 
(except  as noted o the rwise ) .  

. 

Run # 
4OO0C 
DECS - 6 
MSBC # 6 
MS-BC # 7 
MSBC #28 
MS-BC #lo  
MS-BC #I2 

- - 

MS-BC #I8 

- 350T 

- -  C H  

0.05% Mo 85.48 6.91 
(dmmf - mod. Parr) 81.12 6.22 

0.03% Mo 85.36 6.91 
0.03% Ma, 3 hour 86.31 1.34 
O.Ol%Ni+O.O3%kIo 85.42 7.01 
1.00% Fe 85.57 7.18 
0.20% Ni 84.93 6.91 

N 

1.56 
1.59 
1.49 
1.47 
1.51 
1.72 
1.55 

- -s- 
0.40 
0.29 
0.32 
0.16 - 
- 
- 

10.10 
5.15 
5.92 
4.73 
5.16 
5.34 
6.36 

x O / c  

0.91 0.093 
0.97 0.051 
0.97 0.052 
1.02 0.041 
0.98 0.051 
1.01 0.047 
0.98 0.056 

BC (Argonne)(dmmf- mod. Parr) 81.32 5.81 1.59 0.40 10.88 0.86 0.100 
MSBCA #3 0.05% MO 82.36 7.08 1.20 - 9.06 1.03 0.082 
MSBCA #7 1.00%FetO.O5%M0 79.69 6.66 1.17 - 12.19 1.00 0.115 
MS-BCA #9 1.00%Ni 81.43 7.14 1.23 - 9.91 1.05 0.091 

PIQVRE 1.. Hydroliquefaction of Blind Canyon Coal (DECS-6) at POO0C,  ZOO0 
psi hydrogen for 1 hour. 
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PIOWRE 2. Epdroliquefaction of Blind Canpon coal (Argonne) at 2000 psi 
hydrogen for 1 hour at 350O. 
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FIGURE 3. Epdroliquefaction of Blind Canpon coal (DECS-6) at 3S0°C for 1 
hour with several different catalpsts and combinations. 
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FIGURE 4.  Hydroliquefaction of Blind Canyon coal at 400OC for 1 hour at 
ZOO0 psi hydrogen using iron or nickel as promoters for,molybdenum catalyst 
(0.03% Mo). 
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1 
P I Q W  1. Elec t ron  Probe Microanalysis (EPIUL) shoring the d i s p e r s i o n  of  
s u l f u r  (A)  and molybdenum (B) f o r  a Blind Canyon coa l  p a r t i c l e  a f t e r  
impregnation wi th  1 p e r  cen t  i r o n  nnd 1 p e r  cen t  molybdenum b u t  b e f o r e  
r eac t ion .  

( A )  ( B )  
PIQURE 6 .  Elec t ron  Probe Yicroanalys is  (EPNA) showing a Blind Canyon c o a l  
p a r t i c l e  ( c e n t e r )  a f t e r  hydro l ique fac t ion  r eac t ion .  The c a t a l y s t  uaad was 1 
per c e n t  i r o n  and 1 p e r  c e n t  molybdenum. (A) shows a v i sua l  image of t h e  c o a l  
p a r t i c l o  end ( 8 )  shows t h e  evenly  d i spe r sed  i r o n  through the  coa l  p a r t i c l e .  

( A )  
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USE OF CATION-EXCHANGE TO PRODUCE HIGHLY DISPERSED IRON 
CATALYSTS IN LOW RANK COALS 

M. Mehdi Taahiei, F. E. Huggins, B. Ganguly, and G.  P.  Huffman 
IMMWCFFLS, University of Kentucky, Lexington, KY, 40506. 

Abstract 

A significant enhancement of both liquefaction yields and desirable products from two lignites 
has been achieved by incorporating iron in the lignites by an ion-exchange process. At 5-8% iron 
content, total conversions approached 88% and oil yields were about 45% compared to 62% total 
conversion and 33% oil yield for the raw coal. The effect of catalyst loading on cation- 
exchanged lignites was studied to determine the concenwtion that results in the optimum oil 
yield. "Fe Mossbauer and XAFS spectroscopies were used to characterize the catalyst smcture 
and size disbibution in the iron cation-exchanged lignites before and after liquefaction. The 
results indicate that the added iron is initially present in bimodal form, with most present as 
highly dispersed goethite (a-FeOOH) particles, 50-1008, in diameter, but with a significant 
fraction (about 30%) of the iron in particles less than 30A in diameter, which may represent 
molecularly dispersed ferric ions 'at the ion-exchange (carboxyl) sites. With sufficient sulfur 
present in the system, the iron is rapidly transformed to pyrrhotite (Fe,.,S) during liquefaction. 

Introduction 

A number of studies'.3 have been conducted on the activity of various iron-based catalysts during 
liquefaction of coals of different rank. Recent research4 has shown that sulfated iron catalysts 
can significantly enhance the conversion yield of high-rank coals. However. for lower rank coals, 
the improvement in conversion yield through the addition of similar sulfated catalysts has not yet 
been achieved. The oxygen contents of low-rank coals such as lignites are significantly higher 
than those of high-rank coals, and as a result, oil yields from liquefaction of low-rank coals tend 
to be low due to CO, formation. A considerable portion of this oxygen derives from carboxyl 
groups and other oxygen functional groups. In low-rank coals, most of the exchangeable cations 
are associated with carboxyl groups, and a number of s tudieP have shown that the behavior of 
lignites in coal conversion processes is greatly affected by the amount and type of exchangeable 
cations present. 

The results of this study indicate that iron ion-exchanged into the low-rank coals constitutes a 
catalyst in a state of dispersion ranging from molecular ions to particles a few nanometers in 
diameter. Superparamagnetic modeling of Mossbauer spectra' indicates that the iron particle size 
in a high-iron loaded lignite has a bimodal character, with the majority of the particle sizes 
ran ing from 50 to 1 l5A in goethite form, but with a significant fraction (about 30%) less than 
301, which may derive from ferric cations in ion-exchange sites bound to the oxygen anions of 
carboxyl groups. The direct coal liquefaction (DCL) total conversion and oil yields of the iron 
ion-exchanged Beulah and Hagel lignites used in this work were enhanced significantly compared 
to the raw lignites. 
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Experimental 

The two lignites used in this study are Beulah (obtained from Dept. of Energy Coal Sample, 
DECS-11) and Hagel (obtained from Pen. State Office of Coal, PSOC-1482) from the Fort Union 
region in North Dakota. The original iron contents of these lignites are less than 0.5 percent. 
The ion-exchange experiments were carried out in a 10 liter fermenter using a freshly made 
O.05M aqueous solution of ferric acetate at a controlled pH of about 2.8 and a constant 
temperature of 60°C. The iron contents of the Beulah and Hagel lignites after the ion-exchange 
process were 7.8% and 5.33%. respectively. The efficiency of lower loadings (-1 wt%) of iron 
in the ion-exchanged lignites during liquefaction was also investigated. 

Liquefaction Experiments: 

Two sets of coal liquefaction experiments were conducted. The first set of experiments was 
carried out with tubing bombs in a fluidized sand bath. This set of experiments was designed 
to investigate the effect of iron catalysts on the total yield and product distribution in the 
liquefaction process. The tubing reactor was first charged with a slurry mixture of lignite and 
tetralin in a 1:2 ratio in the presence of dimethyl disulfide (DMDS) as a sulfur donor, and 
pressurized to 800 psi (cold) with hydrogen. Control liquefaction experiments, using slurry 
mixtures of the same lignite samples with a 30A iron oxide and with no catalyst, were run under 
the same conditions to compare the catalytic effects of an ultrafine particle iron oxide with those 
obtained for the ion-exchange catalyst. The products were separated into THF insoluble organic 
materials (IOM), THF soluble, toluene insoluble (preasphaltene), toluene soluble, pentane 
insoluble (asphaltene), and pentane soluble (oil and gas) fractions. The soluble product 
percentage yields were calculated on a dry, ash-free (daf) basis as follows: 

Percentage soluble products = total x 100 
daf lignite 

Pentane solubles were determined by subtracting the sum of asphaltenes, preasphaltenes and the 
IOM residue from the weight of the starting lignite. The results were reproducible within f2%. 

The second set of experiments was designed to generate larger samples for the detailed 
characterization of the chemical structure and reactions of the added iron. The apparatus used 
to prepare the samples for these experiments was an one liter autoclave. This autoclave was 
connected at the top to a vessel for holding the sample prior to heating. At the bottom, four 
nitrogen-purged sampling lines were attached to the outlet valve of the autoclave to collect the 
liquefaction products directly from the autoclave without exposure to air. Liquefaction 
experiments in the autoclave were performed at 385°C and 400°C under 1500 psi of hydrogen 
pressure (cold) in the presence of excess tetralin (tetra1in:coal 3:l) and dimethyl disulfide 
(DMDS) as a sulfur donating species. 
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Mossbauer and XAFS Spectroscopies: 

P 

Mossbauer spectra for the as-received, demineralized, and ion-exchanged lignite samples were 
obtained using a conventional constant-acceleration-type Mossbauer spectrometer*. The samples 
were run at several temperatures to deteimine the size distribution. Calculation of the particle 
size distribution is described in detail elsewhere'. XAFS measurements were performed at beam 
line X-19A at the National Synchrotron Light Source in  Brookhaven National Laboratory. Iron 
K-edge XAFS spectra of the samples were obtained in transmission mode using a Si(ll1) double 
crystal monochromator. 

Results and Discussion 

The effect of iron concentration on liquefaction yields of Beulah and Hagel coal is shown in 
Figure 1. It can be seen that the asphaltene and oil conversion yields increased significantly for 
both ion-exchanged lignites compared to the raw coals. The preasphaltene yields, however, tend 
to decrease as a result of catalyst addition to the lignite. We have also compared the results 
obtained using a physically added 30A iron oxyhydroxide catalyst to those obtained using cation- 
exchanged iron at approximately the same concentrations. The 30A iron oxyhydroxide catalyst 
was provided by Mach I Inc., and its interesting structural properties are discussed in several 
forthcoming  publication^^^^^. It is evident from Figure 1 that the ion-exchanged iron is a more 
active catalyst than the 30A iron oxide. 

Mossbauer and XAFS spectroscopies were used to characterize the structure of the cation- 
exchanged iron both before and after DCL. The characterization of iron-based DCL catalysts by 
Mossbauer and XAFS spectroscopies has been discussed in detail elsewhere". The Mossbauer 
spectra of the Beulah and Hagel lignites containing cation-exchanged iron are shown in Figures 
2 and 3, respectively. The spectra are fit with one or several magnetic components and 
quadrupole doublets (peak positions denoted by bar diagrams), and a superparamagnetic 
relaxation component (dashed curve). As discussed by Ganguly et ai.', at a given temperature, 
particles with diameter less than some critical value will give rise to a quadrupole doublet, 
particles with a diameter greater than some larger critical value will exhibit a six-peak magnetic 
hyperfine spectrum, and particles with diameters between these two values will give rise to 
superparamagnetic spectra. Approximate size distributions can be determined by measuring the 
percentages of these three components as a function of temperature and the size distribution 
determined in this manner for the cation-exchanged Hagel lignite with 5.33% Fe is shown in 
Figure 4. It is seen that the size distribution is bimodal, with approximately 70% of the particles 
in the 50-100A size range, and 30% having diameters less than 30A. Much of the iron in the 
latter size category may in fact be ferric iron that is molecularly dispersed and bonded to oxygen 
anions of the carboxyl groups in the lignite, whereas, the larger particles result from hydrolysis 
of either iron acetate or ion-exchanged iron to form goethite. The low-iron cation-exchanged 
coals exhibit similar Mossbauer spectra, but a detailed study of the temperature dependence of 
the supelparamagnetic relaxation spectra has not yet been completed. Nevertheless, it is evident 
that most of the iron in these samples is contained in iron oxyhydroxide particles less than lOOA 
in diameter, q d  a significant percentage of the iron is present in the less than 30A diameter size 
category. 
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Both the x-ray absorption near edge structure (XANES) and the radial structure function (RSF) 
derived from the iron K-edge XAFS spectra of the iron loaded lignites exhibit significant size 
related effects. Typical results are shown in Figure 5. The XANES of the Hagel lignite sample 
is compared to that of bulk goethite in Figure Sa, while the corresponding RSF are compared in 
Figure 5b. It is seen that the XANES of the iron loaded Hagel lignite sample and goethite are 
quite similar, with the exception of an increase i n  the intensity of the small pre-edge peak. This 
occurs because the surface iron atoms of ultrafine ferric oxide particles are no longer in 
centrosymmetric octahedral coordination, but in reduced coordination number sites, which cause 
the intensity of the pre-edge (1s + 3d) transition to increase. The RSF of the Hagel lignite 
sample and goethite exhibit similar peaks, but the peaks corresponding to the iron shell are 
decreased in amplitude for the iron in the lignite, consistent with a small particle size". 

Further studies are in progress (i) to determine the structure and size distribution of the cation- 
exchanged iron as a function of concentration, both before and after liquefaction, (ii) to 
investigate the use of the cation-exchange process for preparation of small particle metal oxides 
containing Mo, Co, Al, Ni, etc., and (iii) to evaluate the potential of these ion-exchange catalysts 
for lignite liquefaction. 
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ABSTRACT 

Liquefaction of low-rank coals is impeded by the mineral content of the 
coal. 
in the process equipment, but they also disrupt the functioning of the 
catalyst by blocking pores, deactivating sites, or causing sintering or 
aggregation. A series of liquefaction tests was performed that compared 
ion-exchanged Wyodak coal with the as-received coal. The catalysts were 
impregnated iron or iron dispersed on acidic supports. 
to heptane solubles were obtained with iron impregnated (PETC method) into 
acid-washed Wyodak. Alternatively, solubilization of as-received Wyodak 
with CO/water (uncatalyzed) gave an ash-free intermediate that produced high 
conversions to heptane-soluble product in the subsequent catalyzed 
liquefaction reaction. 

Inorganic constituents such as calcium are a major factor in deposits 

Highest conversions 

INTRODUCTION 

The high calcium content of low-rank coals has been recognized for 
some time as a potential problem in processing these coals to useful 
products. Operational difficulties were experienced at the Wilsonville 
Advanced Coal Liquefaction Research and Development Facility during the runs 
with Black Thunder (Wyoming) subbituminous coal due to substantial sol ids 
deposition (1). These deposits contained large amounts of calcium 
carbonate. In batch and continuous unit tests conducted at PETC (2), 
dispersed iron catalysts prepared by the PETC method exhibited poorer 
activities with subbituminous coals than previously obtained with bituminous 
coals. 
dispersed catalyst particles during tests with Black Thunder coal. Joseph 
and Forrai (4) examined the adverse effects of exchangeable cations (Na, K, 
Ca) on liquefaction of low-rank coals by ion-exchanging additional ions into 
the coals. 
deposits can rapidly deactivate the catalyst by blocking pores and active 
sites in the fine particles or could cause the particles to aggregate. Loss 
of catalytic activity for the activation of hydrogen then leads to 
condensation and retrograde reactions that form carbonaceous deposits and 
low oil yields. 

possible solution. 
noncatalytic thermal 1 iquefaction of acid-washed lignite gave lower 

Swanson (3) recently reported that deposits of calcium coated the 

The evidence cited in these reports implies that calcium 

Replacement of the alkaline earth cations with hydrogen ions is a 
However, previous studies at EERC (5) demonstrated that 

156 



r 
conversions than the as-received coals. The lower y i e l d s  were a t t r i b u t e d  t o  
condensation react ions catalyzed by the h i g h l y  a c i d i c  c lays  generated dur ing 
the exchange process. 
methanolic HC1 were examined (6). This pretreatment s i g n i f i c a n t l y  increased 
the conversion t o  THF-solubles i n  noncata ly t ic  react ions.  
increase i n  conversion t o  o i l s  f o r  ammonium-exchanged l i g n i t e  (4 )  a l so  
demonstrates the p o t e n t i a l  f o r  metal ca t i on  removal but  may no t  be feas ib le  
f o r  c a t a l y t i c  processing because o f  re lease o f  t he  ammonia. 
acid-exchanged and o the r  demineralized 1 ow-rank coal ma te r ia l s  i n  
l i q u e f a c t i o n  w i t h  var ious types o f  dispersed ca ta l ys ts  requi res extensive 
i nves t i ga t i on  and e l  u c i  d a t i  on. 

This paper repo r t s  our i nves t i ga t i ons  on the c a t a l y t i c  l i q u e f a c t i o n  o f  
low-rank coal t h a t  was pret reated by i o n  exchange w i t h  aqueous ac id  and by 
thermal s o l u b i l i z a t i o n  t o  a minera l - f ree product. 
ion-exchanged Wyodak subbituminous coal ( I E W )  was conducted t o  determine the 
ef fect iveness o f  various dispersed i r o n  ca ta l ys ts  wi thout  the compl icat ions 
o f  the exchangeable c a t i o n i c  components. A second ob jec t i ve  was t o  examine 
an a1 te rna t i ve  l i q u e f a c t i o n  scheme t h a t  produces minera l - f ree low-sever i ty  
intermediate i n  a nonca ta l y t i c  thermal pretreatment stage, t h a t  i s  
subsequently l i q u e f i e d  w i t h  various dispersed i r o n  ca ta l ys ts  i n  hydrogen. 

Recently the conversions o f  coals  washed w i t h  

The s i g n i f i c a n t  

The behavior o f  

A se r ies  o f  t e s t s  w i t h  

EXPERIMENTAL 9 

Preparation o f  Ion-Exchanged Coals 

100 m l  IN n i t r i c  ac id  f o r  one hour a t  ambient temperature. 
coal was separated by cen t r i f uga t ion  and washing w i t h  water. 

Coal L iquefact ion 

using several d i f f e r e n t  techniques p r i o r  t o  l i que fac t i on .  
(7) was used f o r  both ARW and IEW. Procedures reported by Z i o l o  and 
coworkers (9) were modi f ied t o  prepare Fe,O, dispersed on the coals. 
s l u r r y  cons is t i ng  o f  7.0 g o f  ARW coal o r  product coal obtained from 
pretreatment o f  7.0 g ARW, 10 wt%cof c a t a l y s t  ( i f  required), 0.1 g o f  
elemental s u l f u r ,  and 14 g o f  t e t r a l i n  (so lvent)  were placed i n  a 70-mL Parr 
reactor .  The reac to r  was evacuated and charged w i th  1000 p s i  ( i n i t i a l )  of 
hydrogen gas. The reac to r  was heated t o  425°C i n  a rock ing autoclave 
( i n i t i a l  heatup t ime = 15 minutes) and l e f t  a t  t h i s  temperature f o r  60 
minutes. A t  t he  end o f  the reaction, the reactor  was cooled t o  room 
temperature, and the  gases were removed. The product s l u r r y  was ext racted 
w i t h  te t rahydrofuran (THF) . The THF-insoluble product was d r i e d  under 
vacuum and weighed. A 4 m l  a l i q u o t  o f  the THF-soluble was mixed w i t h  one m l  
so lu t i on  of i n t e r n a l  standard (a mixture o f  2,2,4-trimethylpentane and n- 
octadecane i n  dichloromethane) and analyzed by GC. The remainimg THF- 
solubles were evaporated t o  remove THF, and the  dark o i l  was added t o  a 
l a r g e  excess of heptane and s t i r r e d .  The heptane-insoluble product was 
separated by cen t r i f uga t ion ,  washed w i t h  heptane, d r i e d  i n  vacuo a t  50°C and 
weighed. The percent conversion was ca lcu lated on the  bas is  o f  the coal 
(maf) t h a t  d i d  no t  appear i n  the THF-insoluble f r a c t i o n .  
y i e l d s  were obtained by d i f f e rence  (100% - %THF-insolubles - %heptane- 
inso lub les) .  

Acid-washed Wyodak ( IEW) coal was prepared by s t i r r i n g  7 g o f  ARW i n  
The ac id- t reated 

As-received Wyodak-Clovis Point  (ARW) and IEW coals  were pret reated 
The PETC-method 

A 

Heptane-soluble 
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RESULTS AND DISCUSSION 

Wyodak subbituminous coal was t rea ted  w i t h  n i t r i c  ac id  t o  remove by 
ion-exchange the  metal cat ions bound t o  the coal  matr ix .  I n i t i a l  thermal 
(noncata ly t ic )  t e s t s  were c a r r i e d  out  t o  prov ide a bas is  f o r  comparison w i t h  
the  c a t a l y t i c  t e s t s .  
i n  a rock ing microtube reac to r  f o r  1 h r  a t  425 "C w i t h  1000 p s i  ( co ld  
pressure) o f  hydrogen. The 
thermal reac t i on  of as-received Wyodak coal (ARW) gave a very h igh  
conversion .(89%) t o  THF-soluble products. These data are consis tent  w i t h  
e a r l i e r  r e s u l t s  for  low-rank coals  i n  thermal (noncata ly t ic )  reac t i ons  i n  
hydrogen o r  carbon monoxide ( 5 ) .  
i n  the nonca ta l y t i c  react ions.  
lower than t h a t  f o r  t he  ARW coal on a maf bas is .  The lower conversion i s  
also consis tent  w i t h  e a r l i e r  work w i t h  low-rank coals t h a t  demonstrated t h a t  
acid-washing lowers the  conversion. 
generation of h i g h l y  ac id i c  s i t e s  on c l a y  minerals i n  the  coal t h a t  cata lyze 
carbonium i o n  react ions t h a t  o f t e n  r e s u l t  i n  condensations t o  h igher  
molecular weight and less  so lub le  products. 
products formed i n  the  two thermal react ions were s i m i l a r  (48%). The 
heptane-soluble y i e l d s  are obtained by d i f f e rence  (100% - %THF-I - %heptane- 
I) and inc lude major amounts o f  the gaseous products (CO,, H,O, etc.) i n  
add i t i on  t o  t h e  heptane-soluble a i l s .  

The ion-exchanged coal was then reacted i n  c a t a l y t i c  l i q u e f a c t i o n  
tes ts  w i t h  several dispersed i r o n  ca ta l ys ts ,  and these r e s u l t s  were compared 
w i t h  s im i la r  c a t a l y t i c  reac t i ons  c a r r i e d  out w i t h  the ARW i n  order  t o  
determine the e f f e c t  o f  the i no rgan ic  cat ions on the c a t a l y t i c  a c t i v i t y .  
The PETC method (7) f o r  impregnating i r o n  as the  i r o n  hyroxyoxide on the  
coal surface was u t i l i z e d  f o r  prepar ing the dispersed i r o n  c a t a l y s t  f o r  
l i q u e f a c t i o n  o f  both ARW and I E W  coals. 
ARW v ia  the PETC method resu l ted  i n  a conversion t o  THF solubles s i m i l a r  t o  
those found i n  the  thermal reac t i ons  (88%), bu t  the y i e l d  o f  heptane- 
so lub les was s u b s t a n t i a l l y  h ighe r  (52%). 
demonstrated p r i n c i p a l l y  i n  the  o i l  y i e l d .  Generation o f  i r o n  hydroxyoxide 
on the IEW s i g n i f i c a n t l y  improved the conversion THF-solubles as we l l  as 
heptane-solubles (56%). The s i g n i f i c a n t  increase i n  y i e l d s  f o r  the IEW can 
be a t t r i b u t e d  t o  less deac t i va t i on  o f  the c a t a l y s t  by t h e  inorganic  mat ter .  

A l t e r n a t i v e  methods f o r  generat ing dispersed i r o n  on the coal sur face 
were also examined. Previous work a t  Universal Fuel Development Associates, 
Inc. (8) demonstrated t h a t  clay-supported i r o n  ca ta l ys ts  w i t h  h igh  
concentrat ions o f  maghemite f i n e  p a r t i c l e s  were much more c a t a l y t i c a l l y  
act ive than those w i t h  hematite. Z i o l o  and coworkers (9) repor ted t h a t  
maghemite f i n e  p a r t i c l e s  can be generated on ion-exchange res ins  by reducing 
f e r r i c  ions w i t h  hydrazine and sodium hydroxide o r  by t r e a t i n g  fer rous ions 
w i t h  hydrogen peroxide and ammonium hydroxide. 
d isso lves humic acids from the low-rank coal, ammonium hydroxide was 
u t i l i z e d  instead o f  sodium hydroxide t o  prepare the maghemite f i n e  p a r t i c l e s  
on the coal surface. 
hydroxide t o  maximize maghemite format ion d i d  n o t  improve conversions f o r  
IEW, 92% t o  THF-solubles, 47% heptane-solubles. Likewise treatment with 
f e r r i c  n i t ra te /hyd raz ine  d i d  n o t  improve conversions, 91% THF-solubles, 46% 
heptane-solubles. 

These t e s t s  requ i red  heat ing t h e  c o a l / t e t r a l i n  s l u r r y  

Conversion and y i e l d  data are g iven i n  t a b l e  1. 

Carbon monoxide works as we l l  as hydrogen 
The conversion f o r  t he  (IEW) t e s t  (86%) was 

This e f f e c t  was a t t r i b u t e d  t o  the 

The amounts o f  heptane-soluble 

Addi t ion o f  i r o n  hydroxyoxide t o  

Thus the c a t a l y t i c  e f f e c t  i s  

Since sodium hydroxide 

Treatment o f  the coal w i t h  fer rous chloride/ammonium 

A reac t i on  c a r r i e d  out  w i t h  t h i s  same pret reated coal but  
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2 FeC1, + NH.OHt H,O,b 

Table 1 

Catalytic Liquefaction with Dispersed Iron 

Reaction Temp. = 425"C, Reaction Time = 1 hr, H, = 1000 Psi (cold) 

I 

t 

without addition of sulfur gave a similar conversion, indicating that the 
iron dispersed by this method is inherently inactive. 

Previous work in this project was concerned with the preparation of 
fine iron sulfide particles supported on an acidic clay, and a preliminary 
report of mixed iron/alumina-pillared montmorillonite catalysis was 
presented ( 8 ) .  Catalytic liquefaction reactions of ARW and IEW were 
performed in tetralin using conditions similar to those above. 
were carried out using 10 wt% o f  the clay catalysts (sulfided in situ using 
small amount of elemental sulfur) at 425°C for one hour in 1000 psi of 
initial hydrogen pressure. 
given in table 1. 

With the most active of the mixed ironlalumina-pillared clay catalysts 
in the presence of sulfur, the conversion of the ARW was 91% t o  THF-solubles 
with 53% heptane solubles. 
sulfidation o f  the oxyiron catalyst, the conversion was substantially less, 
87% to THF-solubles, with only 33% heptane-solubles. 
in oil yield is attributed to the presence of the highly acidic clay and 
absence of any good hydrogen activation capability. The reaction o f  IEW 
coal with the active sulfided clay catalyst gave a significantly higher 
conversion to THF solubles, and excellent conversion t o  heptane-solubles 

Reactions 

The reaction conditions and yields data are 

In the absence of sulfur required for 

This large reduction 

(54%). 
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Although s i g n i f i c a n t  improvements i n  o i l  y i e l d s  were obtained as  a 
r e s u l t  of pre t rea t ing  the Wyodak t o  remove metal ca t ions ,  the economics of 
an ion-exchange process and subsequent disposal of t h e  ac id ic  waste water 
may not compensate f o r  the  increase i n  conversion and operabi l i ty .  
a l te rna t ive  l iquefac t ion  process has been u t i l i z e d  f o r  many years  a t  the 
Energy and Environmental Research Laboratories. This processing involves a 
noncatalyt ic  thermal pretreatment under carbon monoxide atmosphere t o  break 
down t h e  cross- l inks i n  the  coal t o  g ive  a high molecular weight THF-soluble 
intermediate i n  95% yie ld .  Mineral mat ter  i s  conveniently removed from the  
coal so lu t ion .  This ca t ion- f ree  low-severity intermediate i s  then used i n  
c a t a l y t i c  l iquefac t ion  t e s t s  w i t h  hydrogen. 

Wyodak coal (LSW) were car r ied  out with dispersed i ron c a t a l y s t s .  
soluble  intermediate was obtained by thermal l iquefac t ion  in CO and was 
separated from heptane-soluble products and so lvent ( te t ra1  in)-derived 
mater ia ls  by solvent  (heptane) prec ip i ta t ion  t o  give the high molecular 
weight LSW intermediate f o r  these  t e s t s .  The LSW i s  a low-density so l id  a t  
ambient temperature, but  melts e a s i l y .  A thermal (noncatalyt ic)  react ion of 
the LSW i n  t e t r a l i n  a t  425 "C f o r 2  hr i n  1000 psi  hydrogen gave 15% 
conversion t o  heptane-solubles (Table 3) .  The conversions obtained f o r  t h e  
LSW subs t ra te  cannot be d i r e c t l y  compared with t h e  coal conversions above, 
because t h e  subs t ra tes  a r e  qui te  d i f f e r e n t .  The 15% value f o r  t h e  LSW 
subs t ra te  represents  a conversion of  preasphal tenes  and asphal tenes  t o  
heptane-soluble o i l s ,  whereas the 48 t o  54% yie lds  of heptane-solubles given 
above f o r  coal subs t ra tes  include both t h e  more e a s i l y  cleaved o i l  products 
as  well a s  the  gaseous products of l iquefac t ion ,  such as s i g n i f i c a n t  amounts 
of carbon dioxide and water. 

iron/alumina-pillared clay c a t a l y s t  ( i n  s i tu  su l f ided)  gave 30% conversion 
t o  heptane-solubles under the  same condi t ions.  The two-fold increase in 
conversion t o  o i l s  f o r  c a t a l y t i c  versus  thermal react ions w i t h  the LSW 
subs t ra te  t h u s  compares favorably with the increase of 6% (48 t o  54%) found 
i n  t h e  experiments w i t h  ion-exchanged coal described above. 

treatment by s t i r r i n g  the low-density so l id  LSW with f e r r i c  n i t r a t e  solut ion 
and adding ammonium hydroxide t o  generate  the surface-bound i ron 
hydroxyoxide. The conversion of t h i s  material under condi t ions ident ica l  t o  
those above with i n  s i tu  su l f ida t ion  gave 15% heptane-solubles, the  same a s  
the thermal reac t ion .  
forms in t h e  react ion with LSW i s  ab le  t o  a c t i v a t e  hydrogen, or  whether some 
a c i d i c  component i s  required a t  this s tage of l iquefac t ion .  This r e s u l t  may 
have very important implications f o r  se lec t ing  conditions and coals  f o r  
appl icat ion of the PETC method t o  low-rank coa ls .  

A var ia t ion  of  the PETC method was attempted t o  generate the dispersed 
i ron c a t a l y s t  on the LSW. Ethanol was used t o  obtain a co l lo ida l  dispers ion 
of t h e  LSW, which was then mixed with the f e r r i c  n i t r a t e  solut ion i n  ethanol 
and the  ammonium hydroxide. After  removal of the  ethanol ,  t h e  l iquefact ion 
was carr ied out in t e t r a l i n  under condi t ions s imi la r  t o  those used above. 
When the dispersed i ron obtained by t h i s  method was u t i l i z e d ,  a 28% y i e l d  of 
heptane-soluble o i l s  was obtained. I t  i s  now obvious t h a t  there  a re  
c r i t i c a l  in te rac t ions  between the i ron and the coal surface t h a t  need t o  be 

An 

Several reac t ions  of a mineral-free low-severity intermediate from 
A THF- 

The l iquefac t ion  react ion o f  t h e  LSW i n  t e t r a l i n  w i t h  the dispersed 

The LSW intermediate was a l s o  subjected t o  t h e  PETC i ron dispers ion 

I t  i s  not known ye t  whether the  iron su l f ide  t h a t  
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f u r the r  e luc idated and evaluated f o r  designing a v iab le  coal l i q u e f a c t i o n  
method. 

CONCLUSIONS 

I n  coal l i q u e f a c t i o n  react ions t h a t  u t i l i z e  dispersed i r o n  ca ta l ys ts ,  
the c a t a l y t i c  a c t i v i t y  was s i g n i f i c a n t l y  improved by ion-exchange o f  cat ions 
present i n  the low-rank coals  by aqueous acid-washing. Higher conversions 
t o  heptane-solubles were obtained w i t h  ion-exchanged Wyodak when dispersed 
i r o n  ca ta l ys t  was prepared by the PETC method. 
pretreatment a lso improved the a c t i v i t y  o f  the dispersed iron/alumina- 
p i l l a r e d  montmor i l lon i te  ca ta l ys t .  A thermal pretreatment was a l so  used t o  
e l iminate mineral matter, and the i ron/a lumina-p i l lared c l a y  and one o f  the 
dispersed i r o n  c a t a l y s t  preparations were c a t a l y t i c a l l y  ac t i ve .  

The ion-exchange 
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Table 2 

C a t a l y t i c  L iquefac t ion  w i t h  Iron/Alumina P i l l a r e d  Clay 

Substrate 
(9) 
LSW 

AR = as rece ived  Wyodak 
IEW = 7.0 g AR coal was a c i d  washed and d r i e d  

Cata lys t  S u l f u r  THF-I Heptane-I 
( w t .  %) (9) 
None None 0 a5 

Table 3 

C a t a l y t i c  L iquefac t ion  o f  LSW Intermediate 

Reaction Temp. = 425"C, Reaction Time = 1 h r ,  H, = 1000 ps i  

LSW APC-Fe, 0 . 1  0 70 

LSW PETC 0.10 0 73 

H e p t a n e 4  

15 

30 

2a 
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ACTIVITY OF SLURRY PHASE IRON-BASED CATALYSTS 
FOR HYDROGENATION AND HYDROCRACKING OF MODEL SYSTEMS 

Ying Tang and Christine W. Curtis 
Chemical Engineering Department 

Auburn University, Alabama 36849-5 127 

INTRODUCTION 

Slurry phase catalysts have been shown to be very active for coal liquefaction. Pellegrino 
and Curtis (1989) compared the activity of three different types of molybdenum catalysts: an 
oil-soluble molybdenum naphthenate, a presulfided molybdenum on alumina, and a precipitated 
MoS, catalyst. The catalyst generated in siru from molybdenum naphthenate was the most active 
in terms of hydrogenation and heteroatom removal as well as showing the highest coal 
conversion and product upgrading. Kim and Curtis (1990) evaluated catalyst precursors of 
molybdenum, nickel, and vanadium for their activity in coprocessing of coal with resid. The 
activity of the molybdenum and nickel precursors for coal conversion and oil production was 
high while that for the vanadium was low. 

Comparisons of the catalytic activities of iron and molybdenum catalysts used in reactions 
of model coal molecules showed that Fe(CO), or Fe(CO),-S had high catalytic activity for 
hydrogenation of aromatic species (Suzuki et al., 1989). However, Mo(CO),-S more strongly 
promoted hydrogenation of polyaromatic compounds as well as hydrogenation of some phenyl 
carbon bonds. The effect of dispersion methods had also been examined using iron catalysts in 
which an iron oxide (FeOOH) precursor was dispersed onto the solid coal matrix (Cugini et al., 
1991). Other iron systems, such as F%03 dispersed on carbon black, iron incorporated into coal 
by impregnating with FeCl, and iron incorporated into lignite by cation exchange with a sulfated 
FGO,, have been used as finely dispersed catalysts for coal liquefaction and characterized by 
Mbssbauer and XAFS spectroscopy (Huffman et al., 1991). 

Finely divided iron 011) oxides and iron oxyhydroxides modified with either (SO:-) or 
molybdate (MOO:-) anions used in coal liquefaction have shown increased coal conversion and 
selectivities to n-pentane soluble products (Pradhan et al., 1991). A bimetallic catalyst, 
Mo/F%O,/SO,~- that consisted of 50 ppm Mo and 3500 ppm Fe, was active for coal conversion 
with a selectivity for oil. The effect of the pyrite to pyrrhotite ratio produced from femc sulfide 
as a precursor on coal liquefaction has also been studied. A definite effect of intermediate 
stoichiometry of the ratio was observed on the selectivity to lighter products at higher 
liquefaction temperatures (Stansberry et al., 1991). 

In this investigation, the effect of slurry phase iron catalysts on hydrogenation and 
hydrocracking reactions of model coal species.was investigated. The areas investigated included 
(1) the effect of iron complex type on hydrogenation of pyrene and on hydrocracking of alkyl 
substituted naphthalenes; (2) the effect 'of different dispersion methods on catalytic activity of 
iron-based slurry catalyst precursors; and (3) the effect of combining iron with molybdenum 
slurry phase catalyst precursors on catalytic activity during the hydrogenation of pyrene. 

163 



EXPERIMENTAL 

The experimental reaction methods used for dispersing the catalyst precursors were (1) 
in siru where the catalyst precursor was added directly to the reaction system and reacted in the 
presence or absence of sulfur; (2) ex situ where the catalyst precursor reacted in the presence 
of the model compound was reclaimed and used in a second reaction and (3) two stages where 
the catalyst precursor was added to hexadecane, hydrogen, and sulfur and reacted for 30 mh, 
then the model spieces was introduced into the reactor along with hydrogen and reacted for 
another 30 min. 

Pyrene Hydrogenation Reactions. Iron sluny phase catalyst precursors were compared 
and utilized the in siru reaction method; molybdenum naphthenate was also used for comparison. 
The iron catalyst obtained in situ was generated by introducing the catalyst precursor at a level 
of 900 to 1100 ppm metal directly into the reaction system of 2 wt% pyrene in hexadecane. The 
reactants were charged into a 20 cm3 stainless steel tubular microreactor and the reactions were 
conducted at 380 or 425°C for 30 or 60 min with a hydrogen pressure of 1250 psig at ambient 
temperature and an agitation rate of 550 rpm. Reactions were performed both with and without 
sulfur. When sulfur was present, it was introduced as elemental sulfur in a stoichiometric ratio 
of 3:l sulfur to metal, presuming that either FeS, or MoS, was formed depending upon the 
precursor introduced. 

The catalysts precursors used in the in siru experiments were iron (III) naphthenate, iron 
011) acetylacetonate, iron (111) citrate hydrate, iron 011) 2-ethylhexanoate, iron GII) stearate, and 
molybdenum naphthenate for comparison. Iron (111) acetylacetonate (99% purity) was obtained 
from Eastman Kodak Company; iron 011) citrate hydrate (98% purity) w p  obtained from 
Aldrich Chemical Company; iron 011) 2sthylhexanoate (8 to 11.5% Fe), iron @I) 
acetylacetonate (99% purity), and iron (111) stearate (9% Fe) were obtained from Strem; and the 
molybdenum naphthenate (6% Mo) was obtained from Shepherd Chemical. All of the catalyst 
precursors were used as received. 

The ex siru catalyst was generated by collecting the catalyst solids produced during an 
in siru reaction and then drying the solids for 72 hours in a vacuum oven at 60°C. The dried 
solids were then introduced into the reactor containing pyrene in hexadecane solution at a level 
of 900-1 100 ppm active metal. Hydrogen was introduced and the reaction was performed at the 
abovementioned conditions. 

Two-stage pyrene hydrogenation reactions were performed by producing the catalyst in 
the first stage using a reaction system of catalyst precursor, excess sulfur, hexadecane, and a 
hydrogen pressure of 1250 psig at ambient temperature. After 30 min of reaction, the reactors 
were removed from the sandbaths, cooled, and then charged with pyrene and 1250 psig 
hydrogen introduced at ambient temperature. The pyrene hydrogenation reaction was then 
performed at 380°C for 30 min. 

An analysis procedure UV-visible spectroscopy was developed for measuring the amount 
of organometallic complex that reacted under liquefaction conditions. The procedure developed 
used the metal complex dissolved in h e x a d m e  as the reaction system. The concentration of 
the iron or molybdenum complex present after a given reaction time was determined by UV- 
visible spectroscopy. Each iron complex had to be dealt with differently in the experimental 
procedure because of their varying degrees of solubility in hexadecane. Iron naphthenate, iron 
2-ethylhexanoate, and molybdenum naphthenate utilized hexadecane as a solvent for W-visible 
spectroscopy. Iron citrate hydrate was dissolved in ethanol for analysis; iron acetylacetonate was 
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extracted with hot water for UV-visible analysis. For each metal complex, a calibration curve 
was developed using the same solvent for UV-visible analysis as was used after reaction. 

The reactions using different amounts of iron and molybdenum complexes involved 
adding the different metal complexes in siru to the 2 wt% pyrene hydrogenation system. These 
experiments were performed at the same conditions as the previously described in situ reactions 
except that the iron and molybdenum complexes were added in weight ratios of 75:25, 5050, 
and 25:75. 

Hydrocracking Reactions. Two compounds were used as hydrocracking models: 1- 
methylnaphthalene and 2-hexylnaphthalene. 1-methylnaphthalene was obtained from Aldrich 
while 2-hexylnaphthalene was obtained from Dr. M. Farcasiu of PETC. The reaction system 
consisted of 2 wt% of the model compound dissolved in hexadecane. Three catalyst precursors 
were tested: iron naphthenate, iron stearate and molybdenum naphthenate; all of which were 
introduced at a level of 900 to 1100 ppm metal directly into the reaction system. Thermal 
baseline experiments were also performed. The reaction conditions were reaction temperatures 
of 380 or 425°C for 30 min with a hydrogen pressure at 1250 psig at ambient temperature and 
an agitation rate of 550 ppm. 

Analysis. The reaction products obtained from the pyrene hydrogenation reactions were 
analyzed by gas chromatography using a Varian Model 3700 gas chromatograph equipped with 
FID detection and J&W DB5 30 m column. Quantitation was achieved by employing the 
internal standard method using p-xylene as the internal standard. The reaction products were 
identified comparing retention times with those of authentic compounds and by identifying 
unknowns by GC-mass spectrometry using VG70 EHF GC-mass spectrometer. 

The product slates were determined for each reaction and the amount of hydrogenation 
of the aromatic determined. The percent hydrogenation is defined as the moles of hydrogen 
required to produce the product slate as a percentage of the moles of hydrogen required to 
produce the most hydrogenated liquid product. The most hydrogenated liquid product from 
naphthalene was considered to be decalin, from pyrene, perhydropyrene, from 1- 
methylnaphthalene, 1-methyldecalin and from 2-hexylnaphthalene, 2-hexyldecalin. Percent 
hydrocracking is defined as the mole percent of the products that have undergone hydrocracking. 

RESULTS AND DISCUSSION 

Pyrene Hydrogenation Reactions. Of the five slurry phase catalysts tested for their 
activity for pyrene hydrogenation, Fe naphthenate (Fe Naph) was the most active while Fe 
stearate (Fe STR) showed equivalent activity at 425°C but lesser activity at 380°C (Table 1). 
Sulfur was required for any activity to be observed from either catalyst. The primary product 
obtained was dihydropyrene (DHP), the secondary products were hexahydropyrene (HHP), and 
small amounts of tetrahydropyrene (THP) were formed. 

Of the other three slurry phase iron catalysts tested with sulfur, Fe AcAc reacted at 
425°C was the only one which showed substantial pyrene hydrogenation of 9.3% and yielded 
the Same products as Fe Naph. All of the other systems with sulfur, Fe citrate-hydrate (Fe CH) 
and Fe 2-ethylhexanoate (Fe 2-EH) showed limited activity for pyrene hydrogenation. 

Reactions were also performed with Mo Naph with and without sulfur at 380 and 425°C 
for 30 min. The presence of sulfur in the reactor allowed the Mo released from Mo Naph to 
form finely divided MoS, which was an active catalyst for pyrene hydrogenation (Kim et al., 
1989). At 380"C, without sulfur, the reaction with Mo Naph yielded 11.7% HYD with DHP 
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as the primary product and THP as the secondary product. At 380"C, with sulfur, the reaction 
with Mo Naph yielded 34.6% HYD of pyrene with HHP isomers being the primary products 
and a substantial amount of decahydropyrene (DCHP) being formed. 

At 425"C, the reaction of Mo Naph without sulfur showed less activity for pyrene 
hydrogenation than did the system with sulfur. Without sulfur the %HYD of pyrene was 
somewhat higher at 13.8% than at 380°C which yielded 11.7%. But the reaction at higher 
temperature, 425"C, with sulfur gave less activity than at 380°C with sulfur. At 425"C, 
thermodynamics are limiting the amount of pyrene conversion allowed and, hence, lower the 
amounts of partially saturated compounds produced in the reaction (Ting et al., 1992). 

Concentration of Iron Complexes at Liquefaction Conditions. The iron complexes 
of Fe-CH, Fe Naph, Fe AcAc, and Fe 2-EH, each with an initial concentration of lo00 ppm Fe, 
were reacted at 380°C with an initial hydrogen charge of 1250 psig hydrogen introduced at 
ambient temperature. The concentration of each iron complex was determined by measuring the 
absorbance at two wavelengths and comparing the absorbance reading with a calibration curve 
for each complex obtained with the same solvent as was used with the reac-tion mixture. Each 
of the iron complexes disappeared very quickly at liquefaction conditions. After 5 min of 
reaction, all of the iron complexes were decomposed; in fact, all of them except Fe Naph were 
decomposed after 2 min of reaction. By contrast, Mo Naph remained in solution longer; after 
10 min of reaction, more than half of the Mo Naph remained. However, Mo Naph had totally 
decomposed after 15 min of reaction. 

Comparison of Dispersion Methods for Activity of Fe Slurry Phase Catalysts. Three 
methods of dispersion in situ, ex situ, and two stage batch processing were used to test the effect 
of dispersion on the catalytic activity of the generated catalysts (Table 2). Comparison of Fe 
Naph and Mo Naph activity for pyrene hydrogenation using the in situ method revealed that Mo 
Naph resulted in nearly three times as much hydrogenation as Fe Naph. HHP was the primary 
product for Mo Naph while DHP was the primary product for Fe Naph. The ex situ method, 
in which the catalyst produced in an in situ experiment was added to pyrene hydrogenation 
reaction syskn, resulted in less activity for both Fe Naph and Mo Naph. Fe Naph did not 
convert any pyrene while Mo Naph yielded about half the amount of hydrogenation observed 
in the in situ reaction. 

Two-stage batch reactions were performed in which the catalyst precursor was introduced 
into hexadecane in the first stage and then reacted in the presence of sulfur and hydrogen for 
30 min at 380°C. At that point, the reaction was quenched, gas released and pyrene and a new 
charge of hydrogen added. The system, including pyrene, was then reacted again for 30 min. 
The two-stage reaction with Fe Naph yielded about 6% conversion of pyrene to DHP so that its 
activity was much less than that of the in siru generated catalyst. By contrast, the two-stage 
reaction with Mo Naph yielded higher pyrene hydrogenation, 40% for the two-stage compared 
34.6% for the in situ single-stage. Hence, the catalytic activity of Mo Naph appeared to 
increase with the two-stage treatment while Fe Naph did not.. 

Effect of Combining Iron Complexes with Mo Naphthenate on the Reaction Products 
from Fyrene Hydrogenation. Reactions were performed in which the catalyst precursors of 
the various iron complexes were combined with Mo Naph to determine if any synergism 
occurred in their catalytic activity for pyrene hydrogenation (Figure 1). Reactions were 
performed with loo0 ppm of the iron complex, lo00 ppm of Mo Naph, and with the 
combinations of 750 ppm iron complex with 250 ppm Mo Naph, 500 ppm with 500 ppm, and 
250 with 750 ppm, respectively. 

. 
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I 
The combination of Fe Naph and Mo Naph at 75:25 and 50:50 Fe to Mo ratio yielded 

increased pyrene hydrogenation compared to either Mo Naph or Fe Naph alone. These results 
are presented in Figure 1 along with baseline experiments using Fe Naph and Mo Naph, 
individually. With Fe AcAc and Fe CH, each combined with Mo Naph, increased pyrene 
hydrogenation was observed at the combination of 255'5 Fe to Mo compared to the Mo Naph 
alone. By contrast, none of the combinations of Fe 2-EH with Mo Naph yielded increased 
conversions. In fact, the amount of pyrene hydrogenation increased with the amount of Mo Naph 
added; however, the amount of pyrene hydrogenation was less with Fe 2-EH than with Mo Naph 
alone at equivalent concentration levels. Therefore, for some combinations of Fe complexes and 
Mo Naph, synergism between the two catalyst precursors occurred resulting in increased pyrene 
hydrogenation, while another iron complex was detrimental to pyrene hydrogenation. 

Hydrocracking Reactions Using Fe Naphthenate and Fe Stearate. Hydrocracking 
reactions using 1-methylnaphthalene (1-MN) and 2-hexylnaphthalene (2-HN) were performed 
using Fe Naph and Fe STR. The product distributions obtained with these reactions were 
compared to that obtained with naphthalene (NAP) (Table 3). The primary products obtained 
from 1-MN as shown in Table 3 were 5,6,7,8-tetrahydro-l-methylnaphthalene (5,6,7,8-1-MN) 
and 1,2,3,4-tetrahydro-l-methylnaphthalene (1,2,3,4-l-MN). For all catalysts the 5,6,7,8-1-MN 
isomer was the preferred product. At the higher reaction temperature, both iron complexes 
yielded NAP as a secondary product. If 1-methyldecalin is considered the most hydrogenated 
product, then the iron complexes both yielded between 6 and 7% hydrogenation of 1-MN but 
less than 3% hydrocracking. By contrast, Mo Naph yielded substantially more hydrogenation 
of -26% but no hydrocracking. The baseline reaction using NAP only yielded tetralin (TET) as 
a product. No hydrocracking of the aromatic rings was obtained. 

The reactions of 2-HN also given in Table 3 in the presence of Fe Naph, Fe STR and 
Mo Naph resulted in the production of two products: 2-hexyltetralin (2-HT) and 2ethyltetralin 
(2-ET). For all three catalyst precursors, 2-HT was the primary product while 2-ET was the 
secondary product. Of all of the catalyst precursors, Mo Naph yielded the most hydrogenation 
and hydrocracking. 

SUMMARY 

Slurry phase iron catalysts showed varying amounts of activity for pyrene hydrogenation 
reactions. Fe naphthenate and Fe stearate were the most active complexes although all of the 
Fe complexes broke down quickly at liquefaction conditions. By comparison, at the Same 
reaction conditions, Mo naphthenate gave higher activity for pyrene hydrogenation. The activity 
of the slurry phase iron catalysts for pyrene hydrogenation depended upon the ligand type, 
reaction temperature and sulfur addition. The dispersion method also made a substantial 
difference in the activity of the catalyst. Fe naphthenate yielded the most activity using the in 
situ dispersion method and the least using the ex siru method. By contrast, Mo naphthenate 
showed the most activity with the two-stage process and the least with the ex situ method. 
Combination of some iron complexes with Mo naphthenate showed marked increases in activity 
for pyrene hydrogenation. In particular, the combination of Fe naphthenate with Mo 
naphthenate yielded increased yields of hydrogenated products from pyrene. Hydrocracking 
reactions revealed that the iron complexes promoted a small amount of hydrocracking with 1- 
methylnaphthalene and more with 2-hexylnaphthalene although Mo naphthenate promoted more 
hydrocracking of 2-hexylnaphthalene at equivalent reaction conditions. 
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NOMENCLATURE 

PYR = pyrene 
DHP = dihydropyrene 
THP = tetrahydropyrene 
HHP = hexahydropyrene 2-HN 
DCHP = decahydropyrene 2-HT 
1-MN = 1-methylnaphthalene 2-ET 
NAP = naphthalene 1,2,3,4. 

Fe Naph = iron naphthenate 5,6,7,8. 
TET = tetralin 

Fe AcAc = iron acetylacetonate 
Fe CH = iron citrate hydrate %HYD 

Fe STR = iron stearate 
Fe 2-EH = iron 2-ethylhexanoate 
Mo Naph = molybdemumnaphthenate 

= 2-hexylnaphthalene 
= 2-hexyltetralin 
= 2-ethyltetralin 

-MN = 1,2,3,4-tetrahydro-l- 
methylnaphthalene 

-MN = 5,6,7,8-tetrahydro-1- 
methylnaphthalene 

= percent hydrogenation 
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Table 3. Comparison of the Activity for the Hydrogenation and 
Hydrocracking of Naphthalene, 1-Methylnaphthalene, and 2-Hexylnaphthalene 

% HYD I 0.0 1 5.8 i0 .1  I 6 . 4 i 0 . 1  I II 
1 -Methylnaphthalene 

1-MN 1oO1tO.O 62.3f1.0 S l . l f 0 . 6  35.5f0.6 

5.6.7,s-1- 0.0 11.9i1.0 10.8i0.5 39.2k0.8 
MN 

3 .6 i0 .4  

2 .2 i0 .3  

% HYD 6.3f0.4 

loO.OiO.O 70 .4 i1 .2  

16.5f1.2 

13.lf0.9 

I H Y D  14.8f0.7 

IHYC 13.1i0.9 

Reaction Conditions: 1250 psig H2 introduced at ambient temperature; 30 minutes, 
425OC, S to Fe ratio 3:1, S to Mo ratio 3:l. 
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Abstract 

Catalytic reactions on solid contacts involve the exchange of charges across the solid/gas interfaces. 
Charge Distribution Analysis (CDA) is a new technique, capable of determining the generation of 
mobile charges in the bulk of materials and their appearance at the surface. By measuring the force 
acting on a sample in an electric field gradient, CDA derives unique information previously not 
available by any other technique. We have studied pressed pellets of two iron oxide catalysts supplied 
by the DOE Pittsburgh Energy Technology Center. a-Fe2& (hematite), heated in 02. behaves as a 
regular dielectric up to 450OC. The weakly negative surface charge indicates that electrons are the 
majority charge carriers. In Fe304 (magnetite), heated in N2, the surface is also weakly negative at 
ambient temperature, but evolves toward strongly positive values above 230°C. Upon cooling from 
350OC this positive surface charge is f m l y  established, suggesting that defect electrons or holes have 
become the majority charge carriers. The trend toward positive surface charge continues up to 41OoC 
when the composition of the magnetite sample starts to change. Between 275410°C the magnetite is 
catalytically highly active toward dealkylation of 6-methyl-9-(l-methylethyl) dibenzo thiophene-4-01, 
The fact that the catalytic activity toward dealkylation coincides with the appearance of a positive 
surface charge suggests that the active magnetite surface acts as an electron acceptor. 

INTRODUCTION 

Whenever chemical reactions occur, they involve the transfer of electrical charges between reacting 
partners. When one of the partners is a solid and the reaction occurs catalytically at its surface, the on- 
set of reactivity will be marked by the appearance of charge carriers in the bulk of the catalyst and their 
diffusive tramport toward the active surface. 

In principle, the appearance of charge caniers should be amenable to electrical conductivity measure- 
ments. However, conventional conductivity techniques require electrodes that are in direct contact 
with the sample surface. Obviously, this can cause many problems. If the electrode-sample contacts 
are good, the surfaces are no longer free and unperturbed. In the case of high surface area samples 
good physical contacts are impossible to establish. It is therefore fair to say that conventional electrical 
conductivity techniques appear not to be well suited to study catalytic reactivity -unless a method can 
be developed which allows contact-free measurement of the electrical conductivity. 

Work supported by the ACS-Petroleum Research Fund under Grant #24335-AC5, the DOE 
Pittsburgh Energy Technology Center, and the NASA Ames Research Center. 
Mailing address: NASA Ames Research Center, MS 2394, Moffett Field, CA 94035-1000 * 
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CHARGE DISTRIBUTION ANALYSIS - A POWERFUL NEW TECHNIQUE 

Charge Distriburion Analysis (CDA) is a non-contacting technique that allows conductivity 
measurements of insulating and semiconducting materials under minimum perturbation conditions I-'. 

CDA is based on the 'dielectric polarization at the limit of 0 Hertz. When a dielectric is placed in an 
extend electric field of field strength Eext it becomes polarized. Its polarization P is: 

p = Eo(E-1) Eext 
4x 

where is the permitivity of vacuum and E the dielectric constant. P contains five contributions. Pel + 
Pion + €'local + Pspace + Pswface, of which the first two refer to the ideal dielectric. Pel reflects the 
electronic polarization of the electronic shells and Pion the ionic polarization due to the field-induced 
atom displacement. The remaining three contributions arise from defects and impurities. Plocal 
reflects local defects that change their intrinsic polarizability or dipolar defects that can rotate in the 
extemally applied electric field. PsPe arises from the space charge polarization due to mobile charges 
that can diffuse inside rhe sample. Psurface is uniquely related to the surface charge. 

When a dielectric is placed in a field gradient along the z direction. a force 
towards higher field density. Using Maxwell's equations, e is given to first approximation by: 

acts on the sample 

F: = - JV(P.Eext)dV (2) 
v 

where the volume integral includes the sample but not the sources of the field. In the case of an ideal 
dielectric (only Pel and pion) = Ft(Eext) = 
FL(-Eext). In a real dielectric the contributions from Plocal and Pspace also remain invariant. 
However, the Ps,lfact: term is variant to field gradient reversal. It causes an attraction to or repulsion 
from the region of higher field density, depending upon the sign of the surface charge. To separate 
(Pel + Pion + Plocal + Pspace) from Psurface we form the linear combinations: 

is invariant to the direction of the field gradient: 

(4) 
1 FA E T (F- - F+) = - V(Psurface.Eext)dV. 

v 
To evaluate Psurface. we introduce a@ where Q is a constant: 

~ f l  describes the ideal dielectric and the 6 are constants. FZ and FA are then given as: 
F* = F: + aku2 ( 5 )  

(6) 

(7) 
Fx characterizes the bulk polarization and is sensitive to the generation of mobile charges. Fz is 
propoltional to the square of the applied voltage. FA characterizes the surface, its charge density and 
the internal electric field. FA is linearly proportional to the applied voltage and its sign identifies the 
sign of the charge carriers, Tor instance electrons (negative) or holes (positive) that may be present in 
the catalyst sample. Fx and FA provide unique information about fundamental properties such as the 
on-set of chemical reactivity of a catalyst that is not available by any other known technique. 

F~ = +(F;+F;) + +(a+a+)u2 

FA = ;(F;-F~) + f ( a - a + ) u ~  
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EXPERIMENTAL 

A PERKIN-ELMER TGS-2 thennobalance, equipped with a cup-shaped F't-wound furnace (10 mm 
i.d. x 20 mm), was modified by the introduction of a circular bias electrode and a cylindrical ground 
electrode to create an asymmetrical capacitor of axial symmetry. The samples were suspended via a 
fused silica fiber, well insulated from ground, and placed into the region of the steepest electric field 
gradient, approximately 0.1-0.5 nun above the bias electrode. They were heated in 25°C increments. 
using a heating rate of 2OoC/min. During the time at constant temperature the bias voltages were applied 
sequentially for 10-20 sec in increments of +20 V, 0 V and -2OV. The forces were recorded as 
apparent weight changes in the sensitivity range 0.1-1 mg full scale. 

The samples studied were coarse powders of a-FezOg (hematite), labeled Catalyst #7. and Feg04 
(magnetite), which were both prepared by Dr. Malvina Farcasiu of the DOE Pittsburgh Energy 
Technology Center. The average grain size of the magnetite was 5 pm and its specific surface area 
was of the order of 7 m2/g. Both powders were pressed dry into 6 mm diameter pellets, about 1.5 mm 
thick. The hematite was dried in N2 at 15OOC. heated in 0 2  to 410°C. cooled to 38OOC and reheated to 
560'C. The magnetite was dried in N2 to 15OoC, then heated to 35OOC ("2nd heating"). It was then 
cooled to 150°C and reheated to 500°C in N2 with intermittent cooling from 4oooC to 300OC and 450°C 
to 350°C ("3rd heating"). 

RESULTS 

Fx of the hematite sample increased slightly and approximately linearly with temperature up to 5W"C 
as shown in Fig. la. This suggests that up to 500'C. the sample behaved as a near-ideal insulator. 
Above 500°C. the Fz increased significantly, indicating that mobile charge carriers are being 
generated. FA was negative over the entire temperature range as shown in Fig. lb, indicating that the 
surface charge of the hematite is dominated by electrons. A slight tendency towards positive FA 
values was noted after the intermittent cooling from 410T to 380°C which, however, was overtaken 
by an even stronger trend towards negative FA values above 450°C. In conjunction with the 
pronounced increase in Fx above 500°C this response clearly suggests that the mobile charge carriers 
generated in the hematite above 450012 are electrons. 

The magnetite exhibited a distinctly different behavior. As shown in Fig. 2a. the Fz values during 
the 2nd heating increased linearly with a lesser slope up to 230'C than above 230OC. This suggests the 
appearance of mobile charge carriers in the higher temperature range. During the 2nd heating, FA was 
initially very slightly negative and showed a trend towards more negative values up to 23OOC as 
evidenced by Fig. 2b. Above 230°C, however. the trend reversed towards positive FA values. 

After cooling to 15OOC and subsequent reheating (3rd heating) Fx increased linearly from 230°C 
onward up to about 450°C with the same slope as during the 2nd heating as shown in Fig. 3a. 
During intermittent cooling and reheating cycles the Fr values were found to be successively higher, 
indicating that mobile charge had been generated during the heating cycles which did not disappear or 
recombine during cooling. Above 45OOC. Fx increased more rapidly, but at the same time, the 
magnetite sample started to lose weight, probably due to changes in composition in the unbuffered N2 
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atmosphere. Experimentally this is seen in the fact that Fz is no longer proportional to the square of 
the applied bias voltage. 

FA remained positive during the 3rd heating as shown in Fig. 3b. Only at low bias voltage (20V) did 
FA still show the same trend towards negative values up to 230°C. followed by an evolution toward 
positive values. At the higher bias voltages the trend was towards positive values. During intermittent 
cooling up to about 4 1 0 T  the positive FA values were further enhanced, indicating that the mobile 
charge carriers generated in the temperature interval 230-410"C have a positive sign. This in turn 
suggests that they are defect electrons or holes. The magnitude of FA, about 10% of Fz, indicates that 
the charge carrier density at the magnetite surface is rather high. However, quantitative data can be 
obtained only from single crystals, not from a pressed powder sample 1. Above 41OOC FA showed 
signs of degradation. Experimentally this is seen in the fact that FA was no longer linearly 
proportional to the applied bias voltage. 

DISCUSSION 

The magnetite under study is active toward the dealkylation of 6-methyl-9-(l-methylethyl) dibenzo 
thiophene-4-01 in the presence of a hydrogen donor. In spite of its large average grain size (5 pm 
diameter, 7 m*/g specific surface area), its catalytic activity is very high as illustrated in Fig. 4. The 
FA values shown (left ordinate) correspond to those measured during 2nd heating at IOOV while the 
percentage dealkylation was achieved after 1 hour (right ordinate) using 25 mg catalyst and 25 mg 6- 
methyl-9-(l-methylethyl) dibenzo thiophene-4-01. Trial runs performed by Dr. Farcasiu for 5 hrs at 
150°C and 210T did not produce an measurable dealkylation. Though we are still at an early stage of 
the investigation it appears that the catalytic activity of the magnetite may be directly related to the 
appearance of mobile charge carriers at its surface. The positive charge of the carriers identifies them 
as defect electrons or holes. Hence, the magnetite surface is expected to act as an electron acceptor. 

Obviously, the holes are produced in the bulk of the magnetite crystals and diffuse to the surface where 
they become available for surface-gas reactions. To achieve the high turn-over number required for 
the observed degree of dealkylation. a large number of holes must flow from the bulk to the surface. 
By performing time-dependent CDA experiments it should also be possible in the future to measure 
the diffusive mobility of these active charges. Such measurements are of interest, if one tries to 
correlate the rate of a catalytic reaction with the density of charges at the solid surfaces. 

On the basis of the data so far available, the CDA technique seems to be a promising tool to evaluate 
the activity of catalysts and to obtain valuable information about the nature of the charge carriers which 
paaicipate in or are instrumental for Catalytic reactions 3. 
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the temperature range studied. the dominant charge carriers are electrons. 
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ABSTRACT 

Using a recently fabricated in-situ high pressurehigh temperature electron spin resonance 
(ESR) apparatus, we report the variations of the ESR parameters of free radicals (density N, 
linewidth AH b d  g-value) in the hydrogenation of Blind Canyon coal at 440'C and 415'C and 
as a function of H2 pressure up to 600 psi. More efficient hydrogenation is observed at 4 4 0 T  
as the decrease in N with H2 pressure is much higher at 440°C than at 415'C. A corresponding 
decrease in AH with H2 pressure is also observed. Similar experiments but with loadings of 
Fe203/S04 catalyst, elemental sulfur and hydrogen donor 9-10 dihydrophenanthrene are now 
being carried out. 

SUMMARY OF RESULTSPROCEDURES 

It is now generally accepted that w t  coal liquefaction involves the interaction of 
thermally/catalytically generated free radicals in coals with the available hydrogen [1,2]. Some 
of these free radicals can be detected by in-situ elecwon spin resonance (ESR) spectroscopy. 
Recently we have fabricated a high pressure/high temperature in-situ ESR cavity system in 
order to investigate the free radical chemistry of direct coal liquefaction under more realistic 
conditions used in coal liquefaction experiments [3]. Experiments have been carried out from 
ambient to 500°C and for gaseous pressures up to 600 psi at X-band frequencies (-9 GHz). 
The density N of the free radicals and their g-values g and linewidth AH are measured as a 
function of temperature and pressure. The experimental procedures for measuring these 
quantities have been described in a recent paper [4]. . 

In Fig. 1, we show the variation of the free radical density N in Blind Canyon coal as a 
function of Hz pressure. at two temperatures viz. 415OC and 440°C. The decrease in the free 
radical density with H2 pressure. signifies hydrogenation since capture of H2 by free radicals 
quenches them and makes them undetectable by ESR. Comparing the results at 440°C with 
those at 415'C shows that hydrogenation is considerably more efficient at 440°C than at 415°C 
since considerably larger decrease in N with H2 pressure is observed at 440OC. The 
significance of these results is that these experiments are providing a direct evidence for the 
process of hydrogenation. 

The variation of the g-value and the linewidth AH of the free radicals with H2 pressure is 
shown in Fig. 2 for the experiments at 440°C. Whereas the g-value is essentially independent 
of H2 pressure, the linewidth decreases as the HZ pressure increases. The g-value, in 
favorable circumstances, can provide some information on the nature of the free radicals. 
However since there is no change in the observed g-value with H2 pressure (Fig. 2). no 
additional information on the chemical nature of free radicals is readily apparent from this 
experiment. The observed decrease in the linewidth with H2 pressure may be related to the 
decrease in the free radical density with Hz pressure observed in Fig. 1. 

To simulate the conditions used in direct coal liquefaction, experiments are now underway in 
which the Blind Canyon coal is successively loaded with the catalyst (e.g. Fe203/S04), 
elemental sulfur, and the hydrogen donor 9-10 dihydrophenanthrene (DHP). Free radical ESR 
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parameters are then monitored as a function of temperature in flowing H2 gas snd at fixed 
temperature as a function of H2 pressure. In Fig. 3, we show one set of such results in 
flowing H2 gas in which N vs T i s  plotted for the Blind Canyon coal, and for the coal loaded 
with Fe20gS04 and sulfur, and coal loaded with Fe203/S04, sulfur and DHP. The loading 
by weight was in the ratio coal: Fe203/SO4:sulfurDHP = 100:1.44:2.02200. These loadings 
are. chosen so as to give the ratios Fe/coal = 1/99 (-1 %), Fe/S = In, coal/DHP = 1/2. These 
preliminary results in Fig. 3 show that the catalyst and sulfur promote cracking since N is 
higher compared to the unloaded coal at all temperatures. With loading of DHP, magnitude of 
N is lowered as compared to the unloaded coal for temperatures below 260’C. Above this 
temperature, N values with DHP loading are essentially identical to the coal +catalyst + sulfur 
case as if the DHP is no longer present. To verify this, we carried out a thermogravimemc 
experiment on DHP in flowing H2 gas. ’his experiment showed that by 290°C all DHP is 
evaporated, confirming the above argument. The lower values of N below 260°C in DHP are 
simply due to hydrogenation since it is well known that hydrogenation caps the free radicals, at 
least some of them. Experiments are now in progress under H2 pressures up to 600 psi to 
simulate direct liquefaction conditions. Under H2 pressures, evaporation of DHP at lower 
temperatures should be suppressed. Results of these experiments will be reported elsewhere in 
the near future. 
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Abst ract  

High ly  dispersed iron-based c a t a l y s t s  are being examined f o r  the i n i t i a l  stage 
o f  d i r e c t  coal l i q u e f a c t i o n .  U l t r a f i n e  ( 4 0  nm) p a r t i c l e s  are produced by a 
v a r i e t y  o f  methods. Mbssbauer spectroscopy. magnetometry. XAFS. e lec t ron  
microscopy, XRD l ine-broadening, and BET surface area measurement a re  used t o  
estimate the  p a r t i c l e  s i z e  o f  t he  c a t a l y s t  precursor and, i n  some instances, o f  
t h e  phases found consequent t o  t h e  reac t i on  process. With Mbssbauer and 
magnetization techniques, data have t o  be obtained over a range o f  temperatures, 
usua l l y  from 4 K t o  300 K. I n  add i t i on .  obta in ing the  p a r t i c l e  s i ze  by Mbssbauer 
spectroscopy requi res a knowledge o f  the magnetic an isot ropy energy. For some 
XRD l ines,  t he  broadening i s  a consequence o f  the presence o f  f a u l t  planes r a t h e r  
than c r y s t a l l i t e  size. The u t i l i t y  o f  the cha rac te r i za t i on  techniques w i l l  be 
evaluated and comparative r e s u l t s  t h a t  are ava i l ab le  w i l l  be presented. 

I n t r o d u c t i o n  

The use o f  inexpensive, u l t r a f i n e  ( 4 0  nm) i r o n  ca ta l ys ts  f o r  the i n i t i a l  stage 
o f  d i r e c t  coal l i q u e f a c t i o n  [l] and the  conversion of model compounds [2] has 
a t t rac ted  a t t e n t i o n  i n  recent years. An advantage of using i r o n  i s  t h a t  i t s  
disposal a f t e r  use i s  no t  l i k e l y  t o  present environmental problems. Hence the  
development o f  nanometer-sized, iron-based ca ta l ys ts  could e l im ina te  t h e  need f o r  
t he  expensive c a t a l y s t  recovery s tep  associated w i t h  the more conventional 
ca ta l ys ts  based on elements such as Mo, Co, N i  and W. Recent s tud ies [l] 
ind ica te  t h a t  u l t r a f i n e  iron-based c a t a l y s t s  could be a c t i v e  f o r  the f i r s t  step 
i n  coal l i que fac t i on ,  i.e.. s o l u b i l i z a t i o n ,  i n  concentrat ions as low as 3,500 ppm 
w i t h  respect t o  coal. 

To support research on t he  synthesis and t e s t i n g  o f  iron-based ca ta l ys ts ,  i t  i s  
necessary t o  have techniques t o  determine the  composition, s t r u c t u r a l  
cha rac te r i s t i cs ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  c a t a l y s t  precursor. and 
more importantly, of the phases du r ing  and a f t e r  the react ion.  I n  the  case of 
iron-based Catalysts. the cha rac te r i za t i on  techniques i nc lude  Mbssbauer 
spectroscopy. magnetometry, XAFS. e l e c t r o n  d i f f r a c t i o n ,  XRD, and BET sur face area 
measurement. This paper w i l l  attempt t o  analyze the  i n fo rma t ion  tha t  could be 
obtained from the above techniques and prov ide comparative r e s u l t s  where 
avai lable. 
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Phases i n  Iron-Based Cata lys ts  

It i s  f requent ly observed t h a t  an iron-based c a t a l y s t  precursor t h a t  i s  no t  a 
s u l f i d e  i s  converted i n t o  a su l f i ded  form dur ing  coal  l i q u e f a c t i o n  i f  s u f f i c i e n t  
s u l f u r  i s  present i n  the  reac t ion  mixture. The s u l f u r  could be present I n  coal 
i t s e l f  or added as H,S or S. 

A s i g n i f i c a n t  f r a c t i o n  o f  the  inorganic s u l f u r  i n  coal  i s  found as p y r i t e  (FeS,) 
which i s  transformed i n t o  p y r r h o t i t e  (Fe,-,S) under l i q u e f a c t i o n  cond i t ions  
according t o  

FeS, + (l+x)H, --> Fe,+S + (l+x)H,S (1) 

Depending on the  reac t ion  temperature and t h e  p a r t i a l  pressures o f  H, and H,S, 
d i f f e r e n t  py r rho t i t es  character ized by the  value o f  x ( t y p i c a l l y  .07-.12) a re  
observed. The transformat ion o f  p y r i t e  t o  p y r r h o t i t e  i s  slow below 400'C [3]. 

To inves t iga te  the  in f luence o f  low concentrat ions o f  iron-based ca ta lys ts ,  a 
coal w i t h  a minimal quant i t y  o f  p y r i t e  must be used. For t h i s  reason. recent 
inves t iga t ions  [l] have focussed on t he  l i que fac t i on  o f  t h e  l ow-py r i t e  B l i n d  
Canyon coal from Utah [4]. which contains on ly  0.02 w t %  p y r i t i c  su l fu r ,  compared 
t o  2.1 w t %  i n  I l l i n o i s  #6 and 0.17 w t %  i n  Wyodak coal. 

The approach t o  a t t a i n i n g  u l t r a f i n e  p a r t i c l e  ca ta l ys ts  has been t o  increase the  
dispersion o f  t h e  precursor. Complexes o f  i r o n  [5], sulfate-promoted oxides [l], 
and carbides [6] have been used as precursors. I n  d i r e c t  l i que fac t i on ,  i n  the  
presence o f  s u f f i c i e n t  su l fu r ,  py r rho t i t es  are formed. f o r  example [l] ,, 
Fe,O,/SO, + S + H, --> Fe,-,S + H,S + (SO,. H,O etc.) (2) 

For compositions ranging between FeS ( t r o i l i t e )  and Fe& monocl in ic 
py r rho t i t e ) ,  t h e  compounds are re fe r red  t o  general ly as p y r r h o t i t e s  171. These 
include Fe,S,,. Fe,,S,,. and Fe, S,, which are hexagonal, as i s  FeS. The hexagonal 
py r rho t i t es  a re  character ized c rys ta l  l og raph ica l l y  by t h e i r  superstructures of 
the  hexagonal NiAs s t ruc tu re .  

It should be mentioned t h a t  t he  above phases a re  "low-temperature" py r rho t i t es .  
Above 308'C and below i t s  maximum mel t ing  po in t  o f  1190°C. p y r r h o t i t e  e x h i b i t s  
a ra ther  wide homogeneity range as a s ing le  s o l i d  s o l u t i o n  Fe,-,S w i t h  the  NiAs 
s t ruc tu re ,  extending from the  s to ich iomet r ic  FeS t o  a compositlon of 
approximately Fe,,S. I r respec t i ve  o f  t h e  phases found a t  room temperature i n  
used ca ta l ys t  sampies. i t  i s  evident t h a t  a t  l i q u e f a c t i o n  temperature (350-425OC) 
the s o l i d  so lu t i on  Fe,-,S i s  expected. Therefore, in  situ charac ter iza t ion  o f  t he  
ca ta l ys t  a t  reac t i on  condi t ion,  although d i f f i c u l t  t o  perform. i s  desirable.  

Mbssbauer Relaxat ion Spectra 

The technique o f  Mbssbauer Spectroscopy can be used t o  de tec t  i ron-bear ing  phases 
i n  coal and i n  l i que fac t i on  ca ta l ys ts  [E]. Since t h e  p y r r h o t i t e s  show magnetic 
ordering. magnetic hyper f ine  s p l i t t i n g  r e s u l t i n g  i n  a sex te t  f o r  each 
magnet ical ly inequ iva len t  Fe s i t e  i s  observed i n  the  Mbssbauer spectrum and can 
be used t o  i d e n t i f y  t he  phases present 19. 101. The spectra are f requent ly  
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i n te rp re ted  i n  terms o f  t h ree  or f o u r  inequiva lent  Fe s i t e s ,  which have i n t e r n a l  
magnetic f i e l d s  i n  t h e  range 230 t o  300 kOe. 

I n  magnet ica l ly  ordered ma te r ia l s  such as t h e  p y r r h o t i t e s  and FeO,. one would 
expect t he  sex te t  pa t te rn  t o  broaden and co l lapse t o  a quadruple doublet as t h e  
p a r t i c l e  diameter decreases below a c r i t i c a l  diameter, d,. The corresponding 
p a r t i c l e  volume i s  designated V,. Below d, .  t he  p a r t i c l e s  e x h i b i t  super- 
paramagnetic behavior owing t o  r a p i d  re laxa t i on  o f  t he  p a r t i c l e  sp in  system. V, 
i s  given by 

V, = kT ln(f,,/fJ 1 KO (3) 

where KO i s  t h e  magnetic anisotropy energy, f, i s  the Larmor precession frequency 
of the ”Fe nucleus, and f, i s  a frequency f a c t o r  which has t o  be determined f o r  
each phase. The p a r t i c l e  s i z e  d i s t r i b u t i o n  can be obtained from an analys is  o f  
the Massbauer r e l a x a t i o n  spectra [ll]. 

From an analys is  o f  t h e  Mossbauer re laxa t i on  spectra, a t  temperatures from 10 K 
t o  300 K, o f  a narrow-size range Fe,O, w i t h  the p a r t i c l e  diameter centered a t  3.2 
nm and using KO = 0.55 J/m3 [12]. Huffman e t  a1 [lo] have determined t h a t  f, = 
10” s-’. The c r i t i c a l  diameter d, was determined t o  be 11.8 nm f o r  Fe,O, a t  
300 K. 

Using t h e  above parameters. t he  p a r t i c l e  s i ze  range o f  Fe,O,/SO, precursors was 
determined [lo] from the  observed Massbauer r e l a x a t i o n  spectra. The s i z e  
d i s t r i b u t i o n  showed t h a t  near ly  50% o f  t h e  Fe was i n  p a r t i c l e s  t h a t  had diameters 
l ess  than 11.8 nm. The methodology f o r  determining p a r t i c l e  s i z e  d i s t r i b u t i o n  
o f  Fe,O, and r e l a t e d  compounds such as FeOOH from Massbauer re laxa t i on  spect ra 
appears t o  have been establ ished. 

I n  contrast  t o  the  above, Massbauer spectra o f  py r rho t i t es .  a t t r i b u t i n g  the 
unresolved l i n e s  t o  superparamgnetic pa r t i c l es ,  have been repor ted i n  on ly  a few 
instances [13-151. Even i n  these cases, only room temperature spectra were 
reported; hence the  i n t e r p r e t a t i o n  o f  t he  unresolved l i n e s  i s  not  unequivocal. 

A poss ib le  reason f o r  t he  pauci ty  o f  confirmed Massbauer re laxa t i on  spect ra i n  
. p y r r h o t i t e s  could be the  high value o f  the magnetic an isot ropy energy; f o r  

example, KO = 10 J/m’ f o r  Fe7S8 [16,17]. I f f ,  f o r  Fe,S8 i s  t he  same as t h a t  for 
Fe,O,. one estimates the c r i t i c a l  diameter o f  Fe,S, as being d, = 4 nm a t  300 K. 
It would appear t h a t  t he  samples t h a t  have been examined by Massbauer 
spectroscopy do n o t  have p y r r h o t i t e  p a r t i c l e s  whose diameter i s  l ess  than 4 nm. 

Recent progress i n  the  synthesis o f  f i n e  p a r t i c l e s  us ing novel techniques, such 
as the microemulsion method [18], prov ides the  p o s s i b i l i t y  o f  synthes iz ing 
uni form-s ize p y r r h o t i t e  p a r t i c l e s  i n  the  4 nm range. It would then be poss ib le  
t o  determine f. f o r  the  p y r r h o t i t e s  as was done i n  the  case o f  Fe,O,. and use the 
value off, thus der ived t o  estimate the p y r r h o t i t e  p a r t i c l e  s i z e  i n  l i q u e f a c t i o n  
cata lysts .  

Magnetometry 

I n  favorable cases p a r t i c l e  s i z e  d i s t r i b u t i o n  can be determined from a 
measurement of magnetization i n  a range o f  appl ied f i e l d s  and temperatures [lg]. 
The technique i s  app l i cab le  when the p a r t i c l e s  i n  the sample are super- 
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paramagnetic. I n  the  range of temperatures i n  which t h e  sample e x h i b i t s  
superparamagnetic behavior, t he  magnetization i s  a func t i on  o f  HIT and obeys the  
Langevin equation: 

MIM. = L(M,VHlkT). L(x) = coth x - l l x  (4) 

where M. and M, are, respect ive ly .  the sa tu ra t i on  and spontaneous magnetizations 
pe r  u n i t  volume, and V i s  t he  volume o f  the p a r t i c l e .  

Using a SQUID magnetometer. Ibrahim e t  a l .  [19] have determined the  p a r t i c l e  s i z e  
d i s t r i b u t i o n  of Fe203/S0, samples. A s i g n i f i c a n t  f r a c t i o n  o f  t h e  sample consisted 
o f  p a r t i c l e s  i n  the  6-10 nm range. The r e s u l t s  were i n  reasonable agreement w i t h  
the  p a r t i c l e  s i z e  d i s t r i b u t i o n  obtained from Mbssbauer r e l a x a t i o n  spectra. The 
magnetometric method has no t  y e t  been used t o  determine t h e  p a r t i c l e  s i z e  o f  
p y r r h o t i t e  samples. 

XAFS Spectroscopy 

Attempts are being made t o  use XAFS spectroscopy t o  ob ta in  p a r t i c l e  s i z e  
in format ion on Fe-based cata lysts .  The analys is  o f  t he  XAFS spect ra provides 
in format ion on the  in teratomic distances and coord inat ion numbers o f  the various 
neighbor s h e l l s  t o  a given Fe atom. Spectra o f  bu l k  Fe,O, were compared w i t h  
those o f  the f i n e - p a r t i c l e  Fe,O,/SO, c a t a l y s t  precursor [ lo].  While the 
in teratomic distances were s i m i l a r  f o r  t he  two samples, t he  average coord inat ion 
number o f  the c a t a l y s t  precursor was s i g n i f i c a n t l y  lower than t h a t  o f  t h e  bulk  
sample. This  i nd i ca ted  t h a t  t h e  Fe atoms i n  t h e  u l t r a f i n e  p a r t i c l e s  t h a t  were 
on or near the surface had, on average, fewer Fe neighbors. Assuming a spher ica l  
shape f o r  t he  pa r t i c l es ,  p a r t i c l e  diameters i n  the range 1.2-1.8 nm were 
obtained. The s i g n i f i c a n t l y  smaller p a r t i c l e  diameter obtained us ing t h i s  
technique was a t t r i b u t e d  t o  the poss ib le  nonspherical geometry o f  t h e  p a r t i c l e s .  

XRD Line Broadening 

The average c r y s t a l l i t e  dimension o f  small p a r t i c l e s  can be estimated from the 
l i n e  broadening o f  the Bragg peaks us ing the r e l a t i o n  

d = 0.9 A / B COS 0 (5) 

where d = c r y s t a l l i t e  size, A = wavelength. B = peak width a t  half-maximum, and 
e i s  the Bragg angle. 

The technique has t o  be used w i t h  caution s ince f a u l t s  or o the r  defects  can a lso 
r e s u l t  i n  l i n e  broadening [20]. Pol lack and S p i t l e r  [21], who examined 
p y r r h o t i t e s  produced i n  continuous l i q u e f a c t i o n  un i t s ,  observed asymmetric Bragg 
peaks and a t t r i b u t e d  them t o  stacking disorder. 

Ibrahim e t  a l .  [19] examined the  XRD l i n e  broadening on the  same sample of 
Fe 0 /SO, on which the  Mbssbauer and magnetometric s tud ies were performed and 
f& id  good agreement between the  p a r t i c l e  s i z e  obtained by t h e  d i f f e r e n t  
techniques. 
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Elec t ron  Microscopy 

Transmission e lec t ron  microscopy (TEM), i n  combination w i t h  e lec t ron  micro- 
d i f f rac t i on ,  i s  being employed t o  examine t h e  p a r t i c l e  s i ze  d i s t r i b u t i o n  and the  
s t ruc tu ra l  cha rac te r i s t i cs  o f  iron-based ca ta l ys ts .  I n  the  case o f  Fe,O,/SO,, t he  
p a r t i c l e  s i z e  d i s t r i b u t i o n  measured by TEM was i n  a reement w i t h  the  r e s u l t s  from 
Mossbauer, magnetometry, and XRD l i n e  broadening !lo]. 

BET Surface Area 

Surface area measurement us ing  the BET method requ i res  a c lean surface and i s  
hence l i m i t e d  t o  the  study o f  c a t a l y s t  precursors. Pradhan e t  a l .  [l] found good 
co r re la t i on  between t h e  BET surface area and t h e  average p a r t i c l e  s ize  from XRD 
and TEM on Fe,03/S0, samples. I n  the  BET method, n i t rogen  adsorpt ion a t  pressures 
upto 0.1 MPa i s  f requent ly  used. Lambert e t  a l .  [22] have described a more 
sens i t i ve  BET method f o r  measuring t h e  surface area o f  p y r r h o t i t e s  using krypton 
as the adsorbate a t  -196'C and a t  pressures from 20 t o  270 Pa. 

Conclusions 

A number o f  charac ter iza t ion  techniques are being success fu l l y  used t o  determine 
the  p a r t i c l e  s i ze  o f  iron-based c a t a l y s t  precursors. I n  p a r t i c u l a r ,  t he  methods 
t o  measure the  p a r t i c l e  s i z e  o f  Fe,O, and re la ted  phases appear t o  be we l l  
established. There i s  a need t o  perform add i t i ona l  experimental and theo re t i ca l  
studies t o  develop methods t o  measure the  p a r t i c l e  s i ze  o f  py r rho t i t es  which seem 
t o  be c a t a l y t i c a l l y  very important. I n  si tu techniques t o  measure p a r t i c l e  s i ze  
under reac t i on  cond i t ions  have t o  be developed. 
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Mossbauer Studies of Fe-Based Ultrafine Coal Liquefaction Catalvsts 

Bhaswati Ganguly, Frank E. Huggins, K. R. P. M. Rao, and G. P. Huffman 
233 Mining and Mineral Resources Building 

University of Kentucky 
Lexington, Kentucky 40506. 

ABSTRACT 

"Fe Mossbauer spectroscopy has been used to investigate a variety of ulaafine iron-based direct 
coal liquefaction catalysts having either FqO, or FeOOH smcture. The Mossbauer spectra of 
these catalysts showed pronounced superparamagnetic effects. The superparamagnetic relaxation 
spectra were analyzed as a function of temperature using a novel fitting model to determine the 
particle size distribution for these catalysts"'. The resulting size distributions are in the 
nanometer range and agree reasonably well with size information obtained by Scanning 
Transmission Electron Microscopy (STEM), SQUID magnetometry, and X-Ray Diffraction 
( X W .  

INTRODUCTION: 

In recent years, there has been renewed interest in the use of iron-based catalysts for 
direct coal liquefaction (DCL)(z-7'. In their as-prepared form prior to liquefaction, such catalysts 
are normally in the form of highly dispersed iron oxides and oxyhydroxides. The Mossbauer 
spectra of such fine iron oxide and oxyhydroxide particles exhibit pronounced superparamagnetic 
relaxation effects, which have been extensively inve~tigated'~~'~'. Many of these studies of the 
superparamagnetic relaxation behavior of small particles have been based on an average particle 
volume or  diameter'*."^"'. Kundig et alJ9' were the first investigators to describe a method for 
determining the particle-size distribution of a-Fe,O, by determining the percentage of the 
Mossbauer spectra in the form of magnetic hyperfine components as a function of temperature. 
The difficulty with this approach is that Mossbauer spectra are assumed to have sharp transitions 
from quadrupole doublets to magnetics on lowering the temperature. However, this transition 
occurs gradually, over a range temperatures. We have used a similar technique to estimate 
particle size distributions, with a novel model for fitting the Mossbauer spectra that incorporates 
a superparamagnetic component as well as magnetic hyperfine and quadrupole components. 

RESULTS AND DISCUSSIONS: 

When particles are small enough to behave superparamagnetically, the rapid relaxation 
of the particle spin system gives rise to complicated relaxation spectra which are superpositions 
of broadened magnetic hyperfine spectra, quadrupole doublets, and intermediate 
superparamagnetic (spm) spectra. Many papers have been written on the dependence of the 
shape of the Mossbauer spectra on the relaxation As shown by such authors as 
Wickman17, the relaxation time dependent Mossbauer spechum is given by: 
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where P, Q, R for a zero external magnetic field have the form 

P =z  [I-: - (A -a)’ + 6 , ]  +rj 
Q =r(A - W) 
R = ( A - w ) ( I  +2zr j )  

1 1 
2 2 

6, =-(w7-; -aj), A +aj)  

where z is the relaxation time in sec, w is the frequency (in set.') corresponding to the Doppler 
energy of each data point in the Mossbauer spectrum, and W, are the frequencies (in sec”) 
corresponding to the six allowed transitions between the Zeeman split energy levels. IC, are the 
Clebsch-Gordon coefficients with &= K,= 3, K,= K,= 2, and &= K,= 1 for zero external 
magnetic field. r, is the natural line width in set.' and is taken to be the same for all transitions. 

A novel method of fitting the spectra is developed, based on the fact that the shape of 
the Mossbauer spectrum changes with the relaxation time, which in turn can be realated to the 
size of the particle(”. Figure 1 shows the theoretical Mossbauer spectra of a-FqO, at room 
temperature as a function of particle-size, derived from Equation 1. It can be seen that at a given 
temperature, particles with a diameter exceeding some critical diameter, d, exhibit a magnetic 
hyperfine spectrum, while particles with a diameter less than some other critical value, d,. exhibit 
a quadrupole doublet. Particles having diameters d such that d, < d < d, exhibit spm relaxation 
spectra that are neither magnetic nor quadrupole in nature. A typical iron oxide catalyst will 
normally have a size distribution such that, over some range of temperature, some particles fall 
into all three size classifications, yielding spectra that are a mixture of magnetic, quadrupole, and 
spm relaxation spectra. The model consists of fitting the spectra with one or more magnetic 
hyperfine components corresponding to panicles with d 2 d,, one or more quadrupole 
components, representing particles with d < 4, and a single spm relaxation spectrum, 
representing particles for which d, < d < d,. 

To determine size distributions, the samples are run at several temperatures. The 
spectrum at each temperature is analyzed using.the model mentioned above. The percentage of 
iron Contributing to the magnetic hyperfine component is taken as the percentage of iron 
contained in particles of volume greater than the critical volume V, at that temperature. Figure. 
2 shows a an example of a fit obtained for a sulfated FqO, (run at room temperature) using this 
model, and the size distribution obtained by running this sample at different temperatures. The 
concept of assigning the percentage of iron contributing to the magnetic hyperfine spectra to 
particles exceeding a critical volume is similar to the approach of Kundig et al(*’. However, the 
incorporation of a spm relaxation component enables the magnetic and quadrupole components 
to be more accurately fit, leading to a correct magnetic percentage, rather than one which 
artificially incorporates a substantial amount of the spm spectral absorption. A more detailed 
discussion of this method and its application in determining the size distributions and structures 
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of a variety of iron-based coal liquefaction catalysts will be published elsewhere(','*'. 

SUMMARY: 

Mossbauer spectroscopy has been used to derive the size dispersion of a variety of 
ultrafine iron based direct coal liquefaction catalysts which show superparamagnetic behavior. 
A novel method of fitting the spectra was developed, in which the larger particles were 
represented by magnetic hyperfine components, the smaller particles by quadrupole doublets, and 
particles of intermediate volume by a spm relaxation spectrum. The size distributions were 
determined by measuring the magnetic hyperfine percentage as a function of temperature, each 
temperature corresponding to a critical diameter required for a magnetic Mossbauer spectrum. 
Comparison of the size distributions determined in this manner to size information obtained from 
TEM, SQUID magnetometry and XRD gave reasonable agreement"'. The advantage of this 
fitting model is that it does not assume any kind of standard distribution, but numerically fits the 
data itself as a combination of magnetic, quadrupole and spm component. Moreover, it is 
possible to obtain a rough estimate of the size distribution from a spectrum obtained at a single 
temperature, provided the spectrum exhibits a reasonable amount of all three spectral components 
(magnetic, quadrupole, and spm). 
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STRUCTURE AND PHASE TRANSITION OF AN ULTRAFINE IRON OXIDE 
CATALYST 

J .  Zhao. 2. Feng, F. E. Huggins. N. Shah and G. P. Huffman* 
233 Mining and Mineral Research Building 

University of Kentucky 
Lexington. KY 40506 

I. Abstract 
The structure and phase transitions of an iron oxide catalyst with average particle diameter of 
30A have been examined by means of X-ray absorption fine structure (XAFS) spectroscopy, 
thermal gravimetric analysis (TGA), Mossbauer spectroscopy. and transmission electron 
microscopy (TEM). The structure is found to be an FeOOH with surface iron ions at coordination 
unsaturated (CUS) sites or Lewis acid sites. At  annealing temperatures of 250 to 350°C. the 
sample only partly converts to larger a-Fe?O,, particles. The conversion rate is greatly accelerated 
if the sample is exposed in  air for several days. The results indicate that the 30A particles 
become linked by water molecules adsorbed at the CUS sites after air exposure. At elevated 
temperature, these water molecules are evolved from between the particles, facilitating both 
agglomeration of the particles and phase trtnsition to a-FezO,. 

11. INTRODUCTION 
In recent years, significant efforts have been made to produce highly dispersed iron 

catalysts for direct coal liquefaction (DCL), in order to increase suiface area and minimize 
catalyst loading. Improved dispersion and conversion rate have been obtained by modifying the 
surface structure by adding small amount of sulfur and other elements to the catalyst [ 11. Studies 
have shown that, at the sulfated iron oxide (Fe,0JS04) surface, coordination unsaturated (CUS) 
sites or Lewis acid sites are formed 121. I t  has been suggested that a sulfated surface may 
prevent agglomeration of small catdyst particles during reaction [ 11. The activity is also found 
to be sensitive to the surface conditions as determined by the moisture content of the catalysts 
[1,3]. These observation indicate that the suiface structure and surface conditions are crucial for 
catalyst performance, although the exact mechanisms are still unclear. 

11. EXPERIMENTAL 
The catalyst sample (NANOCAT"'") is manufactured by Mach I., lnc. In  addition to the 

as-received sample, several samples were prepared by annealing the as-received sample in air for 
24 hrs at temperatures from 250 to 500°C. To obseive the effect of moisture, part of the as- 
received sample was first exposed in  air for five days at  room temperature, and subsequently 
annealed at 250°C in air for 24 hrs. 

X-ray absorption spectra were collected at the National Synchrotron Light Source (NSLS) 
on beam line X-19A at Brookhaven National Laboratory. All spectra were collected in the 
transmission mode and at liquid-nitrogen temperature. 

Transmission electron micrographs and micro-diffraction patterns were obtained with a 
Hitachi H800 NA microscope. The operating voltage was set at 200kV for all samples. 

Mossbauer spectra were recorded with a constant acceleration spectrometer. The 

. 
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radioactive source consists of -50 nlCi of "Co in Pd maoix. Spectra were recorded at 10 K with 
an Air Products displex cryogenic system. 

Thermogravimetric analysis (TGA) were performed with a Seiko 320 TGADSC system. 

In. RESULTS 
Structure of the 30A Catalyst 

The EXAFS radial structure functions (RSF) of the 308, catalyst and several iron oxides 
and oxyhydroxides are shown i n  Figure I .  The position of the first Fe shell is close to that for 
oxyhydroxides. Least squares fitting for the 30A catalyst gives first Fe coordination shell at 3.01 
A. By comparing with the first Fe shell distances of iron oxides (2.92-2.95 A) and iron 
oxyhydroxides (3.01-3.05 A), we conclude that the structure of the 30A catalyst is oxyhydroxide 
(FeOOH) like. The x-ray absorption near edge structure (XANES) for the 30A catalyst is also 
similar to that for the oxyhydroxides. 

Although both EXAFS and XANES for the 30A catalyst indicates an FeOOH structure 
in which iron ions are coordinated by total six oxygens or hydroxyl groups, the intensity of pre- 
edge structure (Figure 2) of the catalyst is 1.7 times that for those octahedral oxides and 
oxyhydroxides. indicating that part of the iron ions have coordination less that six [4]. After an 
extended period of exposure of the sample to air, the average coordination number is increased 
as indicated by the decrease of the pre-edge peak. Therefore, these low coordination sites are 
likely to be at the particle suiface. These sites, created by dehydroxylation on the oxide surface, 
are also known as CUS (coordination unsaturated) sites or Lewis acid sites. More details of the 
structure analysis are given in Ref. 5 .  

Effect of Annealing 
The TGA cuive for the fresh 30A catalyst is compared to that of a-FeOOH in Figure 3. 

At temperatures c 300°C, a-FeOOH converts to a-F%O, by releasing H,O, resulting in 11% 
weight loss. For a-FeOOH. the phase transition occurs between 200 to 270°C. as shown in the 
figure. For the 308, catalyst. although a -12% weight loss at T > 700°C suggests that the above 
reaction does occur, no clear phase change was observed from room temperature up to 900°C. 

TEM micrograph of the snmple after 25VF annealing for 24 hrs indicates the coexistence 
of two phases (Figure 4a); the small particle 30A FeOOH phase and a larger particle (d=150A) 
a-Fe,O, phase. The volutne fraction and average particle size of the larger a -FqO particles 
increases with annealing temperature. However. a considerable percentage of the 308: particles 
appears to be unchanged even after 24 hrs annealing at temperatures up to 350°C which would 
completely convert a-FeOOH to a-Fe,O,. At  annealing temperatures of 400°C and higher, larger 
particles dominates and the particle size becomes uniform. The phase transition rate is greatly 
accelerated if the 30A catalyst is exposed to moist air before annealing. After annealing at 250°C 
in air for 24 hrs, the moisture exposed sample mainly consists of I q e r  particles with diameters 
of -l50A, as shown i n  TEM micrographs (Figure 4b). 

The percentages of the two iron phases i n  the annealed samples are determined by 
Mossbauer spectroscopy 161. After annealing at identical conditions, the as-received sample 
consists of 65% 308, FeOOH phase and 34% a-Fe20, phase, whereas the air-exposed sample 
consists of 26% 30A FeOOH phase and 73% a-Fe20, phase. 

IV. DISCUSSION 
The difference of phase transition rilles between the as-received and air exposed 30A 
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FeOOH catalysts at elevated temperature is attributed to their SllI'fdCe conditions., A suiface layer 
with CUS sites can effectively prevent not only the aggloineration of the small 30A FeOOH 
particles, but also dehydroxylation i n  the sample bulk, thereby slowing down the phase transition. 
However, after moisture exposure. the small 30%r panicles become linked by adsorbed H,O 
molecules on the surface. At  elevated temperature. these water molecules are evolved from the 
particle joints, leading to agglomeration and phase transition to a-FqO,. A diagram of this 
process is shown i n  Figure 5. It appears that the phase transition to a-FqO, occurs immediately 
after the agglomeration takes place. as indicated by the TEM and Mossbauer results, which show 
no trace of larger FeOOH particles. At annealing temperatures below 350°C. the rate of phase 
transition is determined mainly by the coverage of the water molecules adsorbed on the particle 
surface. Agglomeration and phase transition take place mainly in  those panicles linked by water 
molecules. At T > 350°C. the transition to a-Fe,O, is due to the dehydroxylation inside of the 
30A catalyst particle. It should be noted that only those H,O molecules adsorbed on the CUS 
sites may remain on the particle surface at T > 250°C or higher. Physisorbed H,O molecules, 
since the their bonding to the panicle surface is much weak, will be detached from the particle 
surface at temperature well below 250°C. 
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Figure 4. TEM micrographs of the as-received 30A catalyst (top) and moist air 
exposed 30A catalysts (bottom), after annealed at 250C for 24hrs. 
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CHARACTERIZATION OF SULFIDED 
IRON CATALYSTS 

Ram Srinivasan, Robert A. Keogh, and 
Burtron H. Davis 

Center for Applied Energy Research 
University of Kentucky 
3572 Iron Works Pike 
Lexington, KY 4051 1 

ABSTRACT 

An ultrafine iron oxide and a FeOOH sample were sulfided using a H,S/N, mixture 
at room temperature. The sulfided samples obtained at room temperature were also run in 
a microautoclave reactor using a temperature of 200°C for 30 min. using a H,S/H, 
atmosphere and tetralin as a solvent. The sulfided iron catalysts were characterized by 
TEM and EDAX. 

INTRODUCTION 

Coal liquefaction can be accomplished by thermolysis; however, it was quickly 
realized that improved yields could be obtained through the use of catalyst (1). One of the 
first catalysts studied was an iron oxide in one of several forms (1 -3) and is still widely 
used today (4). 

Initial coal liquefaction products may have very high molecular weights. These 
initial dissolution products are so large that they will not be able to diffuse into the smaller 
pores of most heterogeneous catalysts. It is therefore desirable that catalysts, especially 
those used in the reactor which involve the initial dissolution reactions. have the active 
component on the geometric surface of the catalyst particle. It is also desirable that these 
catalysts have a high surface area in order to obtain a high rate of conversion. These two 
factors indicate that the desirable catalyst will be one which is comprised of colloidal or 
smaller nonporous individual particles. 

Although a large volume of work has been carried out to determine product yield, 
reaction conditions, etc., very limited work has been available in terms of microscopic 
characterization of catalyst powders. The results presented in this work used an ultrafine 
y-Fe,O, (S.A. = 270 m'/g) and an y-FeOOH precursor which have been sulfided at room 
temperature and at higher temperatures. The characterization of these catalysts are 
pres en t e d . 

EXPERIMENTAL 

The y-Fe,O, and y-FeOOH were hydrated in a chamber saturated with H,O prior 
to sulfidation. Both catalyst precursors showed approximately a 28 wt.% gain in 48 hours. 
The dry samples could not be sulfided at room temperature. The catalyst precursors were 
sulfided using 5 mole % H2S in nitrogen. Approximately 29 of the hydrated precursors 
were placed in a flask containing z. 209 of tetralin and the H,S/N, mixture was bubbled 
through the catalyst/tetralin slurry. The resulting sulfided samples were stored in the flask 
under the H,S/N, atmosphere prior to running at 2WoC in the batch autoclave and 
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analysis. Aliquots of the sulfided catalysts/tetralin slurry were transferred to a 25cc 
microautoclave reactor. The reactor was pressurized to 800 psig (ambient) with a 10% 
H,S in H, and placed in a fluidized sand bath. The reaction was run at 200°C for 30 min. 

The samples for electron transmission microscopy (TEM) analysis were prepared 
in the glovebox in flowing nitrogen. A few drops of the sample were transferred to a 100 
cc beaker and washed with ethanol twice, and then ultrasonically agitated in ethanol. A 
drop of this suspension was placed on a carbon coated 200 mesh copper grids. Ethanol 
evaporated leaving a thin film of particles on the grids. These E M  grids were then 
transferred to a vacuum desiccator until they were inserted into the microscope. While 
transferring the samples into the microscope the samples were exposed to the atmosphere 
less than a minute. 

For TEM analysis, a Hitachi H800 NA scanning microscope was used at 200 kV. 
Microdiffraction and energy-dispersive X-ray (EDX) analyses were carried out in a 
nanoprobe mode (5 nm). This implies that the microdiffraction and EDX data obtained 
were from a 5 nm regions of the sample. This microscope is equipped with a silicon- 
lithium diode detector (Link) and a multi-channel analyzer (Tracor 500). The X-rays emitted 
by the specimen were collected in the range 0-20 KeV for 60 seconds. 

RESULTS AND DISCUSSION 

Room TemDerature Sulfidation of v-FeOOH 

Many agglomerated large "blobs" were seen for this sample. Microdiffraction 
patterns could not be obtained from these blobs. A typical electron micrograph is 
presented in Figure 1. EDX from these blobs yielded very strong FeKa and SKU lines. 
These large blobs easily disintegrated under the beam giving rise to a good dispersion of 
small hexagonal particles. A representative micrograph from such a dispersed area of the 
sample is presented in Figure 2. EDX from these particles showed only FeKa, and these 
individual particles yielded microdiffraction patterns. 

y-FeOOH Sulfidation at 2OO0C 

Contrary to the results of the above sample at room temperature, this sample 
contains large, thin hexagonal iron sulfide crystals. A typical micrograph of this sample is 
presented in Figure 3. EDX analysis of the large hexagonal crystals yielded strong signals 
for both FeKa and SKa lines. A typical electron microdiffraction pattern obtained from one 
such crystal is presented in Figure 4. This microdiffraction patterns indicates that the 
crystal is Fe,S, in [OOl],,p orientation. Microdiffraction patterns and EDX data from several 
hexagonal particles consistently proved that these large hexagonal crystals are Fe,S,. 

Room TemDerature Sulfidation of v-Fe,& 

This sample contains regions of free sulfur and needle-shaped a-Fe,O,. A region 
containing long needles of a-Fe,03 is shown in Figure 5. Electron microdiffraction pattern 
obtained from these particles indlcated that these sticks are a-Fe,O,. EDX data from these 
needles showed only FeKa. A typical region containing free sulfur in the form of flowers is 
shown in Figure 6. EDX from this region showed only sulfur. Also, regions containing 
hexagonal dense sulfur particles were evident as shown in Figure 7 .  No evidence for iron 
sulfide particles was obtained. Consequently, it appears that the a-Fe,O, converts H,S to 
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s plus H2, more likely, that the sulfide formed is oxidized during the brief exposure to air 
during sample transfer. 

-0, SuHidation at 2OOOC 

hexagonal particles. As before, the large, thin hexagonal particles were found to be Fe,S, 
crystals both by electron microdiffraction and EDX analyses. A bright field electron 
micrograph (Figure 8) shows the presence of both these two kinds of particles. A typical 
electron microdiffraction pattern obtained from one of the large hexagonal crystals is 
presented in Figure 9, which is [001],,, orientation. No free sulfur could be identified as 
was the case for the sample sulfided at room temperature. 
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Figure 1. Typical micrograph of the “blobs” from the room temperature sulfidation of 
y-FeOOH. 

I 

- ’2.- - ._ --- - - I 
Figure 2. Micrograph of the disintegrated “blobs” using the electron beam. 
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Figure 3. Microcgraph of the particles from the sulfidation of y-FeOOH at 2OOOC. 

Figure 4. Microdiffraction pattern of the sulfided y-FeOOH at 200°C. 
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Figure 5. Micrograph of the particles from the room temperature sulfidation of y- 

F e A .  

Figure 6. Micrograph of the region containing free sulfur from the room temperature 
sulfidation of y-FezO3. 
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Figure 7. Micrograph of the region containing hexagonal sulfur from the room 
temperature sulfidation of y-Fez03. 
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Figure 8. A bright field electron micrograph of the y-FezO3 sample sulfided at 200OC. 
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Figure 9. Microdiffraction pattern from the large hexagonal particles (yFe203) 
sulfidation at 200°C. 
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TRACKING IRON CATALYSTS IN HYDROTREATED BLIND CANYON COAL 

David A. Sommerfeld, Wisanu Tuntawiroon, Larry L. Anderson and 
Edward M. Eyring, Department of Chemistry and Department of 
Chemical and Fuels Engineering, University of Utah, Salt Lake 
City, UT 84112 

Introduction 

In the past several years we have researched the dispersion of 

iron based catalysts within coal and coal macerals. This work has 

focussed not only upon the dispersion itself, but also upon the 

effect of the catalyst dispersion on the efficiency of the coal 

liquefaction process. 

In experiments done with vitrinite and resinite macerals 

derived from Hiawatha (Utah) coal we found that an acetone soluble 

iron catalyst is more readily dispersed within the vitrinite than 

within the resinite maceral.' Using petrographic, IR spectroscopy 

and thermogravimetric analysis of the products, we determined that 

the vitrinite macerals had undergone a greater degree of 

depolymerization than the resinite maceral. In fact, the degree of 

aromaticity had increased in the resinite maceral indicating an 

L---- overall loss of hydrogen during the hydrotreatment process. This 

retrograde process in the resinite maceral was attributed to the 

incomplete dispersion of the iron catalyst throughout this 

maceral . ' 
Further research with a suite of coals from the Argonne 

Premium Coal Sample Program indicated that the C, H, 0 elemental 

composition of the coal plays an important role in the catalyst 

dispersion and the efficiency of the liquefaction process.2 It was 
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found that Wyodak, a low rank coal, gave a significantly greater 

yield of tetrahydrofuran (THF) solubles than does Pittsburgh #8, a 

higher rank coal. This result was attributed, in part, to the 

oxygen content of the coals. Wyodak coal has more oxygen, and this 

permits a greater degree of cross linking to occur during the 

hydrotreatment process. Cross linking preserves the pore structure 

of the coal thus facilitating the movement of the catalyst into the 

interior of the coal particle. In Pittsburgh # 8 ,  with a lower 

oxygen content than Wyodak coal, less cross linking occurs during 

hydrotreatment resulting in a poorer dispersion of the catalyst and 

a lower yield of THF solubles.3 

In the past year we have been working with different forms of 

iron based coal liquefaction catalysts. The present paper covers 

some of our latest results that involve a comparison of catalyst 

efficiency and dispersion for various iron based catalysts with 

Blind Canyon (Utah) coal (DECS-17 from the Penn State Coal Sample 

Bank). 

Experimental 

The results reported in the present preprint were obtained 

using sealed glass tube reactors. Each reactor vessel contained 

200 mg of catalyst impregnated DECS-17 coal and 400 mg of 9,lO- 

dihydrophenanthrene which served as the hydrogen donor for the 

experiment. The catalyst loading for these experiments was 1 wt% 

by iron (and 1 wt% Mo or W in the case of the bimetallic catalyst 

systems). The sealed reaction vessels were then heated at 350T 

for one hour. The THF solubles were obtained via soxhlet 
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extraction. 

Catalysts were prepared in the following manner: If the 

catalyst was a dry, insoluble powder,' the coal and catalyst were 

simply mixed together. Some coal samples were impregnated with 

catalysts derived from water soluble salts by an incipient wetness 

technique. The Mach 1 iron oxide catalyst was obtained from the 

Mach 1 Corporation (King of Prussia, PA). Presulfided Mach 1 was 

prepared in the following manner: 1 g of Mach 1 was placed in a 

tube oven. H,S gas (1 atm) was allowed to saturate the sample, 

which was then heated to 40OoC for two hours; the Mach 1 powder 

turned black. Upon exposure to air the catalyst underwent 

combustion and returned to a rust color. 

The degree of dispersion of the catalyst systems was 

determined by making electron probe microanalysis (EPMA) 

micrographs of the THF insoluble fraction of the product. EPMA is 

a technique which allows one to map the dispersion of a given 

chemical element within a sample by the detection of characteristic 

X-rays.4 The coal samples were mounted in Petropoxy 154 and 

polished to the required smoothness on a Syntron diamond paste 

polisher. Visual images were obtained using both secondary 

electron images (SEM) and back-scattered electron images (BSE) . 

EPMA micrographs were obtained for iron and sulfur, and when 

necessary for molybdenum and tungsten. 

The glass tube studies reported here will be repeated using a 

shaken, horizontal, tubing bomb reactor. These tubing bomb 

reactions will be done at 350°C for one hour and 2000 psig H,. THF 

solubles yields and EPMA micrographs will be obtained. 
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Results 

The present results are for the glass tube experiments. Data 

from the tubing bomb reactions will be presented at the Denver 

meeting. 

EPMA micrographs for raw, hydrotreated DECS-17 coal show very 

little background iron and no molybdenum. The expected sulfur 

background is seen evenly dispersed throughout the particle. The 

images obtained for the iron/molybdenum bimetallic, soluble salt 

derived catalyst exhibit the following pattern: The iron has fully 

penetrated the coal particle and maps onto the sulfur; the 

molybdenum has also entered the coal particle. To some extent the 

molybdenum has collected in two void spaces within the particle 

(Figures la and Ib). The EPMA micrographs of the 

iron/thiotungstate impregnated sample tell a different story. In 

this case the iron generally remains outside the coal particle 

(Figure 2a). The sulfur and tungsten EPMA micrographs map onto 

each other very nicely, but neither sulfur nor tungsten has fully 

penetrated the coal particle. Instead, the thiotungstate remains 

near the exterior of the coal particle forming a halo (Figure 2b). 

Two other samples were examined using EPMA. Both of these 

samples involved catalysts that are made of finely granulated iron 

oxide powders: Mach 1 and an Fe,O,/MoO, catalyst from the laboratory 

of Dr. Irving Wender (University of Pittsburgh). In the case of 

the presulfided Mach 1 catalyst the iron does not enter the coal 

particle. The iron and sulfur map onto each other indicating that 

some sulfur remains present even after the combustion process that 

214 



t -  

the catalyst underwent after presulfidation. The iron remains 

clumped together, a feature which was seen in samples treated with 

unsulfided Mach 1 (Figure 3 ) .  NO molybdenum was added, and no 

molybdenum was found in the EPMA micrographs. According to EPMA 

micrographs (not shown), the catalyst provided by Irving Wender 

also did not enter the coal during hydrotreatment. The EPMA 

micrographs of the coal (not the catalyst) particles show typical 

native sulfur and iron backgrounds and no trace of molybdenum. 

Due to the inherent uncertainties, associated with the use of 

sealed glass tubes (i.e., loss of gaseous products and incomplete 

collection of the solid product), we do not report any THF solubles 

yields in this preprint. THF solubles yields will be reported at 

the Denver meeting for the reactions conducted in the tubing bomb 

reactors. 

Conclusions 

Water soluble salts are the most completely dispersed 

catalysts in the coal particles. In the case of the 

iron/molybdenum combination, the metallic species have fully 

penetrated the coal particle. Even though Mach 1 exists as a very 

fine particulate (average diameter 30 A) it does not enter the coal 
particle. If the efficiency of the coal liquefaction process 

depends upon catalyst dispersion then soluble catalysts introduced 

by the incipient wetness technique have a significant advantage 

over insoluble, particulate based catalyst systems. 
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Figure l a .  This EPMA micrograph is 45pm by 4 5 p .  The coal 
particle occupies the left and center of the image. Iron is well 
dispersed throughout this region. Note two void spaces circled in 
the figure 

Figure Ib. The EPMA micrograph is 45pm by 4Spm and maps the Mo 
content of the coal particle. The coal particle occupies the left 
and center of the image. The Mo is well dispersed throughout the 
particle with two regions of greater concentration (circled) 
occurring in void spaces of the particle. 
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Figure 2a. The EPMA micrograph is 45pm by 45pm and represents the 
iron distribution in the coal particle. In this image the coal 
particle occupies the top and center. Only a small area has been 
penetrated by iron along the right side of the particle. 

Figure 2b. The EPMA micrograph is 45pm by 45pm and represents the 
tungsten distribution within the coal particle. The tungsten has 
not fully penetrated the particle. Instead, it forms a halo at the 
edges of the coal particle. 
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Figure 3. The EPMA micrograph is 45pm by 45pm and represents the 
iron distribution within the coal particle. In this image the coal 
particle occupies the center. The iron has not entered the 
particle and remains clumped outside the coal particle. 

219 

I 
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J.Y. Kim, P.J. Reucroft and M. Taghei 
Department of Materials Science 8c Engineering, 
University of Kentucky, Lexington, KY 40506 

V.R. Pradhan and I. Wender 
Chemical Petroleum Engineering Department, 
University of Pittsburgh, Pittsburgh, PA 15261 

INTRODUCTION 

Iron based catalysts with a high specific surface area and fine particulate size can be 
utilized at small concentrations to achieve better performance in terms of overall coal 
conversion and selectivity to lighter products (oils) in direct coal liquefaction.' Since the 
surfaces of catalysts are the primary site of catalytic activity, efforts have been directed to 
characterizing catalyst surfaces in coal liquefaction environments. X-ray photoelectron 
spectroscopy (XPS) has been used to study the iron-based catalyst impregnated liquefied 
Blind Canyon coal residue samples at different liquefaction processing times (17.30 and 
60 minutes). It was shown that the concentration of elements at the outermost surface 
layer of samples measured by X P S  is similar to that determined in the bulk by chemical 
analysis but differs from the bulk composition in some important respects? In order to 
more carefully delineate the differences in the distribution of the elements and chemical 
changes between the surface and the bulk, the samples have been further analyzed by 
combining At+ ion sputtering with XPS measurements. Special emphasis has been 
focused on the surface to bulk dishbutions of the catalytic elements iron and sulfur. The 
Fe peaks were not observed for most samples unless Ar' ion sputtering was carried out 
for long times. The S P e  (catalyst element) ratio, which was initially greater than 1, 
decreased consistently to less than 1 as time of Arc ion sputtering was increased. 

EXPERIMENTAL 

Three different liquefaction processing times (17, 30 and 60 min.) of iron-based 
catalyst impregnated Blind Canyon coal samples were investigated in the surface 
characterization studies. Liquefaction conversion was carried out at 400 OC with tetralin 
as solvent (1:l.S coal/dvent ratio) after adding Fe,OJSOt. so that the proportion of Fe 
was 5% by weight. Dimethyl disulfide was also added in amounts equivalent to Fe to 
promote sulfidation of the catalyst. The catalyst impregnated liquefied Blind Canyon 
coal residues were removed in liquid-like form after 17, 30 and 60 minutes and kept in a 
vacuum oven at 65 "C for 2 days to remove volatile material in the residue without 
exposing to an air atmosphere. The liquid-like samples were then mounted on the 
spectrometer probe tip by means of double-sided adhesive insulating tape. After heat 
treating at 65OC for 10 hours in a preueatment chamber to remove remaining volatile 
materials from the coal residues, the samples were insened into an ulaahigh vacuum 
chamber for surface analysis. To exclude the possibility of recording contaminants 
associated with the tape, the tape was also analyzed separately. It was found that the 
constituents of tape were not detected by XPS, and that the photoionization signals were 
characteristic of the samples alone. 
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The samples were examined by XPS employing a Kratos XSAM 800 spectrometer 

using Mg Ka (hv = 1253.6 eV) radiation. The specbumeter was run in Fixed Analyzer 
Transmission (FAT) mode at pass energy of 11 kV and 13 mA. Under these conditions, 
the FWHM of Ag (MSR ) peak is = 1.0 eV. The system pressure never exceeded 3xlW 
torr during spectra acquisition. In situ Ar+ ion sputtering of the residue samples was 
carried out using a differentially pumped and tomputor controlled 3M mini-beam ion 
gun. The ion beam was adjusted so that edge effects were minimized. Incident ion 
energy used was 3.5 kV and the sample currents were kept around 30pA (estimated 
etching rate was approximately 25 Angsbumshnin, as determined from a Si% standard 
film). The pressure in the main chamber was kept below 4x104 torr during ion sputtering. 
After ion sputtering, a consistent increase in the FWHM for all elements was found with 
increasing ion dose. No compensation was made for charging of the samples. 

RESULTS AND DISCUSSION 

The initially recorded XPS spectra showed a distinct peak for each of the major 
elements, carbon, oxygen, and silicon, as well as the minor components, sulfur and 
nitrogen in each sample. Binding energies of these elements showed the expected values 
for the most stable oxidation state and were similar to those reported previou~ly.~ 
However, Fe was not observed initially in the surface regions of the liquefied coal residue 
particles. A relatively high oxygen concentration was determined initially at the surface 
by X P S  before sputtering, but a sharp drop in oxygen concentration was subsequently 
observed. This surface enrichment of oxygen can be ascribed to air oxidation and the 
oxidized layer thickness was estimated to be 50-60 nm. 

Two peak components were initially observed in the case of the surface sulfur XPS 
signal. The peak at 168 eV, can be ascribed to oxidized sulfur, Le.. organic plus inorganic 
(sulfate), while the other at 163 eV corresponded to inorganic sulfide plus the usual 
organic sulfur forms present in coal (thiophene, sulfides, mercaptans). As sputtering 
increased, the sulfate peak decreased and finally disappeared, while the sulfide peak 
showed an increase in intensity. This observation is in agreement with the decrease of 
oxygen concentration which was observed as the sputtering increased. These results are 
similar to those reported previously? 

The Fe peaks were not observed initially for most samples unless ion sputtering was 
carried out for at least 30 minutes. As the liquefaction reaction time increased from 17 to 
60 min, sputtering time had to be further increased in order to observe the Fe peaks. 
Catalytic elements such as iron and sulfur showed a systematic trend towards higher 
concentrations of each sample after 30 min Ar+ sputtering. The results are shown in 
Figures 1.2, and 3. From these results, it can be concluded that the iron catalyst particles 
are well encapsulated in either oxide layers or within other organic materials from the 
coal residues. 

The S/Fe (catalyst element) ratio, which was initially p t e r  than 1, decreased 
consistently to less than 1 as time of Ar+ ion sputtering was increased (Tables 1 ,2  and 3). 
This is also shown in Figures 1,2 and 3 for liquefaction times of 17,30 and 60 minutes, 
respectively. EXAFS and Mossbauer studies have shown that under the liquefaction 
conditions that were employed i.e., after adding dimethyl disulfide to the catalysrjcod 
residue mixtures, the ion catal st is converted to iron sulfide (pyrrhotite) within a few 
minutes of starting the reaction. 1 Funher analysis is currently underway. 
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SUMMARY AND CONCLUSIONS 

Surface analysis combined with depth profiling shows that the sulfurhon 
stoichiometry varies in iron catalystfliquefied coal residues that have been exuacted from 
coal liquefaction environments. The catalyst elements become increasingly more 
encapsulated in the carbonaceous material as the processing time increases. The S/Fe 
atomic ratio approaches 0.7 to 0.9 inside the coal residue particles. 
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S 

Fe 

S/Fe 

Table 2. XPS Catalyst Element Depth Profile for Ar+ Sputtered 30 min Liquefied 
Coal Residues (atomic 76) 

Omin 10min 20min 30min 40min 50min 60min 

0.38 0.48 0.76 0.50 0.58 0.73 0.89 

- , 0.40 0.73 0.89 1.24 

1.25 0.79 0.82 0.12 

S 
Fe 

S/Fe 

Table3. XPS Catalyst Element Depth Profile for Ar+ Sputtered 60 min Liquefied 
Coal Residues (atomic %) 

Omin 10min 20min 30min 40min 50min 60min 

0.25 0.23 0.34 0.43 0.51 0.72 0.97 

0.20 0.45 0.69 1.12 

2.15 1.13 1.04 0.87 

S 
Fe 

S/Fe 
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Omin 10min 20min 30min 40min 50min 60min 

0.62 0.53 0.42 0.38 0.37 0.62 0.63 

0.17 0.23 0.52 0.74 

2.24 1.61 1.19 0.85 
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Figure 1. Depth Profile of Elements for 17 min. Coal Liquefaction Residue 
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Figure 2. Depth Profile of Elements for 30 min. Coal Liquefaction Residue 
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Figure 3. Depth Profile of Elements for 60 min. Coal Liquefaction Residue 
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The efficiency of the initial reactions of coal during coal liquefaction will 
have significant impacts on downstream processing (including catalyst usage, 
reaction severity, product yields, product quality) and hence on process 
economics. Reactions that result in compounds with low molecular weights and 
decreased boiling points are beneficial, whereas retrogressive reactions, which 
yield higher molecular weight compounds that are refractory to further 
processing, decrease process efficiency. Likewise, reactions that result in 
decreased sulfur, nitrogen, and oxygen contents and increased hydrogen contents 
In the products are beneficial. The use of unsupported fine-particle (C40 nm) 
catalysts during initial coal processing has the potential to enhance desired 
reactions and minimize retrogressive reactions. The potential advantages of 
using fine-particle size catalysts include improved dispersion of the catalyst, 
improved coal/catalyst contact, and the potential for using low amounts (50.5% 
based on the weight of coal) of these novel catalysts due to their very high 
surface areas. These catalysts could be combined with the coal or coal-solvent 
mixture as either active catalysts or catalyst precursors that would be 
activated in situ. Several methods of combining catalyst and coal, such as 
physical mixing or using a catalyst-hydrogen donor slurry, are possible. 
Ideally the fine-particle catalysts would be inexpensive enough to be 
disposable. 

The Pittsburgh Energy Technology Center's (PETC) Advanced Research (AR) Coal 
Liquefaction Program has many research projects to develop fine-particle size 
catalysts that are active for reactions of interest in direct coal 
liquefaction: hydrogenation, carbon-carbon bond breakage, and heteroatom 
removal. However, it is difficult to compare results among researchers because 
of the variety of testing procedures used including different reactors, 
reaction temperatures, reaction times, pressures, hydrogen donor solvents, 
solvent to coal ratios, and workup procedures. In addition, some catalyst 
developers in the AR program do not have any testing capabilities for direct 
liquefaction. The objectives of the work reported here are to develop standard 
coal liquefaction test procedures and t o  perform the testing of the novel fine- 
particle size catalysts being developed in the PETC AR Coal Liquefaction 
Program. 

EXPERIMENTAL PROCEDURES 

naterials 
The coal being used in this project is the DECS-17 Blind Canyon Coal obtained 
from The Penn State Coal Sample Bank. 

* This work was supported by the U. S. Department of Energy at Sandia National 
Laboratories under contract DE-AC04-76DP00789. 

The coal, which is packaged under an 
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inert atmosphere in sealed foil bags with a plastic liner, is stored in a 
refrigerator prior to use. The coal i s  a HVA bituminous coal with 0.36% iron, 
0.02% pyritic sulfur, and 7.34% mineral matter (on a dry basis). The particle 
size is -60 mesh. The coal is riffled three times with remixing prior to 
taking splits. 1,2,3.6,7.8-hexahydropyrene (lis+) and 9,10-dihydrophenanthrene 
(DHP) were evaluated as hydrogen donors for use in the standard tests. Hew 
was obtained from Aldrich (98% purity), and DHP was obtained from either 
Aldrtch (94% purity) or Janssen Chimica (97% purity). Pyrite (99.9% pure on a 
metals basis) with a -100 mesh particle size was obtained from Johnson-Matthey. 
An X-ray diffraction pattern taken on this material showed only pyrite. The 
surface area of the pyrite is 0.7 mZ/g as measured using BET techniques. 
Stabilized tetrahydrofuran (THF) and heptane are used in product workups. 

Reactors 
The testing is being performed using batch microautoclaves consisting of a 
0 . 7 5 "  OD Swagelok "T" connected to 0.375" OD high pressure stainless steel 
tubing. A Whitey plug valve at the top of the tubing is used for pressurizing 
and depressurizing the reactors. A thermocouple was inserted into the reactor, 
and a pressure transducer was attached. The total volume for a reactor is 
43 cm3 with a liquid capacity of up to 8 cm3. Four reactions can be run 
simultaneously. After being charged with the reactants (coal, hydrogen donor 
solvent, high pressure gas, and other additives required by the experimental 
design such as catalyst or sulfur), the reactors are rapidly heated to 
temperature in a fluidized-sand bath while being agitated at 200 cycles/sec 
with a wrist-action shaker. Temperatures and pressures are recorded with a 
digital data acquisition system during the course'of the experiments. 
Following the heating period, the reactors are rapidly quenched in a water bath 
to ambient temperature, a gas sample is taken. and the liquid and solid 
products are removed for analysis. 

Product Analvses 
The primary criteria for evaluating catalysts are based on coal conversion. 
Reaction product analyses that are performed routinely include THF and heptane 
solvent solubility determinations, gas chromatographic (GC) analyses of the 
hydrogen donor, and analyses of gas products. Solvent solubilities are done 
using pressure filtration procedures with a Millipore 142 mm diameter pressure 
filtration device and Duropore (0.45 micron) filter paper. Quantitative GC 
analyses using methylnaphthalene as an internal standard are performed on the 
THF soluble material to determine the recovery of the hydrogen donor and the 
amounts of both DHP and phenanthrene present in the product. The quantity of 
each gas in the product is calculated using the ideal gas law. the mole percent 
in the gas sample as determined from a Carle GC using standard gas mixtures, 
and the post-reaction vessel temperature and pressure. 

RESULTS AND DISCUSSION 

Two important aspects of the catalyst testing program are the development of 
standard test procedures and the development of a statistical experimental 
design. 

Standard Test Procedures 
The standard test procedures cover both performing the reactions and doing 
product workups. He+ and DHP were evaluated for use as hydrogen donors in 
the standard tests. DHP was chosen because it is less expensive than HaPy 
and has a lower melting point (32-35%) that could help ensure good mixing. 
It also performed well in experiments. Current coal liquefaction processing 

228 



configurations use approximately a 2 : l  hydrogen donor solvent to coal ratio. 
In addition, some of the better recycle solvents from large-scale processes 
contain about 1% donatable H,, which is considered very good. Use of DHP at 
a 2:l donor so1vent:coal ratio gives about 1% donatable hydrogen and a high 
1iquid:coal ratio for aiding catalyst dispersion. 

Procedures have been set up to obtain excellent temperature control during 
the course of the reactions. The average temperature is routinely within one 
degree of the desired temperature and the standard deviation is d o c .  Heat- 
up times are about 3.5 minutes for 400oC reactions and quench times to 
temperatures <50oC are about 2 minutes. 

After the gas samples are collected, the reactors are opened and the Swagelok 
tees and end caps containing the product are sonicated in THF, soaked in THF 
overnight, and then sonicated again prior to filtration. The total time the 
liquid products are in THF is about 17 hours. The volume of THF used in this 
reactor cleaning is 200 ml. Typically, three filter papers are used for THF 
filtration. The filter cake is rinsed with THF prior to opening the device. 
After the filtration is complete, the filter paper is dried in a vacuum oven, 
cooled to room temperature and weighed to determine the insoluble portion. 
The THF solubles are then rotoevaporated to about 50 to 60 ml volume, 
quantitatively transferred to a 100 ml volumetric flask and brought to 100 ml 
volume after the solubles have cooled to room temperature. A 1 ml portion is 
removed and used for determination by GC of the hydrogen donor recovery, 
including both DHP and phenanthrene. The remaining 99 ml is rotoevaporated 
until there is no weight loss after 10 minutes of rotoevaporating. A 
stirring bar is added to the flask and 200 ml heptane is added with constant 
stirring. This heptane/product mixture is then pressure filtered to obtain 
the weight of heptane insolubles. 

S-gQ 
There are two main reasons for using an experimental design: to enable good 
comparisons among novel catalysts and to obtain more information with fewer 
experiments. This procedure will give statistical information regarding the 
results and will yield optimum processing conditions for each catalyst over 
the ranges of the variables studied. The statistical experimental design 
(Figure 1) that was chosen evaluates the effects of three variables: time (20 
to 60 minutes). temperature (350 to 400OC) and catalyst loading ( 0  to 1 wt% 
on a weight of as-received coal basis). These conditions are consistent with 
process conditions used in coal liquefaction. An additional advantage of 
using an experimental design is that the impacts of additives, such as sulfur 
required to activate an Fe,O, catalyst, can be easily evaluated by adding 
sulfur to the thermal baseline reactions. 

This experimental design was evaluated by each of two operators using pyrite. 
Pyrite was chosen because it is a known iron catalyst in coal liquefaction, 
is commercially available, and is easy to work with, 

The hydrogen donor recoveries (including both DHP and phenanthrene) were 
greater than 90% for all the reactions. At the lower severity conditions 
about 83% of the donor product was DHP, whereas at the higher severity 
conditions only 24% was DHP. The non-hydrogen gases detected in the reaction 
products were GO,, GO, CH,, and C,H,. The quantities of these gases produced 
ranged from 0.23% (dmmf coal basis) for the lowest severity conditions to 
2.21% for the highest severity conditions. Table 1 shows the measured, gas 
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corrected THF conversions and heptane conversions obtained by each operator 
for the nine sets of process conditions in the experimental design. It also 
gives the average conversions and the standard deviations. The THF results 
show good reproducibility. The largest standard deviation is 4.09 for the 
center point of the cube. This high value is consistent with the fact that 
both operators indicated the products from runs made at these conditions are 
the most difficult to filter. %e equation obtained by fitting the THF 
conversion data to a linear model is as follows: 

THF Conv( % ) - 70.908+ (+/- ) 16.938+ (+/- )6.931+ (+/- ) 1.091+ (+/ - ) (+/ - ) ( - 1.956) 
Where: 

70.908 Center Point Conversion 
16.938 Temperature Effect 
6.931 Time Effect 
1.091 Pyrite Effect 
-1.956 Time x Temperature Interaction 

The r2 value for the fit of the THF data to this equation is 0.987. To 
calculate the THF conversion for a given set of reaction conditions choose 
either the + or - in each (+/-). Use + for each high value: 4OOOC or 60 
minutes or 1 wt% catalyst. Use - for each low value: 35OoC or 20 minutes or 
no catalyst. This analysis shows that the largest effect is due to 
temperature, followed by time and finally pyrite addition. There is also 
some interaction between temperature and time. No other interactions were 
observed. The calculated THF values for the points on the cube are shown in 
Figure 2. The results show that the impact of a 1% pyrite addition is to 
increase the THF conversion by 2.2%, which is a statistically significant 
increase. It also shows that the effect is the same at both the lowest and 
highest severity conditions. 

The measured heptane conversions in Table 1 show much greater variability 
than the THF conversions. Approximately halfway through the experimental 
design, it was observed that there was a systematic difference between the 
heptane conversion values obtained by the two operators. Therefore, the 
procedure was revised to ensure that both operators were doing the workups 
the same way. The results for the runs that were made after this change are 
indicated with an "*". A comparison of the results from the revised 
procedure to those from the old procedure shows significant improvement in 
reproducibility. All of the measured heptane conversions were used in the 
linear modeling effort because there would not be enough data if the old 
workup procedure results were discarded. The equation obtained by fitting 
the heptane conversion data to a linear model is as follows: 

Heptane Conv(%) - 19.958+(+/-)13.020+(+/-)5.255+(+/-)(+/-)2.406 
Where: 

19.958 Center Point Conversion 
13.020 Temperature Effect 
5.255 Time Effect 
2.406 Time x Temperature Interaction 

The rz value for the fit of the heptane conversion data to this equation is 
0.957. This analysis 
indicates that the largest effect is due to temperature, followed by time. 
Pyrite addition had no effect on heptane conversion. There is also an 

The calculated heptane values are shown in Figure 3. 
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interaction between temperature and time. No other interactions were 
observed. The estimates of standard errors associated with this data could 
probably be improved by repeating the experimental design using the new 
workup procedure for all experiments. This might show somewhat different 
results. The heptane conversion (4.09%) for 350% for 20 minutes is equal to 
that obtained from the as-received coal. 

Operator effects were also analyzed as part of the statistical analysis of 
the results. Operator effects include both effects between operators and 
within each operator. The results were as follows: 

ESTIMATES OF STANDARD DEVIATION 
SOURCE THF CONVERSIONS H m  

Between Operators 0.23 0.31 
Within Operators 1.78 0.95 

These results show good reproducibility both between operators and within 
each operator and thus indicate that there are no systematic differences in 
the procedures used by the operators. Only the results from the new workup 
procedure were used in this analysis of the heptane conversions. 

SmMARY 

The results of the experiments performed using pyrite have shown that small 
differences in activity can be detected by using a statistical experimental 
design. The differences in THF conversion were 2.2% between thermal and 
catalytic reactions. This difference was unaffected by changes in reaction 
time and temperature over the parameter ranges used in this study. The 
results also show that the experimental procedures (with the revised heptane 
conversion techniques) can be well duplicated between operators and within a 
single operator. 

FUTURE WORK 

Future work will include repeating the statistical experimental design to 
determine if the revised heptane procedure impacts the conclusions. The 
hydrogen donor to coal ratio will also be varied to determine the effects on 
catalyst activity. Efforts will be made to develop a procedure for obtaining 
information on the quality of the reaction products by'performing elemental 
analyses on the THF and heptane insoluble materials. Testing of a novel 
catalyst being developed by I. Wender at the University of Pittsburgh will be 
initiated. This will be the first novel catalyst that will be evaluated 
using this experimental design. 
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TABLE 1. MEASURED CONVERSIONS 

THF RESULT S HEPTANE RESULTS 
TEMP TIPlE CAT OPERATOR OPERATOR 

350 20 0 42.5 44 .0  43.2 1.05 3 .0  6.6 4.8 2.55 
400 20 0 82.2 7 9 . 2  80.7 
350 60  0 61.4 60.9 6 1 . 1  

mIre&L&€Ll A#2 ~~ AI- AL ~~ 

400 60  0 93.0 91.6 92.3 
91.7 
92.9 

65 .1  
70 .6  73.7 

44.5 46.9 

375 40  0 .5  74.6 74 .9  71 .8  

350 20 1 47.2 45 .9  46.1 

400 20 1 84.0 83 .9  83 .9  
350 60 1 62.1  64 .9  63.5 
400 60 1 93.2 92.6 92.8 

* -Revised work up procedure 
92.7  92.7 

2.16 25.6* 25.1* 
0.34 6 . 6  13.0 
0.72 37.8 4 8 . 4  

39.9* 
42.5* 

17.6* 
14.1* 16.4* 

1 . 2 0  2 .4  3.9 
4.9* 7.3* 

0.03  26.7* 27.4* 
2 .02  11.3* 11.7* 
0.28 35.0 40.4 

41.9* 42.9* 

4 .09  15 .7  22.2 

25.3 0 .33  
9.8 4.53 

42 .1  4.58 

17 .2  3.07 

4 .6  2.05 

27.0 0.45 
11.5 0.26 
40 .0  3.53 
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Flgure 2. MF conversions: Calculated 
from the linear model 
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ABSTRACI 

During the course of a series of reactions designed to examine the differences in carbn  deposition 
characteristics exhibited by CO and OH4 over iron an unexpected pattern of behavior was found. 
Exposure of the metal to a C2H4-W mixture at 600°C resulted in only minor decomposition of the 
olefin, however, upon addition of a small amount of CO to the system, there was a dramatic 
increase in the amount of filamentous carbon formed, of which the major fraction could be 
attributed to decomposition of c2H4. Maximum reactivity was achieved with a C2H4-CO-HZ 
(3:l:l) mixture and it was apparent that CO was responsible for not only promoting the formation 
of solid carbon, but also inducing the conversion of C2H4 to C2H6. Removal of CO from the 
system resulted in a rapid decline in catalytic activity, however, upon re-introduction of CO activity 
was restored to its initial high level, indicating that the reversible nature of the activation- 
deactivation processes. This behavior is rationalized in terms of a reconstruction of the iron 
surface in the presence of coadsorbed CO which results in the possible formation of various faces 
with differing reactivity characteristics, and a relaxation when CO is removed from the reactant. 

INTRODUCTION 

The high activity of iron with CO has only been observed when some additive gas such as 
hydrogen, water vapor or other oxygenates were mixed with the reactant [I-31. Dry and 
coworkers [2] reported that in all the cases where enhancement of carbon deposition was observed 
then hydrogen was shown to be present within the catalyst bed. They suggested that the increase 
in solid carbon formation was related to the ability of hydrogen to strengthen the adsorption 
characteristics of CO to the iron and as a consequence increase its rate of decomposition. 

It is known that disproportionation of CO takes place via the Boudouard equilibrium, 

2 c o -  c+cm (1)  

which favors the right side at temperatures below 700'C. The promotional effects of hydrogen on 
the decomposition of CO have been interpreted in two ways. The first, the occurrence of a 
secondary reaction (CO hydrogenation) to produce solid carbon [1,3]: 

co+H2 - c+mo 12) 

In addidon to this process, hydrogen adsorbed on the metal surface was also found to catalyze the 
Boudouard reaction and this effect has been explained by the ability of hydrogen to decompose 
inactive metal carbides into the catalytically active metallic phase [l]. There have been nummus 
investigations which have dealt with the interaction of CO and hydrogen on transition metal 
surfaces and these have been comprehensibly reviewed by VanNce [4]. It is generally agreed that 
the uptakes of CO and hydrogen are mutually enhanced by a coadsorption procedure compared to 
that of either gas alone and this aspect was rationalized in terms of the formation of a surface 
complex between the two adsorbate molecules. 
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Perhaps the clearest understanding of the interaction of CO-H2 with iron comes from recent surface 
science studies performed by Madix and coworkers [5,6] of the coadsorption of CO and HZ on 
Fe(100) surfaces. It was suggested that adsorbed CO induced a weakening in the suength of the 
Fe-H bond, which triggered the formation of a potentially more reactive hydrogen species. In a 
subsequent investigation Burke and Madix [7] demonstrated the validity of this argument in 
experiments where the introduction of CO onto an iron surface pre-saturated with hydrogen 
brought about the formation of ethane from coadsorbed ethylene, a reaction which did not occur in 
the absence of CO [8]. 

The. current investigation was undertaken in an attempt to gain a fundamental understanding of the 
differences in the reactivity of ethylene-hydrogen mixtures both in the absence and presence of 
carbon monoxide, when passed over an iron catalyst. 

EXPERIMENTAL 

The experiments reponed here were carried out in a flow reactor system operated at 1 a m  total 
pressure. There was provision for taking samples at various intervals during reaction for gas 
product analysis by gas chromatography. Powdered iron catalyst samples (50 mg) were held in a 
ceramic boat which was placed at the center of the reactor tube. After reduction of the sample in a 
10% H2-He mixture for 2 hours at 600°C. the system was flushed with helium and then the 
reactant, either pure CO, CO-H2, CZH4-H2 or CO-C2H4-H2 mixtures, was introduced into the 
system and allowed to react with the iron catalyst at 6oooC for periods of up to 5 hours. The total 
amount of carbon deposited during the experiment was determined by weight difference. The 
composition of the gas phase was monitored as a function of time from analysis performed in a 
Varian 3400 GC equipped with a 30 m megabore column (GS-Q). Iron powder (200 mesh) was 
obtained from Johnson Matthey Inc. (99.99% purity) and had a BET nitrogen surface area of 0.3 
m2/g-* at -196OC.. The gases used in this work CO (99.9%), hydrogen (99.999%), ethylene 
(99.99%) and helium (99.99%) were obtained from Alphagaz company and used without further 
purification. 

RESULTS AND DISCUSSION 

Iron Catalyzed Decomposition of C2H4-HZ and CO-CZH4-HZ Mixmres 

When CZH4-H2 (3:l) mixture was passed over iron at 600°C, the reactivity of the system was very 
low, only about 0.43% of solid carbon being produced with no detectable amounts of other 
products being formed. This is consistent with the notion that iron is not a very active 
hydrogenation catalyst in its pure form @I. After a period of about 1 hour, CO was i n d u c e d  
into the feed gas in sufficient concenmtion to create a CO-CW4-H2 (1:3:1) mixture. The addition 
of CO to the reactant resulted in a dramatic increase in the percent of ethylene undergoing reaction, 
rising from 0.51 to 79.7%, over a 30 min period of time. It appears that the presence of CO 
induces changes in the surface of the iron catalyst which enhances its ability to adsorb and 
decompose ethylene. 

In a further series of experiments, initially a CO-CZH4-HZ (1:3:1) mixture was passed over an imn 
catalyst, and the same high levels of ethylene decomposition as those produced in the previous 
experiment were obtained. After 80 minutes reaction time, the CO flow was stopped and this 
action resulted in a dramatic decrease to around 0.5 %, a level comparable to that obtained with a 
CZH4-H2 (3:l) mixture in the previous experiment. When the CO flow was re-introduced into the 
feed 45 minutes later, the percentage of ethylene undergoing reaction was restored to the original 
high level. This sequence of events indicates that the catalyst activation-deactivation process is 
reversible and the high olefm decomposition activity occurs only when CO is present in the reactant 
mixture. 

235 



In order to investigate the details of the influence of CO on the decomposition of ethylene, the ratio 
of CO in CO-C2H4-H2 mixtures was varied from 0 to 1 (CO fraction = c o / ( c o + c 2 .  The 
gaseous product dismbution obtained with the various mixtures are presented in Table 1. Since the 
amount of methane produced was relatively small and that produced from CO was negligible with 
the feed containing a small portion of hydrogen, the error resulting from the approach should not 
be appreciable. Inspection of this data shows that coadsorption of CO on the iron catalyst not only 
promotes the formation of ethane via the hydrogenation step, but also has a tremendous impact on 
the fate of the carbon species produced on the metal surface from the C-C bond cleavage of the 
adsorbed ethylene molecules. It is known from previous studies [8] that in the absence of CO, 
ethylene adsorbs reversibly without dissociation on hydrogen pre-saturated iron surfaces and it is 
therefore not surprising to find that very little solid carbon is produced on the metal. In the 
presence of CO, the metal is activated towards ethylene decomposition and the carbon species 
formed at the surface proceed to dissolve into the bulk of the particle and eventual precipitation at 
the rear faces in the form of a filament. This is obviously a facile process since filamentous carbon 
is formed in abundance and its growth is sustained for relatively long periods of time. 

When CO is removed from the reactant then the fraction of ethylene which decomposes declines to 
the level exhibited by the CO-free iron surface. On re-inaoduction of CO the amount of ethylene 
which is decomposed is quickly restored to a high level demonstrating the reversible nature of the 
promotional effect. It is possible that adsorption of CO induces reconstruction of the surface to a 
configuration which facilitates rupture of the C=C bond in ethylene. Elimination of CO from the 
system causes a relaxation of the reconstructed surface to a structure which no longer favors 
ethylene decomposition. It is also worth taking into consideration the possibility that the presence 
of CO produces electron perturbations which alter the bonding characteristics between the ethylene 
and metal surface atoms. 

It is interesting to compare the relative amounts of methane formed in the present system with that 
produced from the decomposition of CZH4-HZ mixtures over copper-nickel alloy particles [9] 
where over 20% of the ethylene decomposed to form methane. The excessive amount of methane 
generated in this latter system was purported to result from the formation of an "ethylidyne" 
intermediate. It would appear, therefore, that in the present system, where the methane yield under 
comparable conditions is less than 1%, the formation of an "ethylidyne" intermediate is not a 
favored step. 

From a consideration of the product distribution it is possible to make certain speculations 
regarding the mode by which which ethylene is adsorbed on the iron surface containing 
coadmrkd CO and H2. The formation of a relatively large amount of ethane from the CO-induced 
hydrogenation of the olefin suggests that there is a strong tendency for the ethylene molecules to 
bind in an arrangement in which the C=C bond is "parallel" to the metal surface, as depicted in 
Figure la. Conversely, the low amount of methane produced during this reaction indicates that 
there is a reluctance for ethylene to adsorb in the "end-on" configuration, where one of the carbon 
atoms in the molecule is attached to three metal atoms in the form of an "ethylidyne" conformation, 
as illustrated in Figure lb. 

CONCLUSIONS 

In the present investigation ethylene was used as a model hydrogen acceptor molecule. It was 
found that iron exhibited very little activity for the hydrogenation of the olefin, however, when as 
little as 7% CO was added to the hydrocarbon-hydrogen mixture, the hydrogenation activity of the 
metal was substantially enhanced. Such an increase in hydrogenation activity was observed over a 
wide range of temperature, however, at 600°C one has to contend with the concomitant formation 
of a large amount of solid carbon. The presence of coadsorbed CO induces a weakening in the 
smngth of the metal-hydrogen bond, which gives rise to the formation of a very reactive hydrogen 
species. These model studies demonstrate that the introduction of a gas additive, such as CO, into 
the reactant stream can effectively convert a metal which in its pure state is relatively inert into an 
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extremely active hydrogenation catalyst, and we believe that this concept could be extended to 
hydrogenation of coal ind its derivatives. 
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TABLE 1. EFFECT OF GAS COMpoSITION ON THE GASEOUS PRODUCT DISTRIBU~ON FORM THE 
INTERACTION OF C’LH4-CO-HZ MIXTURES OVER m 0 N  A F E R  60 AT 600°C 

CzH4:COHZ % QH4 % CH4 formed Cw6 formed 
Decomposition 

80: 0 :20 0.51 
73: 7 :20 29.53 0.73 8.5 
68:12:20 60.28 0.58 9.4 
m 2 0 2 0  79.47 1.07 10.3 
38:42:20 76.10 2.7 5.5 
17:63:20 54.30 2.6 5.8 
0 :8020 21.95 0.05 -- 

a b 

FIGURE 1.STRUClVRAL ARRANGEMENTFOR (a) ETHYLENE BONDED PARALLEL TO METAL 
SURFACE AND (b) ETHYLENE BONDED TO METAL IN THE STABLE “ETHYLIDYNE”~ 

CONFORMATION 
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I. Introduction 

The 1990 Clean Air Act Amendments significantly revised the regulation of hazardous 
air pollutants under 8 112. The old 5 112 rquind EPA to identify hazardous air pollutants and 
promulgate health-based emission standards for each pollutant. The new 5 112 requ*ires EPA 
to regulate categories of sources using technology-based emission standards. Section 112 now 
specifically identifies 189 hazardous air pollutants, directs EPA to promulgate a list of the 
"major" and k e a "  source categories that emit those pollutants, and specifies a schedule withii 
which EPA must promulgate emission standards for all source categories. 

EPA has only just begun to implement the new air toxics provisions. This fall EPA 
promulgated a list of approximately 170 major and area sources including chemical 
manufacturers, polymers and resins producers, pharmaceutical producers, oil and natural gas 
producers, and petroleum refineries and proposed a schedule for regulating those sources. 
Synthetic organic chemical manufacturers will be among the first sources to be regulated. 
EPA's proposed hazardous organics national emission standard for hazardous air pollutants 
(hazardous organics NESHAP or HON) may require synthetic organic chemical manufacturers 
to reduce emissions of as many as 149 h a d o u s  air pollutants. 

This paper will provide an overview of the new air toxics provisions including the HON, 
the early reductions program which enables sources to delay compliance with new regulations, 
and the modification provision which may compel sources to comply with new emission 
standards even sooner than otherwise required. 

Iz. Overview of 5 112 

The new 5 112 establishes a list of 189 hazardous air pollutants that must be regulated 
under the air toxics program. Clean Air Act ("CAA") 5 112@). The statute directs EPA to 
issue a list of categories and subcategories of "major" and "area" sources that emit those 
pollutants. Last summer. EPA promulgated a list of approximately 170 source categories to be 
regulated. &e 57 Fed. Reg. 31,591 (July 16, 1992). 

Section 112 distinguishes between "major" and "area" emission sources. A "major 
source" is defined as "any stationary source or group of stationary sources located within a 
contiguous area and under common control that emits or has the potential to emit considering 

i' The comments presented in this paper are those of the author and are not necessarily those 
of any client of Hunton & Williams. The author wishes to acknowledge Margaret L. 
Claiborne for her substantial contributions to this paper. 
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controls, in the aggregate 10 tons per year or more of any hazardous air pollutant or 25 tons per 
year or more of any combination of hazardous air pollutants.' CAA 8 llZ(a)(l). An 'area 
source" is any source of hazardous air pollutants that is not a major source. CAA 8 112(a)(2). 

Once a source is on the list, it will be subject to technology-based emission standards. 
EPA must establish emission standards for ewery source category on the list by the year 2000. 
For major sources, the emission standards will be based on the maximum degree of reduction 
in air toxic emissions achievable based on the best technology currently available for the source 
category in question (maximum achievable control techology or MAW. Existing sources 
subject to MACT standards will have to achieve the average emissions limitation achieved by 
the best performing 12 percent of the existing sources or the average emission limitation 
achieved by the best performing five existing sources if less than u) sources are in the category. 
New sources must meet the emissions limitation achieved by the best performing plant. 

EPA must also promulgate technology-based emission standards for area sources. The 
Act directs EPA to establish standards for area sources based on 'generally available control 
technology" (GACT). In practice, this standard will probably be less stringent than the MAm 
standard for major sources. 

The statute establishes a timeframe within which EPA must promulgate these emission 
standards and then requires EPA to promulgate a more specific schedule based on its own source 
category list. Section 112(e) requires EPA to promulgate emission standards for 40 source 
categories by November 15, 1992, for 25 percent of all source categories by 1994, for 50 
percent of all source categories by November 1997, and for the remaining source categories by 
November 15,2000. EPA issued its proposed regulatory schedule in September 1992. &g 57 
Fed. Reg. 44,147 (Sept. 24, 1992). According to the proposal, synthetic organic chemical 
manufacturers must be regulated by November 15, 1992. EPA missed this deadline but h o p  
to promulgate a final rule by the end of 1993. 

While the Amendments added the concept of technology-based standards, they did not 
completely abolish health-based emission standards. By November 1996, EPA must investigate 
and report to Congress on the risks to public health remaining, or likely to remain, after 
application of MACT standards and make recommendations for legislation necessary to control 
those risks. CAA 8 112(f)(l). The Agency must adopt residual risk-based standards if any 
source in a source category presents a risk to the maximum exposed individual of more than one 
in one million (1 x 106). The risk-based standards must protect public health with an ample 
margin of safety and prevent adverse environmental effects. Furthermore, the Act contains a 
savings provision for the health-based emission standards promulgated under the old 8 112. &g 
CAA 6 112(q). EPA must, however, review and revise those pre-1990 standards, if appropriate, 
before the year 2000. 

III. The Early Reductions Program 

Sources may delay compliance with MACT standards by participating in the early 
reductions program under 8 112(i). CAA 8 112(i)(5); 57 Fed. Reg. 61,970 (December 29, 
1992). An existing source can qualify for a six-year compliance extension by voluntarily 
reducing hazardous air pollutant emissions by 90 percent (95 percent for particulates) before 
EPA proposes a MACT standard applicable to the source. Sources subject to h4ACT standards 
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proposed before 1994, such as synthetic organic chemical manufacturers, may participate in the 
early reductions program by making an enforceable commitment to meet program requirements 
by January 1, 1994. Sources that qualify for the extension will be subject to an alternative 
emission limitation (AEL) which will be included in the sources' title V operating permit. 

To encourage sources to participate, EPA has attempted to build some flexibility into this 
program. The final early reductions rule uses a flexible definition of "source' to enable a 
facility to chose whether to enroll the entire facility in the program or limit participation to 
certain process units provided that the emission reductions constitute significant reductions from 
the entire facility. The source may also chose the baseline year for calculating reductions, but 
it may be no earlier than 1987 unless the source can show that an earlier year (1985 or 1986) 
is more representative. Finally, a source may take credit for reductions taken for any reason, 
whether voluntary or involuntary. 

Most sources interested in participating in the early reductions program may apply 
through the state's title V permit program. Sources subject to MACT standards proposed before. 
1994, however, may have to apply for a "specialty permit" through EPA because state title V 
permit programs will not likely be in place before January 1, 1994, the date by which those 
sources must make an enforceable commitment in order to participate in the program. 

IV. Modifications & Reconstruction of "Major Sources" 

While the early reductions program enables sources to delay compliance with MACT 
standards, some sources may become subject to MACT standards sooner than would otherwise 
be expected because of 8 112's modification provision. Under 5 112(g), once a state operating 
permit program is in place, if a modification to a "major source" is proposed and that 
modification would increase actual emissions of any hazardous air pollutant by more than a & 
minimis amount, then the modification cannot begin until the facility demonstrates that it will 
meet the MACT for existing sources. Because EPA has not yet defined "source" for purposes 
of MACT standards, it is unclear whether a modification would trigger MACT compliance for 
the specific emission point being modified or for the plant as a whole. 

This modification provision differs from that under the new source review program in 
that not all modifications will trigger the rule, only those that will cause more than a de minimis 
increase in actual emissions. Section 112(a)(5) defines "modification" as 'any physical change 
in, or change in the method of operation of, a major source which increases the actual emissions 
of any hazardous air pollutant emitted by such source by more than a de minimis amount or 
which results in the emission of any hazardous air pollutant not previously emitted by more than 
a de minimis amount." EPA has  not yet defined de minimiq for purposes of this section. 

Even if the modification would cause more than a & pinimis increase in emissions, 
sources making modifications can avoid demonstrating compliance with MACT standards by 
offsetting any increase in hazardous air pollutants by decreasing other hazardous emissions. 
More specifically, a physical or operational change that would othenvise fit the definition of 
modification will not be considered a "modification" if the owner or operator of the source 
shows that the "increase in the quantity of actual emissions of any hazardous air pollutant from 
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such source will be offset by an equal or greater decrease in the quantity of emissions of anotha 
hazardous air pollutant (or pollutants) from such source which is deemed more hazardous."! 

One fmal point to note about the modification provision is that although it does not apply 
until after operating permit programs are in place, it has the effect of imposing MACT standards 
on sources even before EPA establishes MACT standards for that particular category or 
subcategory. In those cases, the emission limitation will be set on a case-by- basis. CAA 
8 112@)(2)(A). 

While modifications under this provision may subject sources to MACT standards for 
existing sources, a major source that is reconstructed will be subject to MACT standards for new 
sources. The '1990 Amendments do not define "reconstruction." but EPA is likely to use the 
definition under the new source review provisions as a starting point for defining the term. 

V. The Hazardous Organics W H A P  

The HON is the first major set of technology-based emission standards proposed under 
8 112 as amended and is therefore the best indication of how EPA plans to implement the new 
air toxics program. 57 Fed. Reg. 62,608 @ec. 31, 1992). For example, this rule will indicate 
how EPA defines "source" in the context of MACT standards, how EPA determines the MACT 
floor, and how costs will be factored into the definition of MAm. 

A. Definition of "Source" 

The definition of "source" is important for a number of reasons. First, it describes the 
emission points to which each standard will apply. It is also important for defming the MACT 
floor, that is, the minimum emission level the source must meet, and finally, it is important for 
determining whether a particular source is a "major source" (ie, whether the plant emits more 
than 10 tpy of any air toxic or 25 tpy of any combination of air toxics). 

EPA has not adopted a general defhtion of "source" for purposes of 8 112 but has 
indicatd that it plans to define "source" within each MACT standard.* The HON as proposed 
defines "source" broadly. Under the HON, "source" will include all the process vents, storage 
vessels, transfer racks, wastewater collection and treatment operations, and equipment leaks in 
the organic hazardous air pollutant emitting chemical manufacturing processes that are located 
in a single facility covering a contiguous area under common control. The HON will apply to 
chemical manufacturers that produce one or more of the synthetic organic chemicals listed in the 

~ ~~ ~ 

2 CAA 8 112(g)(l)(A). EPA is in the process of developing regulations for the offset 
provision. The rule should include a ranking of the 189 hazardous air pollutants based on 
their effects on human health and the environment. 

major sources from MACT standards once EPA has promulgated them for the source 
category. 

* Sources should note that the definition may or may not be the same as the definition of 
"source" for purposes of the title V permit program. 

The offset provision applies only in the context of modifications and will not protect 
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rule and have an organic hazardous air pollutant as either: (1) a product, by-product, ~o-product, 
or intermediate or (2) a reactant.' 

B. Pefin ition of W 

How EPA defines MACT is also important. For purposes of the HON, EPA determined 
the MACT floor by looking at each type of emission point, as opposed to the source as a whole, 
and developed a "reference control technology" (RCT) for each emission point that would Satisfy 
the statutory maximum achievable control technology requirement. Affected sources will have 
to limit regulated emissions to the level that would be achieved using that RCT. How to achieve 
the emission limitations is up to each source. It may apply the RCT or another technology that 
will achieve the same standard. According to EPA, this standard takes into consideration the 
cost of controls. 

The HON also allows sources to use emissions averaging to achieve the required emission 
limitations. This provision allows a source to average emissions from two or more emission 
points to achieve the overall emission reduction that would be achieved using the RCI'. 
Therefore, by overcontrolling certain emission points, a source can undercontrol other emission 
points if the average satisfies the standard. 

These requirements will be phased in over time. While the statute allows up to three 
years for compliance with air toxics emission standards, the HON will require certain process 
units to comply within six months of promulgation and others to comply within a year and a half 
after promulgation. 

VI. The General Duty Clause 

At least one regulatory provision of 8 112 creates immediate obligations for industry. 
Congress enacted 8 112(r) to prevent and detect accidental releases of hazardous air pollutants. 
This section applies to all owners and operators of stationary sources that produce, process, 
handle, or store certain "extremely hazardous" substances and imposes a "general duty' to 
prevent and respond to accidental releases of those substances. 

The statute requires EPA to promulgate a list of not less than 100 substances "which, in 
the case of an accidental release, are known to cause or may reasonably be anticipated to cause 
death, injury, or serious adverse effects to human health or the environment."r Section 112(r) 
imposes an a f fmt ive  duty on owners and operators "to identify hazards which may result from 
[accidental] releases using appropriate hazard assessment techniques, to design and maintain a 

Y The equipment leak provisions of the HON will also apply to the following sources: 
styrenebutadiene rubber production, polybutadiene production, chlorine production, pesticide 
production, chlorinated hydrocarbon use, pharmaceutical production, and miscellaneous 
butadiene use. 

2 CAA 8 112(r)(3). The statutory deadline for this list was November 15, 1992. EPA 
missed this deadline but hopes to propose a list along with the regulations under 6 112(r) in 
1993. 
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safe facility taking such steps as are necessary to prevent releases, and to minimize the 
consequences of accidental releases which do occur." CAA 6 112(r)(l). 

Although the statute requires FPA to promulgate regulations under this provision by 
November 1993, this "general duty" appears to be self-implementing. That is, it can be used 
as a basis for enforcement actions by EPA, even in the absence of any implementing regulations 
defining what steps are needed to comply with this "general duty." 

VII. Implementation of the Ai ToxieS Program 

The air toxics regulations will be implemented by the states under the title V operating 
permit program. Once the states have developed an EPA-approved operating permit program, 
all major sources under 8 112 will be required to obtain a title V permit which specifies the 
applicable emission standards. 

All major sources of hazardous air pollutants will be required to apply for a title V 
operating permit within 12 months of implementation of the state permit program, and those 
sources will have to report their air toxics emissions in their permit applications even if they are 
not yet subject to an emission standard under 8 112. The title V permit rules require sources 
to describe in their permit application emissions of all "regulated air pollutants." "Regulated 
air pollutant" includes any air pollutant for which a 8 112 standard has been established, 
regardless of whether the standard applies to the source submitting the permit application. That 
is, if a 8 112 standard has been established for any source to limit emissions of a particular 
hazardous air pollutant, then all sources must report their emissions of that pollutant in their 
permit applications. 40 C.F.R. 8 70.2; 57 Fed. Reg. 32,295,32,297 (July 21, 1992) (final 
title V permit rules). The list of "regulated air pollutants" for purposes of 8 112 could become 
quitelong very quickly; the HON alone may regulate as many as 149 of the 189 listed hazardous 
air pollutants. 

VIII. IssuestoWatcb 

In the next year, EPA will propose its general provisions under 8 112 which will define 
basic terms and requirements that apply across MACT standards including monitoring, 
recordkeeping, and reporting requirements. FPA will also propose regulations under the 
modification provision, and in the next two years, EPA is scheduled to propose and promulgate 
MACT standards for over 40 source categories. Along with the HON, these rules will define 
the new air toxics program. Because the air toxics provisions of the statute leave many 
questions unanswered and because the way those questions are ultimately resolved can have a 
great impact on regulated entities, it will be important for industry to follow and participate these 
rulemakings. 

December 31,1992 
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ABSTRACT 

The occurrence of large amounts of two nonprotein amino acids, aminobutyric 
acid (AIB) and isovaline (ISOVAL), in sediments near the Cretaceous/Tertiary 
(K/T) boundary was originally attributed to remnants o f  a bolide collision. 
However, these two amino acids are derived from the same two hydantoins that 
were isolated in large amounts from gasifier quench water, and we hypothesized 
that the K/T amino acids originated from a natural coal gasification process 
involving intrusion o f  magma into a coal seam. 
gases, including carbon dioxide, ammonia, hydrogen cyanide, and ketones formed 
the hydantoin precursors for the amino acids. 
corresponds to that observed for the corresponding hydantoins in gasifier 
quench water. 
from pyrolysis o f  a large variety of coals is also consistent with the 
AIB/ISOVAL ratio, although much larger amounts of the ketones are generated 
from low-rank coals. 

Condensation of the resulting 

The K/T AIB/ISOVAL ratio 

The ratio of the ketones (acetone and 2-butanone) resulting 

INTRODUCTION 

At the close of the Cretaceous Period, a large number of species became 
extinct, most noteworthy, the dinosaurs. Many theories have been suggested to 
explain the mass extinction at the Cretaceous/Tertiary (K/T) boundary, 
including climate and land mass changes as well as collisions with a massive 
extraterrestrial object (bolide). The occurrence of nonprotein amino acids in 
sediments deposited before and after the K/T boundary was interpreted as 
evidence for an extraterrestrial event (1). Recently I established that the 
assumptions that led to that conclusion were erroneous, and that a more likely 
explanation for the occurrence of the amino acids, aminoisobutyric acid (AIB) 
and isovaline (ISOVAL), is that they formed from hydrolysis of hydantoins that 
#ere produced from coal-derived gases (2). 
finding of large amounts of hydantoins, mainly 5,5-dimethylhydantoin (DMH) and 
5-ethyl-5-methylhydantoin (EMH), in condensate water from a coal gasification 
facility (3,4).  The two major hydantoins (DMH and EMH) were present in 
concentrations of about 2000 and 500 mg/L, respectively, in condensate water 
from gasification of Indian Head lignite (4). 
hydantoins were also identified at concentrations an order of magnitude 
smaller (3). 
gasification are in fact those that generate AIB and ISOVAL on hydrolysis. 
Thus the AIB and ISOVAL isolated from the sediment samples may very likely 
have resulted from natural thermal processing of terrestrial coal sources via 
hydantoin formation and subsequent hydrolysis. 

The K/T transition was accompanied by extensive magmatic intrusions and 
volcanic activity. Magmatic intervention in a coal seam may have generated 
the gases that condensed and reacted to form large amounts of the hydantoins. 
Many examples of thermal magmatic decomposition of coal have been reported in 

This hypothesis is based on the 

Numerous other 5-substituted 

The two major hydantoins produced as by-products of coal 
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geologica l  i nves t i ga t i ons  o f  coals from var ious l oca t i ons  (5). 
ascer ta in  which i n t r u s i o n  s i t e s  might be candidates f o r  the generation o f  t h e  
precursor components requi red f o r  hydantoin synthesis, a r e l a t i o n s h i p  between 
the chemical evidence i n  t h e  K/T o r  near K/T deposi ts  and p o t e n t i a l  coal 
progeni tors  must be demonstrated. 
data t h a t  r e l a t e s  t o  the  issue o f  coal -der ived precursors f o r  the amino acids. 

RESULTS AND DISCUSSION 

I n  order  t o  

The purpose o f  t h i s  paper i s  t o  present 

The format ion of hydantoins i n  t h e  water from the  slagging g a s i f i e r  was 
demonstrated t o  have resu l ted  from the complex Bucherer-Bergs reac t i on  o f  
ammonia, carbonate, hydrogen cyanide, and var ious ketones and aldehydes 
present i n  the  gas cool ing/condensing system (spray washer and ta r -o i l -wa te r  
separator) of t he  g a s i f i e r  and no t  from a high-temperature reac t i on  i n  t h e  
g a s i f i e r  i t s e l f  (6 ,7) .  I n  the  upper p y r o l y s i s  reg ion o f  the slagging f ixed-  
bed g a s i f i e r ,  hot  gases produced i n  the high-temperature g a s i f i c a t i o n  zone 
heat t h e  coa l  and re lease the  ketones, as we l l  as phenolics, alcohols, 
n i t r i l e s ,  and other  v o l a t i l e  organic components. A l a r g e  number o f  ketones 
are produced i n  coal py ro l ys i s ,  the major ones being acetone and 2-butanone, 
and these are present i n  s i g n i f i c a n t  concentrat ions i n  the  condensate water, 
even a f t e r  hydantoin format ion has been completed (4) .  The r a t i o  o f  acetone 
t o  2-butanone was between 3 and 4 i n  the condensate water samples obtained 
from l i g n i t e  ( Ind ian Head, ND) g a s i f i c a t i o n .  This r a t i o  corresponded c lose ly  
t o  the DMH/EMH r a t i o  observed i n  t h e  condensate water. As much as 95% o f  the 
ketones were converted t o  hydantoins; but, i n  general, the l i m i t i n g  species i n  
the Bucherer-Bergs reac t i on  occurr ing i n  the condensate water i s  the hydrogen 
cyanide, owing t o  i t s  lower s o l u b i l i t y  i n  water a t  t h e  c o l l e c t i o n  temperature. 
I n  the high-temperature g a s i f i c a t i o n  zone, ammonia and hydrogen cyanide are 
produced i n  about a 10 t o  1 r a t i o  (8). 
reac t i on  o f  oxygen w i t h  carbon i n  the  h o t  zone and a l so  by decarboxylat ion i n  
the p y r o l y s i s  zone ( i n  the case o f  low-rank coa ls ) .  

I f  the A I B  and ISOVAL i n  the K/T boundary sediments resu l ted  from 
natura l  coal g a s i f i c a t i o n  v i a  DMH and EMH, then the  AIB/ISOVAL r a t i o  should 
match t h e  acetone/2-butanone r a t i o  i n  the  products from p y r o l y s i s  o f  the type 
of coal t h a t  was heated a t  t he  K/T t r a n s i t i o n .  Py ro l ys i s  products from a 
number o f  coal  samples o f  d i f f e r e n t  ranks were co l l ec ted  and analyzed i n  a 
pyrolysis/devolatilization p r o j e c t  a t  the Un ive rs i t y  o f  North Dakota Energy 
Research Center (9). Data from these analyses are given i n  Table 1. The 
r a t i o  o f  acetone t o  2-butanone from p y r o l y s i s  o f  t he  var ious coals  i s  between 
3 and 4 and i s  not  rank dependent. The r a t i o  o f  A I B  t o  ISOVAL found i n  the  
sediment l aye rs  above and below the i r i d i u m  l a y e r  a t  Stevns K l i n t  was 3 and 4, 
respec t i ve l y  (1). 
could have been the source o f  the ketones which formed the amino ac ids found 
i n  the sediments. 

A t e r r e s t r i a l  coal source can account f o r  product ion o f  a very l a r g e  
amount o f  amino acids. The t o t a l  q u a n t i t y  of acetone and 2-butanone produced 
from coal p y r o l y s i s  i s  s i g n i f i c a n t l y  l a rge  and i s  rank dependent (Table 1). 
Low-rank coals  gave th ree  times more ketones than bituminous coals. Thus the 
y i e l d  o f  hydantoins from 1 kg o f  l i g n i t e  could have been as h igh  as 4 g, i f  
a l l  the acetone and 2-butanone produced i n  p y r o l y s i s  were converted v i a  a 
Bucherer-Bergs reac t i on  i n  a condensed phase. 
g a s i f i c a t i o n  o f  a small coal seam of 1 km2 by 10 m thickness could have 
generated 6 x 10' kg o f  hydantoins. 

Carbon d iox ide  i s  generated by the  

This  means t h a t  e i t h e r  a bituminous o r  lower rank coal 

Geothermal o r  vo lcanic  
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A possible mechanism for natural coal gasification is suggested here. 
Since a low-rank coal may contain as much as 40% water and a high percentage 
of oxygen that could be converted to carbon dioxide, a source of intense heat 
is the main requirement for pyrolytic generation o f  ammonia, hydrogen cyanide, 
ketones, and carbon dioxide, which are the precursors for the hydantoins. 
However, ground or stream water may have played a role in furnishing steam, 
which could have effectively driven the gasification, and also in furnishing a 
coolant for the gas produced, so that the condensed gases could react to form 
the hydantoins. A second possibility is discharge and collection of gases 
into natural water reservoirs overlying the magma intrusion into the coal 
seam. Hydrolysis of hydantoins to the amino acids may have been microbially 
catalyzed or may have occurred over a long time period. Utilization of the 2- 
substituted amino acids by microorganisms is not likely, resulting in high 
stability for these compounds. 
sediments involved conditions that may have hydrolyzed hydantoins to the amino 
acids; therefore, we cannot rule out their existence in the sediments. 

Actually, the method for analysis of the 

The location and extent of the natural coal gasification promises to be 

Whereas the iridium anomaly 
as interesting as the search for the alleged bolide collision site has been. 
One very important fact must be considered. 
specifically requires a mantle type of volcanic activity (or bolide), any kind 
of volcanic or magmatic intrusion into a coal field could have been 
responsible for the amino acid anomaly. Evidence was recently presented for a 
tectonic uplifting activity (10) and mantle hot-spot doming in the North 
Atlantic at the K/T transition (11). Alternatively the magmatic event may 
have been associated with the North American Laramide magmatic trend, such as 
the Raton, Colorado, area, where large quantities of char were observed (5). 
Natural coal gasification may have occurred in several localities, since coal 
deposits as well as geothermal activity were plentiful in the northern 
hemi sphere. 

Natural coal gasification may be only indirectly related to the 
extinctions that occurred at the K/T transition through volcanism or magmatic 
intrusions that accompanied a general climatic or sea level change scenario. 
The complex sequence of extinctions related to volcanism, sea level changes, 
and other global trends was recently reviewed by Officer (12). There is also 
a possibility that coal' gasification may be related to extinctions during a 
period of intense volcanic activity. 
which involved conversion of a relatively small amount o f  carbon and evolution 
as carbon dioxide, we could speculate on another possible relationship. Many 
of the compounds generated as a result of coal gasification are highly toxic. 
Besides the ammonia and hydrogen cyanide discussed above, hydrogen sulfide is 
produced in copious amounts; however, the major component o f  coal gas by 
weight is carbon monoxide. 
such as polynuclear aromatics and amines are also formed. 
known as hypnotics and suspected carcinogens. Many of the organic products. 
would have persisted for a long time. 
gases or other products may offer an alternative explanation for some of the 
extinctions that occurred in this period. 

Drawing from the Lake Nyos disaster 

Toxic compounds such as phenols and carcinogens 
Hydantoins are well 

Thus the toxicity of coal gasification 
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I 

Pyrolysis conditions were the following: 
850"C, helium atmosphere, -60-mesh particle size, 5-9 sample size (9). 

heating rate of 45"C/min, max. 
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ABSTRACT 

Research has been initiated to determine the behavior of trace elements in 
integrated gasification combined cycle (IGCC) and integrated gasification fuel 
cell (IGFC) systems. The goal is to identify and model the important physical 
and chemical transformation mechanisms of seven trace elements (arsenic, 
chromium, cadmium, mercury, nickel, selenium, and lead) during gasification as 
a function of coal composition (trace element abundance and association) and 
gasification conditions. 
of trace elements is being conducted in laboratory-scale coal gasification 
systems. 
model to predict the state of trace elements in gasification systems and to 
identify effective control technologies. 

INTRODUCTION 

Trace element emissions pose a potential problem to two emerging coal 
gasification electric power generating systems: IGCC and IGFC. The potential 
problems associated with trace elements are the release of substances that are 
considered air toxics and the degradation of fuel cell efficiency due to 
contamination with minor elements. In order to develop effective technologies 
to control trace element emissions within anticipated regulatory requirements 
and to ensure the efficient operation o f  fuel cells, the type and quantity of 
trace elements emitted from coal gasification-based systems must be determined 
as a function of system, system conditions, and coal composition. 

The fate of trace elements in coals used in IGCC and IGFC systems is closely 
tied to how the trace elements are associated in the coal and the gasification 
conditions. Trace elements in coals are associated in several forms, 
including organic associations, such as salts of carboxylic acid groups and 
organic coordination complexes, and mineral associations, such as sulfides, 
sulfates, si1 icates, phosphates, and carbonates. During gasification, these 
inorganic elements are partitioned into gases, liquids, and solids. The 
transformation of these trace elements into the various states and phases 
depends upon the fundamental characteristics of the elements and their 
association with minerals and coal particles. 
associated with coal particles experience a different process environment than 
minerals that are intimately associated with coal particles during 
gasification. 

Gasification conditions, such as reducing and oxidizing atmospheres, gas phase 
composition, pressure, and temperature, influence the partitioning of trace 
elements between various gases, liquids, and solid inorganic components as a 
function of location in the gasifier. 

trace elements, coal gasification, modeling 

Identi f ication of the reactions and transformations 

This experimental work is coupled with the development of a computer 

Minerals that are not directly 

In order to predict the form of the 
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inorganic species during gasification, it is essential that detailed 
information on the distribution of major mineral phases and organically 
associated inorganic elements be determined. This information is critical 
since the transformations and interactions during uti1 ization impact the 
partitioning of trace elements. Modeling the transformations using 
thermochemical equilibrium calculations combined with various chemical and 
physical constraints to reach equilibrium can be effectively used to estimate 
the distribution of gas, liquid, and solid components as a function of 
gasification conditions. 

EXPERIMENTAL APPROACH 

The predicting of inorganic transformations (major and minor components) 
durlng coal combustion has long been the focus of many research programs.'-' 
In the program described in this paper, the predictive techniques that have 
been applied to combustion are being modified to predict inorganic 
transformations under gasification conditions. Many of the current trace 
element predictive techniques are based on the assumption of equilibrium 
conditions and not on actual kinetically constrained transformations that 
occur during coal utilization. The approach used in the program is to combine 
inorganic transformation algorithms and the thermochemical equilibrium 
calculations.'" These techniques will be developed to predict the particle- 
size and composition distribution of the resulting coal ash particulate, along 
with the state of the vapor species at selected conditions for major, minor, 
and trace constituents. 

The predictive techniques being applied to the modeling of trace elements 
during gasification require state-of-the-art analytical and experimental data. 
The modeling o f  trace elements requires particle-size and composition 
distributions of the trace constituents in relation to the major and minor 
species in the coal. To provide the necessary data, computer-controlled 
scanning electron microscopy (CCSEM) is being adapted to include trace element 
analysis through the use of wavelength dispersive x-ray spectrometers. 
Although the automated adaptations to the CCSEM technique will require 
significant development, generalized distributions of the trace elements can 
be made manually in conjunction with the CCSEM analysis. 
essential experimental data, a pressurized drop-tube furnace (PDTF) is being 
used to simulate coal gasification. Ash and vapor samples produced from the 
PDTF are characterized by CCSEM with wavelength adaptations for determining 
trace elements, wavelength and energy dispersive x-ray fluorescence, 
inductively coupled argon plasma spectroscopy (ICAP), and atomic adsorption 
(AA). 
place to produce a predictive methodology for trace element emissions during 
gasification: transformation model i ng, microscopic sample characterization, 
and laboratory-scale coal gasification. 

TRANSFORMATION MODELING 

A computer model to predict the evolution of major, minor, and trace elements 
during the gasification of coal is being created based on the algorithm shown 
in Figure 1. The shaded boxes in Figure 1 represent the inputs required, 
while the boxes with a drop shadow are the outputs generated from the model. 

To generate the 

The following sections discuss the three major developments taking 
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The first task of the model is to determine the associations of the major, 
minor, and trace elements in the coal prior to utilization. The association 
of the elements prior to utilization will affect their phase, size, and 
composition distribution in the residual ash and gas streams. The three 
primary inorganic associations are water, organic, and mineral. Water- 
associated constituents are generally in the form of sulfates or chlorides 
present in the moisture of a coal particle. The organically associated 
constituents are generally found as the salts of carboxylic acid groups 
attached to the carbon matrix and as oxygen replacement (such as organic 
sulfur). The mineral associations are elements which comprise discrete 
minerals in the coal (such as clays, carbonates, and sulfides). 

Due to the complexity of interaction of the inorganics during coal 
gasification, the mineral associations are further divided into mineral type, 
trace, minor and major element content, size, and juxtaposition. 
Juxtaposition refers to the association of the minerals with the coal and with 
other minerals. A locked mineral is intimately associated in the coal 
particle, while a liberated mineral is external to the carbon matrix. The 
detailed mineral classification is very important because different minerals 
behave differently. For instance, carbonates will commonly release CO,. This 
will result in a greater potential for mineral fragmentation, depending on the 
system conditions. Clays which contain high levels of moisture may fragment 
initially due to the release of H,O from their porous structure. 
are much less prone to fragmentation because they lack any of the previously 
discussed components. 

Many of the mineral particles encountered in coal utilization are rarely free 
from trace and minor components. To predict the transformations of the trace 
and minor elements effectively, their distribution among the minerals is 
required. 
the coal can also have a large impact on its transformations. 
will be much more likely to coalesce with other minerals and organically 
associated constituents than the liberated minerals. 
will also experience a slightly different gas environment during coal 
gasification since they are not intimately in contact with the highly 
reducing, exothermic reaction of the carbon matrix. 

Once a mass balance is performed around the coal input data, it is necessary 
to determine which of the inorganic components will be vaporized during the 
initial gasification process. These calculations will be performed with the 
use of a thermochemical equilibrium program, PHOEBE,'" created at the Energy 
and Environmental Research Center (EERC). 
upgraded to include the appropriate trace element phases. With the exclusion 
of the vaporized species, the remaining constituents will be processed through 
algorithms for mineral fragmentation, coalescence of both minerals and 
organically associated species, and shedding of resulting particles. 

The fragmentation, coalescence and shedding algorithms will be developed with 
the aid of data generated in the pressurized drop-tube furnace (PDTF). These 
algorithms are designed on various frequency distributions for each of the 
minerals and physical processes. The organically associated species which do 
not readily volatilize will also undergo coalescence with mineral particles as 
a function of the surface area of the minerals during coalescence. A portion 
of the organically associated species also homogeneously coalesces. 

Silicates 

Whether a mineral is locked within the coal matrix or external to 
Locked minerals 

The 1 iberated particles 

This code is currently being 

The 

251 



l i be ra ted  minerals undergo fragmentation. but  do no t  appreciably coalesce w i t h  
other minera ls  due t o  t h e i r  l a c k  o f  in t imate contact w i t h  the  coal. 

The s t a t e  o f  t he  v o l a t i l e  species a t  the r e s u l t a n t  condi t ions w i l l  then be 
determined using t h e  PHOEBE code again. The quan t i t y  o f  species t h a t  w i l l  
condense p r i o r  t o  the resu l tan t  condi t ions are ca lcu lated from the PHOEBE 
data. 
condensed. 
o f  the p a r t i c l e s .  
compiled and manipulated i n t o  various composition and s i ze  d i s t r i b u t i o n s  as t o  
the  user’s d i sc re t i on .  These d i s t r i b u t i o n s  can be used t o  determine e f f e c t i v e  
contro l  technologies fo r  a s p e c i f i c  coal o r  t o  l oca te  a coal compatible t o  a 
spec i f i c  con t ro l  technology. 

Although the  emphasis o f  t h i s  model i s  t o  a i d  i n  the  con t ro l  o f  t race  element 
emissions, l i t t l e  a t t e n t i o n  i s  being given a t  t h i s  t ime t o  the e f f e c t s  o f  s i z e  
and composition o f  inorganic  ash components on con t ro l  technologies. Once 
t h i s  model has been tested and ve r i f i ed ,  t he  next l o g i c a l  s tep w i l l  be t o  
invest igate the  con t ro l  technologies as a func t i on  o f  p a r t i c u l a t e  and vapor 
proper t ies.  

MICROSCOPIC SAMPLE CHARACTERIZATION 

Many o f  the computer models recen t l y  developed t o  p r e d i c t  t he  evo lu t i on  o f  
major and minor elements dur ing coal g a s i f i c a t i o n  were made poss ib le  by the 
development on a h igh l y  quan t i t a t i ve  ana ly t i ca l  technique f o r  coal analysis, 
CCSEM. CCSEM provides a pa r t i c l e -s i ze  and composition d i s t r i b u t i o n  f o r  the 
mineral contents o f  a p a r t i c u l a r  coal f o r  twelve major and minor elements. 
These raw CCSEM data are the  primary input  t o  the newest computer models ash 
formation. 
determination (x-ray fluorescence o r  atomic absorption) t o  determine t h e  
content o f  nonmineral species by mass balance. The goal f o r  t race element 
modeling i s  t o  provide p a r t i c l e - s i z e  and composition d i s t r i b u t i o n s  f o r  the 
t race  elements and a bu lk  composition conta in ing t race  elements s i m i l a r  t o  the  
current data produced f o r  major and minor species. The bu lk  t race element 
composition has long been a t ta inab le  by ICAP o r  AA. and the s ize and 
composition d i s t r i b u t i o n s  are near l y  obtainable by combining the current  CCSEM 
technique w i t h  wavelength d ispers ive x-ray analys is  c a p a b i l i t i e s  f o r  t race 
elements. 

The standard CCSEM technique uses an energy d ispers ive spectrometer (EDS) 
which al lows f o r  the simultaneous determination o f  major and minor species i n  
t h e  minerals. However, the EDS detector  i s  not  s u f f i c i e n t l y  sens i t i ve  t o  
t race  elements. A wavelength d ispers ive spectrometer i s  much more sens i t i ve  
f o r  t race elements, but  can only  character ize one element a t  a time, thus 
making i t  impract ica l  f o r  t he  time-consuming r i g o r s  o f  t he  CCSEM technique. 
By combining both detectors  dur ing a s ing le  analysis, trace, minor, and major 
elements can be recorded. This  procedure i s  c u r r e n t l y  beSng developed, but  i s  
no t  expected t o  be f u l l y  operational u n t i l  the second quar ter  o f  1993. 

I n  an i n i t i a l  e f f o r t  t o  determine the  generalized associat ions o f  t race  
elements w i t h  minerals, the standard CCSEM procedure i s  run  on a coal. A t  t he  
completion of each frame of analysis, the operator can loca te  the s p e c i f i c  
minerals and reanalyze them w i t h  the wavelength d ispers ive instrumentation. 

The condensing species w i l l  then be homogeneously and heterogeneously 
The heterogeneous condensation w i l l  be based on the surface area 

The resu l tan t  p a r t i c u l a t e  and vapor species w i l l  be 

The CCSEM data are used i n  conjunction w i t h  a bu l k  ash 
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The wavelength data analysis can then be manually compared t o  the  standard 
CCSEH data t o  c o r r e l a t e  the presence o f  t race  elements w i t h  s p e c i f i c  mineral 
species. A generalized t race  element p r o f i l e  can then be created f o r  a number 
o f  coals t o  be used fo r  data cor re la t ions  i n  the  model u n t i l  the more r igorous 
technique i s  completed. I n  addi t ion,  the  chemical f r a c t i o n a t i o n  technique’ i s  
being used t o  support the CCSEH by prov id ing  data on the  general associat ion 
of the seven t r a c e  metals. 

LABORATORY-SCALE COAL GASIFICATION 

The f a t e  and d i s t r i b u t i o n  o f  t r a c e  elements under the e f f e c t s  o f  temperature, 
pressure, and gas composition i n  I G C C  systems are important t o  the  emerging 
technologies. 
being used t o  study the p a r t i t i o n i n g  o f  important t race  elements and t o  enable 
the pred ic t ion  o f  t race  element emissions f o r  IGCC and IGFC systems. 

The PDTF furnace assembly, Figure 2, cons is ts  o f  a 2.875-inch I D  alumina tube 
(55 inches long) w i t h  a s l i g h t l y  reduced end, used t o  support a f low 
accelerator i n  a f i x e d  pos i t ion ,  nested on top o f  a tube o f  the same 
dimensions (25 inches long). 
tube o f  s l i g h t l y  l a r g e r  dimensions. The tubes are heated e x t e r n a l l y  by high- 
temperature tube furnaces equipped with Kanthal Super 33 elements. The e n t i r e  
reactor and the  heat ing elements are housed i n  a water-jacketed pressure 
vessel. Coal i s  introduced i n t o  the reac tor  w i t h  a c a r r i e r  gas through a 
t raversing, water-cooled i n j e c t o r  located i n  the  center o f  the tube. 
Optional, secondary a i r  enters the reac tor  a t  the  top o f  the  tube and f lows 
through the tube around the i n j e c t o r  assembly. 
gases t rave l  down the tube i n  a laminar f low regime and pass through the  
accelerator where they are co l lec ted  by a water-cooled, nitrogen-quenching ash 
c o l l e c t i o n  probe. 
c o l l e c t i o n  probe t o  coJ lec t  the sol ids.  
obtained using a mult icyclone o r  impactor i n  conjunct ion w i t h  a f i n a l  f i l t e r .  
A bulk f i l t e r  i s  used t o  c o l l e c t  ash f o r  bulk chemistry. 
deposi t ion probe can also be inserted, i n  place o f  the  ash c o l l e c t i o n  probe, 
t o  simulate the deposi t ion condi t ions i n  a u t i l i t y  b o i l e r .  The product gases 
are monitored on- l ine by 0,, CO, and CO, gas analyzers o r  are i n t e r m i t t e n t l y  
sampled f o r  a gas chromatograph (GC). 

The POTF can operate a t  temperatures as h igh  as 1500°C and pressures up t o  250 
psi .  
the e x i t i n g  gas l i n e  t o  acquire on- l ine mercury analysis from the furnace. 
Previous studies i n  the PDTF have produced very good g a s i f i c a t i o n  s imulat ion 
resu l ts .  Burnouts i n  excess o f  95% w i t h  h igh  carbon monoxide/carbon dioxide 
r a t i o s  have been produced under g a s i f i c a t i o n  condi t ions.  

I n  t h i s  i n i t i a l  modeling e f f o r t ,  three coals w i l l  be run under m u l t i p l e  
temperatures, pressures, gas compositions and residence times. The r e s u l t a n t  
samples w i l l  be co l lec ted  i n  a three-stage mult icyclone and character ized 
using scanning e lec t ron  microscopy, wavelength dispersive x-ray fluorescence, 
induc t ive ly  coupled plasma spectrometry, and atomic absorption. The data 
generated from the  PDTF w i l l  support the development o f  the physical  
i n t e r a c t i o n  algorithms i n  the  model. 

Laboratory-scale experiments performed i n  t h e  EERC PDTF are 

These tubes are concent r i ca l l y  surrounded by a 

The coal residue and process 

Various c o l l e c t i o n  devices can be attached t o  the 
Size segregation o f  the  ash i s  

A water-cooled 

E f f o r t s  are c u r r e n t l y  underway t o  a t tach  an atomic absorpt ion u n i t  t o  
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CONCLUSIONS 

A computer model t o  p red ic t  t he  transformations o f  t race,  minor, and major 
elements dur ing coal g a s i f i c a t i o n  i s  expected t o  be completed by l a t e  1993. 
This model w i l l  generate the  p a r t i c l e - s i z e  and composition d i s t r i b u t i o n  o f  the 
inorganic const i tuents  as a func t i on  o f  the o r i g i n a l  coal content and system 
condit ions. 
cu r ren t l y  being made t o  provide added i n s i g h t  i n t o  the  modeling o f  these 
inorganics dur ing coal u t i l i z a t i o n .  

Advances i n  both a n a l y t i c a l  and experimental technologies are 
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TRACE ELEMENT BEHAVIOR DURING COAL COMBUSTION 

J.J. Helblel and A.F. Sarofim2 
lPSI Technology Co., Andover MA 01810 

2MIT Dept. of Chemical Engineering, Cambridge MA 02139 

Keywods  Trace elements, coal combustion, partitioning 

ABSTRACT 

The emissions of trace elements from coal-powered processes depends to a large 
extent on the high temperature transformations of the trace species. In a laboratory study 
utilizing an Alabama bituminous coal, a Wyoming sub-bituminous coal, and a Montana 
lignite coal, trace element partitioning during coal combustion was examined. Experiments 
were conducted in an isothermal laminar flow drop tube furnace, using narrowly size- 
segregated coal samples to minimize particle to particle variation in the feed. In these 
experiments, the partitioning of the elements Zn, Mn, Cr, As, Sb, and Se among the various 
size fractions of ash particles was measured as a function of coal type and particle 
combustion temperature. Different fractions of each element were noted in the submicron 
ash, with Zn, As, Sb, and Se generally concentrated in the smallest ash particle size 
fractions. 

INTRODUCTION 

Title ID of the 1990 Amendments to the Clean Air Act identify 189 hazardous air 
pollutants whose emissions may be regulated [l]. A wide variety of stationary sources, 
including industrial and institutional combustion sources, are to be regulated as a result of 
this legislation. Coal-fired electricity-generating utility power plants are currently not 
regulated by Title IU, the hazardous air pollutants portion of the legislation. Pending the 
results of an EPA study of power plant emissions, however, utility boilers may also be 
regulated. 

Of these 189 hazardous air pollutants, 11 are trace metals contained in coal. For 
these metals - Sb, As, Be, Cd, Co, Cr, Hg, Pb, Mn, Ni, Se - the concentration in the stack 
gases strongly depends upon elemental partitioning during coal combustion. For example, 
volatile elements such as Hg are likely to leave the boiler with the flue gases, whereas 
relatively non-volatile elements such as Mn are likely to be collected with the fly ash or 
bottom ash. These are not finn "rules", however; for any element, variations in 
concentration in the various effluent streams have been reported [2-51. 

Many of the observed differences in partitioning have been attributed to differences in 
coal type. This is likely due to differences in the form of an element in coal with rank. 
Elements associated with clays generally associate with fly ash, whereas elements associated 
with the organic matrix are more likely to volatilize. Consider chromium as an example. A 
typical chromium concentration in U.S. coal is 15 to 20 ppm [6,7l, with the elemental fonns 
uncertain. One study identified Cr within clays as a possibility, while another suggested that 
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50% organic association was possible [4,6]. These differences point to possible differences 
in prtitioning for this element. 

To investigate the importance of coal rank, and therefore indirectly investigate. the 
effect of the elemental form on partitioning, a detailed laboratory study was conducted. In 
this paper, results from three U.S. coals are presented. 

EXPEWIIWEWTAL 

Coal Selection 
Experiments were conducted with three different parent coals: Illinois #6 and 

Alabama Rosa (bituminous), Wyoming Comanche (sub-bituminous), and a Montana lignite. 
A density-separated sample of the Montana lignite, treated to remove all coal particles with a 
specific gravity greater than 1.8, was also investigated to look for differences in behavior 
arising from reduced ash content. Selected trace element concentration data for these coals 
are presented in Table I. For most of the elements considered in this study, concentration of 
the element within the coal varied by facton of 2 to 20 with coal type. 

Laboratom Combu- 

laminar flow furnace [8]. A schematic diagram of this facility is presented in Figure 1. 
Coal particles, sized to 53/63, 75/90, or 125/150 pm by dry sieving techniques, were 
injected at the top of the reactor through a water-cooled feeder probe. Feed rates of 0.01 to 
0.03 g/min were used, with nitrogen serving as the entraining carrier gas. Combustion 
occurred in the heated zone of the laminar flow reactor, with coal particle temperatures 
controlled by the conmtxation of oxygen in the bulk gas. Reactor wall temperatures were 
held constant at 1750 K. At the conclusion of combustion, all ash particles and gaseous 
combustion products were extracted with a w a t e r a l e d ,  nitrogenquenched sampling probe. 
Nitrogen gas was also transpired through a porous metal probe liner to minimize particle 
losses during sampling. Pamcles were size segregated on-line as needed through the use of 
an Andersen Mark 2 eight-stage cascade impactor. 

.. 
All of the coal combustion experiments were conducted in the MIT laboratory scale 

id Analvsis 
Neutron activation analysis at the M.I.T. Nuclear Reactor Laboratory was used to 

determine the concentration of trace elements in all coal and ash samples examined in this 
study. Analysis of orchard leaves, a standard reference material obtained from NIST, was 
used for calibration. 

RESULTS AND DISCUSSION 

The variation in the concentration of selected trace elements in the submicron ash was 
examined as a function of coal type, coal particle size, and coal particle combustion 
temperature. In addition, the concentration of selected trace elements as a function of ash 
particle size was examined. 
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c 

. .  chon of Ash P&e Size 
The concentration of trace elements as a function of ash particle size was examined in 

a study of Wyoming Comanche sub-bituminous coal. A 75/90 gm size fraction of the coal 
was used in these tests. Furnace wall temperature was maintained at 1750 K, with an 
oxygen partial pressure of 0.30 atmosphere @alance nitrogen). Trends observed for the 
elements vanadium, chromium, and manganese are presented in Figure 2. Vanadium was 
uniformly distributed among all particle size classes, whereas chromium was slightly 
enriched and manganese was significantly enriched in the submicron fraction of the ash. 
Chromium concentrations measured for ash generated from combustion of the density 
segregated Montana lignite in 20% oxygen show a similar trend to the chromium from the 
Wyoming coal. 

Enrichment in the smallest size fraction is generally taken as a sign of vaporization. 
This is because condensation occurs preferentially on the smallest ash particles that provide 
most of the surface area. Non-volatile elements generally are concentrated in the largest ash 
particles. The concentration of Sc, presented for comparison in Figure 2, shows behavior 
typically associated with a highly refractory, non-vaporizing element. From this, we 
conclude that for the Wyoming sub-bituminous coal, 1) manganese vaporizes during 
combustion and condenses on the smallest ash particles; 2) chromium may partially volatilize 
during combustion; and 3) vanadium remains associated with the larger fly ash particles and 
hence is relatively non-volatile. 

t of Combustion Tem- 
At the gas temperatures considered in this study, the combustion of pulverized coal is 

controlled by the diffusion of oxygen to the particle surface at the gas. The rate of 
combustion and hence the coal particle temperatures are therefore affected by the flux of 
oxygen to the surface, which in turn is controlled by the partial pressure of oxygen in the 
gas. Thus, by increasing oxygen partial pressure, the coal particle combustion temperature 
can be raised accordingly. Measurements and'blculations have indicated that coal particle 
temperatures may increase from approximately 1900 to 2000 K in 20% oxygen to as high as 
2600 to 2800 K in 80% oxygen 181. 

The effect of coal particle combustion temperature on trace element concentration in 
the submicron ash was investigated in a study of the Wyoming coal. Results obtained for the 
elements V, Cr, As, and Sb are presented in Figure 3. Concentrations of Sc are again 
presented as an example of anon-volatile element. Vanadium, chromium, and scandium 
concentrations all increased with increasing oxygen concentration indicative of relative non- 
volatility. Arsenic and antimony concentrations, however, decreased with increasing 
temperature. This suggests that the majority of each of these elements vaporized at relatively 
low temperatures. The reduction in concentration is a diluent effect, resulting from 
additional vaporization of refractory species at higher temperatures. 

tofFeed- . .  
Trace element concentrations in the Montana lignite coal and combustionderived 

submicron ash as a function of coal particle size are presented in Figure 4. Little difference 
was noted in the concentration of these elements in the coal or the ash for most elements. 
Chromium concentrations in the submicron ash, however, decreased as larger coal particles 
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were burned. This suggests that chromium in the largest coal particles was either retained by 
aluminosilicate minerals (ash particles), or was present in a more refractory form initially. 

mKmm?um 
Enrichment of trace elements in the submicron ash was examined for the three parent 

coals considered in this study. As shown in Figure 5, enrichment was typically lowest for 
the sub-bituminous coal. Arsenic and vanadium were most volatile in the bituminous coal, 
whneas chromium was most volatile in the lignitic d. For a given element, differences in 
enrichment factor as a function of coal type suggest differences in volatility. This in turn 
suggests differences in the predominant form of the element in the parent coals. 
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Table 1. Coal Trace Element Data 

Trace elements @pm 

Sb 1.4 

I 9.2 I 

5.2 

25 
11 
1.6 

2.4 
16 

0.9 

Montana 
Lignite 

(75190 rm) 

6.9 

78 
3.8 
4.0 
0.6 
0.5 
0.9 
5 
8 
0.5 

Density- 
G d e d  M. 
Lignite* 

5.9 

66 
6.1 
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ABSTRACT 

New information from XAFS spectroscopy on the occurrence of arsenic in U.S. bituminous coals 
shows that arsenic may be present in one or more of three distinct forms: (i) arsenical pyrite; (ii) 
arsenopyrite (FeAsS); and (iii) arsenate (AsO,"), most probably as a result of oxidation. In ash 
samples analyzed to date by XAFS spectroscopy the arsenic is present predominantly as arsenate 
species. Some preliminary data on arsenic capture efficiency during combustion suggest that the 
presence of arsenate in the coal'may facilitate the retention of arsenic in combustion solids. 

INTRODUCTION: 
A recent comprehensive study of ash formation during combustion of U.S. coals 111 has 

indicated the importance of the form-of-occurrence of an element in the coal for determining the 
behavior of major elements during pulverized coal combustion. Similarly, information regarding 
the forms of occurrence of minor and trace elements in coal and ash must also be obtained to 
understand their behavior during combustion and to assess whether or not the release of these 
elements during combustion poses a significant environmental hazard. One of the more critical 
trace elements in this regard is arsenic as its behavior can be variable. For example, large 
variations (from 4% to >50% of the total arsenic flux) were reported for arsenic concentrations 
in the vapor phase at a U.S. power station [2]; and, in trace-element mass balance studies at 
commercial power plants, arsenic in bottom ash has been shown to vary from as little as 0.5% 
to as much as 10% of the total arsenic, with the balance in fly ash, except for a very small 
fraction (<OS%) that escapes in the flue gas [3]. It is likely that one of the more important 
factors that might influence the behavior of arsenic during combustion is the form of occurrence 
of arsenic in the coal. 

In his comprehensive review of trace elements in coal, Swaine [4] lists the probable major 
forms of occurrence of arsenic as arsenical pyrite and arsenopyrite (FeAsS) based on observations 
(and speculations) made on various coals from around the world. In the US., there have been 
a few direct observations made on the forms of occurrence of arsenic in coal: such observations 
have been made using scanning electron microscopy [5,6], the electron microprobe [7,8], and 
other less direct methods [9]. These findings by and large confirmed the occurrence of arsenic 
as arsenical pyrite in most U.S. coals. In recent work [10,11], we have demonstrated the 
potential of XAFS spectroscopy as a direct and nondestructive probe for forms-of-occurrence 
information about trace elements in coal and ash down to concentration levels as low as 10 ppm. 
In this study, we will present new data on arsenic occurrences in various U.S. coals and derived 
ash materials. 
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EXPERIMENTAL: 
Samples: Various coals from the Argonne Premium coal sample bank (APCSB), from 

the Department of Energy Coal Sample (DECS) bank administered by D. Glick and A. Davis 
(Pennsylvania State University), and from miscellaneous sources were used in this study. Ash 
samples were prepared from some of these coals in a drop-tube furnace at PSI Technology 
(PSIT) Company or in a larger-scale combustion unit at the University of Arizona (UAZ). The 
drop-tube furnace was run at 1750 K and an oxygen content in the furnace atmosphere of either 
7% or 10.5%. Ash samples were collected on filters; in the case of the UAZ combustion unit, 
an Anderson impactor was used to segregate the ash particulate matter by size. Arsenic contents 
of the coals were determined by either instrumental neutron activation analysis (INAA) or by 
proton induced x-ray emission (PIXE), although we have relied on published INAA analyses [I21 
for the arsenic contents of the APCSB coals. The same techniques were also used to determine 
the arsenic contents of ash samples. 

XAFS Suecaoscopy: XAFS spectroscopy was performed at beam-line X-19A at the 
National Synchrotron Light Source, Brookhaven National Laboratory. For arsenic in coals and 
ash  samples, the absorption of X-rays was measured over the spectral range from 11.75 keV to 
as high as 13.0 keV; over the XANES region (11.85 to 11.90 keV), absorption data were 
collected every 0.25 eV. Absorption of the X-rays was measured by means of a thirteen-element 
germanium array detector [13] that detected the fluorescent X-rays only in a specified tunable 
energy window that corresponded to the energy of the arsenic fluorescent K, X-rays. The 
arsenic K-edge XANES spectra shown in this report are calibrated with respect to a zero energy 
point (11.867 keV) defined as the position of the white line in the spectrum of AhO, that was 
run simultaneously with all arsenic spectra. Other details of XAFS experimentation for trace 
element studies are given elsewhere [10,11]. 

RESULTS AND DISCUSSION: 
Arsenic in Coal: 
Preliminary XAFS work on the speciation of arsenic in coal [10.11] has shown that it is 

relatively easy to distinguish among the different arsenic oxidation states likely to be found in 
coals and other geological materials. This work showed that arsenic was present either in 
association with iron as in arsenical pyrite, in which arsenic substitutes for sulfur in the pyrite 
structure, or as an arsenate (AsO;.) species, presumably formed as a result of oxidation. 

However, it is also essential for speciation studies of arsenic in Cod1 to be able to 
distinguish between the discrete arsenic mineral, arsenopyrite (FeAsS), and arsenical pyrite 
(FeSJ. These two forms-of-occurrence of arsenic have been postulated to be the likely major 
forms of arsenic in coal [4]. The As K-edge XAFS spectra of arsenopyrite and arsenical pyrite 
are quite similar, but there are subtle differences that can be used to discriminate successfully 
between these alternatives in both the XANES and EXAFS regions of the spectra. Figure 1 
compares the XANES and radial structure function (derived by Fourier transform of the EXAFS 
function, kZ.CHI) spectra from the two materials. There are clearly more distinctive features, in 
both magnitude and structure, in the radial structure function (RSF), which is the most processed 
of these spectra. But even in the XANES spectra there are sufficient differences to discriminate 
between arsenopyrite and arsenical pyrite simply by inspection. 

Such distinctions can be seen in arsenic XANES spectra of coals down to at least IO ppm. 
Figure 2 shows the normalized XANES spectra of arsenic in three coals that vary in arsenic 
content from 17 ppm to 434 ppm. Of these coals, the Pittsburgh seam coal is unique in that its 
XANES spectrum is closely similar to that of arsenopyrite, whereas the remainder of the coals 
have features consistent with As in solid solution in pyrite. For the two coals richest in arsenic, 
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the radial structure functions are shown in Figure 3 and, upon comparison with the RSFs shown 
in Figure 1, the RSF spectra confirm the inferences based on the XANES spectra. As indicated 
by the extra white-line peak in the XANES spectrum and also by the peakat about 1.4 A in the 
RSF, the Jefferson coal contains a significant fraction of its arsenic as arsenate. Even with this 
complication, it is clear that remainder of the arsenic in this coal is present in substitutional form 
for sulfur in pyrite. 

XAFS spectra of arsenic were reported previously [10,11] from a suite of floadsink 
fractions from newly opened vials of the APCSB Upper Freeport coal and showed that the 
dominant arsenic form-of-occurrence was arsenical pyrite. Similar XAFS spectra were also 
obtained from the same samples after a three month interval, during which time the samples were 
stored in glass (not air-tight) vials, and from previously opened vials that had been opened for 
a number of months. The spectra of these samples were found to be significantly different from 
those obtained previously. As can be seen from Figure 4, the arsenate contents of these Upper 
Freeport coal fractions are significantly higher after just three months' storage at room 
temperature in closed glass vials. These observations confirm that the oxidation of arsenical 
pyrite to arsenate can occur extremely rapidly, even during storage at room temperature. 

The data presented here and in previous preliminary studies show that there are at least 
three forms of occurrence of arsenic that may be found in laboratory samples of U.S. coals. 
Based on the limited number of samples examined to date, arsenical pyrite appears to be the most 
common of these forms, with arsenate as the next most common (although it is conceivable that 
this form is only formed as a result of oxidation during processing and storage), and arsenopyrite 
as the least common. 

Arsenic in Ash: 
The conversion of arsenic forms in coal to arsenic forms in ash as a result of combustion 

has been investigated for a number of ash samples prepared in the drop-tube furnace at PSIT 
Company or the combustion unit at UAZ. All of the ash samples derived from coal combustion 
that have been examined to date by XAFS spectroscopy contain arsenic predominantly, if not 
entirely, in the form of arsenate (AsO,') complexes. Such complexes are readily recognized by 
the strong white line absorption at about 3 - 4 eV and the broad low intensity peak that is a 
maximum in the range 80 - 90 eV in the As XANES spectrum, and by the major peak at about 
1.3 - 1.4 A in the RSF of samples rich in arsenic. Figure 5 shows the As K-edge XANES 
spectra for the bottom ash collected in the UAZ combustion unit from combustion of Kentucky 
#9 coal and of the fly-ash samples collected in the same unit on an Anderson impactor, during 
combustion of Beulah (ND) lignite. In comparison to arsenate complexes of known crystal 
structure, the arsenic K-edge XANES spectra of this and similar bottom ash samples are 
relatively featureless: the white-line peak is relatively broad and there are no minor peaks in the 
10 - 30 eV range and no obvious shoulders or inflection points on the broad peak in the range 
50 - 100 eV. Such a lack of features is consistent with a mixture of different structural 
environments for arsenate. complexes in these materials, such as those that might be expected if 
the arsenate complexes were assimilated in amorphous or glassy materials. 

The spectra of the fly-ash samples collected in the UAZ combustion unit on an Anderson 
impactor, during combustion of Beulah (ND) lignite, begin to deviate from this pattern, 
particularly for the finer of the two fractions. In the spectrum of the fine fraction, the width of 
the white line is narrower and there is the obvious presence of a minor peak at about 20 eV in 
comparison to the coarse fraction. These observations are interpreted as indicating a significantly 
higher fraction of a crystalline arsenate occurrence in the finer fly-ash fraction than in the coarse 
fly-ash fraction. 
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Recent observations and theories on ash particulate formation involving major elements 
during pulverized coal combustion [l] have invoked two main mechanisms for ash particle 
formation: (1) evaporation of volatile species and condensation of phases from the vapor, and (2) 
partial or total fusion and agglomeration of mineral particles. The fnst mechanism commonly 
results in the formation of small particles of relatively well defined composition and crystallinity, 
such as alkali and alkaline-earth sulfates. The second mechanism results in the formation of 
partially molten aluminosilicate particles that incorporate varied amounts of basic elements. 
These latter particles tend to be much larger and are generally at least partially amorphous (glass) 
upon quenching. In such partially molten deposits, it is likely that AsO;. species would be 
incorporated as a network former in aluminosilicate melts, in much the same way as phosphate 
anionic species (PO,") are incorporated in such melts. 

Alkaline-earth onhoarsenates are relatively stable compounds (calcium orthoarsenate melts 
only at temperatures above 1450°C and magnesium orthoarsenate would be expected to be. almost 
as refractory) and consequently they are prime candidates as condensates from vapor phase 
arsenic species during combustion, especially of low-rank coals. Under combustion conditions, 
decomposition of arsenical pyrite or arsenopynte will be rapid and release arsenic vapor, which 
should then readily oxidize to vaporous arsenic oxides. In the presence of oxygen, the following 
solid-vapor reactions will lead to the condensation of calcium orthoarsenate, depending on the 
oxidation state of arsenic in the vapor phase: 

As(III): 3 CaO ($01) + As203 (vap) + 0 2  (sa) -$ Ca3(AsO& ($01) 

As(V): Cao (sol) + (vap) + Ca3(As04)2 (sol) 

It is apparent that these reactions become simpler and involve fewer molecular species with 
increasing oxidation state of the arsenic. In particular, regardless of whether the transitory 
species in the vapor phase is the oxide, A%O,, or the anion species, AsO,", no additional oxygen 
is necessary in reactions involving the As(V) oxidation state as a reactant. Hence, the presence 
of arsenate in the coal might be expected to facilitate the formation of arsenate compounds during 
combustion and its capture on particulate matter. Furthermore, arsenate mineral species that are 
not associated with pyrite or arsenopyrite particles in the coal need not undergo vaporization, but 
may remain as discrete particles or be assimilated by partial fusion into other particles during 
combustion. 

Comparison of the arsenic retention during combustion for the two DECS coals in the 
PSIT drop-tube experiments is tabulated below: 

coal As (coal) As (ash) Wt% Ash As cap. eff.' 

Pittsburgh 70 31 10.0 0.04 

Illinois #6 10 21 14.5 0.30 

'Arsenic capture efficiency is defined as: As (ash)/(As(coal)/Wt fn. ash) 

It can be seen from this table that relatively little of the arsenic is captured on the filter and it 
is probable that arsenic in both vapor and submicron microparticulate matter may have avoided 
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the filter sampling process. From this tabulation, it would appear that the arsenic is captured 
more efficiently in the case of the Illinois #6 (DECS-2) coal than the Pittsburgh (DECS-12) Coal. 
Although this would appear to be consistent with anticipated trends based on the forms of 
occurrence of arsenic in the original coals (the Pittsburgh coal contains virtually all arsenic as 
arsenopyrite, whereas about 40-50% of the arsenic in the Illinois #6 coal is oxidized to arsenate), 
it may be fortuitous because other factors in the combustion experiment and sampling process 
that might influence arsenic capture have not k e n  considered. 

CONCLUSIONS: 
XAFS spectroscopy has identified three distinct arsenic occurrences in U.S. bituminous 

coals: (i) arsenical pyrite; (ii) arsenopyrite; and (iii) arsenate species, which may have formed 
from the other two forms by oxidation. This technique also indicates that, regardless of the 
original form of occurrence of arsenic in coal, all arsenic forms are oxidized to arsenate forms 
during combustion of coal. The presence of arsenate forms in the original coal may facilitate the 
retention of arsenic in ash; however, more work needs to be done to prove this point adequately. 
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Figure 1 : Comparison of XANES and RSF spectra for arsenic in 
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ABSTRACT: METC is developing a real-time, multielement ICP spectrometer 
system for application to high temperature and high pressure fossil fuel 
process streams. 
a conventional annular swirl flow plasma gas, no auxiliary gas, and a 
conventional sample stream injection through the base of the plasma flame. 
The base of the torch body is a unique design, allowing process gas at 65OoC 
to be injected into the torch. The RF generator ( 4 0 . 6 8  MHz) can deliver 10 
kW, but the best detection limits have been observed at 5 kW. The detection 
system is a quartz fiber optic bundle mated to a battery of one-tenth meter 
monochromators with photomultiplier tubes. 
of the monochromators and data acquisition from the PMTs. 
is modular and mobile, allowing the system to be operated in close proximity 
to any process of interest. 

The ICP torch operates on a mixture of argon and helium with 

A microcomputer controls scanning 
The METC ICP system 

Rising concerns about the potential release of harmful elements into the 
environment from coal utilization have driven the development of new 
analytical capabilities. Especially useful to the suite of advanced 
technologies under development by the Morgantown Energy Technology Center, 
(METC)! would be a process monitor to perform real-time, multi-element trace 
analysis in a high temperature and high pressure environment. 
coupled plasma (ICP) spectrometer has the potential to perform this kind of 
process monitoring. 

The inductively 

The role of the inductively coupled plasma, (ICP) as a process stream 
mohitor for trace elements is only beginning to be realized, although it has 
been widely used for a number of years as a spectrometric emission source in 
elemental analysis laboratories. Previous work by other researchers [l] 
focused on monitoring of liquid phase process streams and looked only at 
elements at a relatively high concentration. Process monitoring by ICP 
spectrometry under conditions relevant to METC's advanced technologies has not 
been previously reported. The principle reason for this lack of progress is 
the difficulty of sustaining a stable plasma discharge around a high flow of 
carbon-containing sample gas. 

Conventional ICP systems cannot operate at sample flow rates greater 
that two liters per minute, nor do they operate well with carbon-containing 
gases in the sample stream. The low flow requirements limit the use of an ICP 
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argon plasma with particle-laden process streams, since at such low rates 
particles drop out of the gas stream before reaching the torch. 
plasmas quench when the carbon-containing gases of fossil fuel process streams 
are introduced, especially at high flow rates. Our torch design using a mixed 
gas plasma provides for operation at higher sample flow rates and for stable 
performance when analyzing samples of varied gas composition. 

Also, ICP 

Prior work sponsored by METC, 12) was only partially successful in 
achieving this goal. On-line ICP analysis was attempted on a cleaned sample 
stream from METC's 107 an diameter, (42 inch) fixed bed gasifier. An 
extracted gas stream was diluted with argon to 10% and introduced to the ICP 
torch at a flow rate of 1 l/min. 
extinguished the plasma, as did higher flow rates. 
this configuration were very poor. Consequently, METC began seeking methods 
that allow higher sample flow rates and concentrations while maintaining 
stable plasma conditions. 

Higher concentrations of gasifier gas 
The detection limits of 

The conventional ICP excitation source is a plasma sustained at 
atmospheric pressure by coupling 27.12  MHz radio frequency power to a stream 
of argon. 
aqueous solutions of unknowns nebulized into an argon sample stream injected 
into the argon plasma. This arrangement works well for power levels below 3 
or 4 kilowatts, and for low flow sampxe streams that contain only argon and a 
small amount of aqueous aerosol. 

Almost all ICP systems use argon as the discharge medium, with 

Figure 1 shows METC's version of an IC0 torch and the induction coil 
that transmits the high frequency power a radio frequency generator to the 
plasma. 
of the need to sustain a discharge with d high flow rate of carbon-containing 
gases in the sample stream. Also, the sample stream, coming from an 
industrial gasifier or combustor, is expected to vary widely in composition 
and particle loading on a timescale of seconds. 

Similar to a conventional torch, it differs in some details because 

The torch uses conventional annular plasma gas injection. Auxiliary gas 
is not needed, and no provision for it is made in this design. 
the torch is an unconventional construction, rather than the usual teflon, so 
a hot, high pressure sample line can be directly connected to the torch. The 
samples line can be maintained at an elevated (process) temperature to protect 
sample integrity by preventing tar condensation and particle dropout from loss 
of velocity. 
the sample line through a drilled out compression fitting on the base. 
Graphite ferrules seal the compression fitting. 
does not touch any teflon parts, and water cooling in the brass base protects 
the O-ring and adjacent teflon sections. 

The base of 

The sample injection tube is ceramic, and connects directly to 

The sample injection tube 

The presence of particles and carbon-containing polyatomic gases in the 
sample stream requires a high minimal power to sustain a stable discharge. 
Especially so, since the flow rate of sample gas into the discharge must be 
high to minimize particle dropout. Operation of argon ICP discharges above 
three or four kilowatts is difficult because the torch overheats. 
work [ 2 ]  reported configuration factors very Close to unity generate a stable 
discharge with an argon and helium mixed gas plasma, but more recent work has 
shown .that unusually small configuration factors, near 0 . 8 ,  work well and 

Our earlier 
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f a c i l i t a t e  cons t ruc t ion  and adjustment of t h e  t o r c h .  
be used a t  up t o  t e n  k i lowa t t s  w i th  a high flow rate of carbon-containing 
sample gas .  
not d i f f i c u l t  t o  s u s t a i n  a s t a b l e  d i scha rge  a t  t h i s  power l e v e l .  
poss ib l e  t o  ope ra t e  with pure helium, but t h e r e  i s  no advantage and it i s  more 
expensive.  

The mixed gas  plasma can 

Optimum d e t e c t i o n  limits were found a t  f i v e  k i lowa t t s ,  and it i s  
It i s  a l s o  

A frequency of 40.68 MHz, (h ighe r  t han  t h e  convent ional  27.12 MHz) was 
chosen f o r  t h i s  t o r c h  des ign  so t h e  s k i n  depth i n  t h e  plasma would be sma l l e r .  
Hence t h e  coupl ing of power t o  t h e  discharge i s  confined t o  t h e  o u t e r  edge of 
t he  plasma flame where it i s  minimally a f f e c t e d  by v a r i a t i o n s  i n  t h e  
p r o p e r t i e s  of t h e  i n j e c t e d  sample stream. 

The torchbox opens from bo th  t h e  t o p  and f r o n t ,  and has  dark g l a s s  

Two windows on t h e  back 
observat ion windows on two s i d e s .  
adjustment of t h e  t o r c h  and load coil o r i e n t a t i o n .  
s ide  provide o p t i c a l  access  f o r  t h e  d e t e c t i o n  system o p t i c s .  
s epa ra t e  impedance matching network and a Tesla  c o i l  i n  a housing a t t ached  t o  
t h e  torchbox.  By us ing  screw l a t c h e s  on a l l  t h e  doors  and maintaining c l ean  
conductive su r faces  around t h e  doors  and windows, e lectromagnet ic  leakage i s  
kept we l l  below s a f e  limits. 

This arrangement g r e a t l y  f a c i l i t a t e s  

There i s  a 

The d e t e c t i o n  system c o n s i s t s  of a b a t t e r y  of s i x  one-tenth meter 
monochromators equipped with pho tomul t ip l i e r  t ubes .  Each monochromator i s  
equipped with a 3600 o r  4800 g roove /m d i f f r a c t i o n  g r a t i n g  optimized f o r  a 
p a r t i c u l a r  region of t h e  spectrum. 
con t ro l l ed ,  scanned v i a  s t e p p e r  motor d r i v e r s .  Two of t h e  e i g h t  
monochromators a r e  equipped with a r e d  and near  i n f r a r e d  s e n s i t i v e  
pho tomul t ip l i e r  tube,  t h e  rest a r e  equipped with an u l t r a v i o l e t  and v i s i b l e  
s e n s i t i v e  pho tomul t ip l i e r  t ube .  
exce l l en t  s e n s i t i v i t y  and dynamic range.  
f o r  s epa ra t e  monochromators f o r  each d e t e c t o r ,  hence t h e  b a t t e r y  of 
monochromators. Using two d i f f e r e n t  t y p e s  of pho tomul t ip l i e r s  a l s o  
n e c e s s i t a t e s  two independent high v o l t a g e  supp l i e s .  
pho tomul t ip l i e r  tubes i s  connected t o  an A/D ca rd  i n  a PC, where t h e  vo l t age  
developed ac ross  a l oad  r e s i s t o r  i s  d i g i t i z e d  and s t o r e d  f o r  processing.  

t o r c h .  Light  from t h e  plasma i s  gathered by two f / 2 ,  5 cm diameter qua r t z  
l e n s e s  and focused i n t o  two 3m diameter  qua r t z  f i b e r  o p t i c  bundles.  
bundle i s  randomly s p l i t  i n t o  fou r  branches,  and one branch i s  mounted a t  t h e  
entrance s l i t  of each monochromator. The divergence angle  of l i g h t  from t h e  
qua r t z  f i b e r  i s  such t h a t  t h e  g r a t i n g s  a r e  nea r ly  e x a c t l y  f i l l e d  without any 
o p t i c  between t h e  bundle ou tpu t  and t h e  entrance s l i t .  
tubes a r e  bo l t ed  d i r e c t l y  over  t h e  e x i t  s l i t  of t h e  monochromators. 

For purposes of c a l i b r a t i o n ,  an a e r o s o l  from standard aqueous s o l u t i o n s  
i s  i n j e c t e d  i n t o  t h e  t o r c h  sample s t r eam.  
u l t r a s o n i c  nebu l i ze r ,  which i s  much more e f f i c i e n t  t han  t h e  common Babington 
type ae roso l  gene ra to r .  
drying oven t o  remove a l l  water from t h e  ae roso l ,  and then  through a c h i l l e r  
s ec t ion ,  which condenses and removes most of t h e  water vapor from t h e  gas 
flow. Then t h e  d ry  ae roso l  i s  d i r e c t e d  through t h e  sample l i n e  i n t o  t h e  ICP 
t o r c h .  

The monochromators a r e  a l l  computer 

Pho tomul t ip l i e r  tubes were chosen f o r  t h e i r  
Their  p r i n c i p l e  drawback i s  t h e  need 

The photocurrent  from t h e  

The s i x  monochromators a r e  mounted on a platform adjacent  t o  t h e  I C P  

Each 

The pho tomul t ip l i e r  

The a e r o s o l  i s  generated with an  

The aqueous a e r o s o l  i s  passed v e r t i c a l l y  through a 

Overal l  e f f i c i e n c y  of t h e  gene ra to r  i s  b e t t e r  t han  80%. 
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A single software package to control the monochromators, acquire the 
data, and to calculate concentrations was written in C by a resident 
programmer. 
needed, the operator uses a low pressure mercury lamp to generate a known 
spectrum. 
for various mercury lines; it positions the monochromator wavelength near a 
mercury emission line and acquires a spectrum of that region. Then the 
software executes a peak search routine and recalibrates its wavelength 
exactly. 

When the system is started and a new wavelength calibration is 

The software knows approximately where to drive the stepper motors 

When the system is to be operated, the first task facing the operator is 
calibration of both wavelength and concentration. Wavelength calibration was 
described above: concentration calibration is done conventionally, by 
supplying standard solutions over a range of concentrations and calculating a 
calibration curve. To measure concentration the software moves the 
monochromator wavelength to the peak region and acquires data over a small 
region of the spectrum. 
the monochromator wavelength to either side of the line to acquire a 
background intensity, and calculates the area of the background trapezoid. 
requires approximately one-half hour to start up the system and go through a 
complete calibration routine. Calibrations are reliable for periods of eight 
hours or longer. Real-time data are collected at one kilohertz and digitally 
processed to remove artifacts, and then s m e d  and stored at the rate of one 
data point per second. 

Before and after the measurement, the software moves 

It 

One of the principle requirements of our on-line system was that it be 
This meant that the system had to be readily adaptable to use in the field. 

modular and mobile. The torchbox, detection system, and calibration system 
must all be located at the sampling site, since preservation of sample 
integrity requires that the length of sampling tube be as short as possible. 
On the other hand, there is no requirement that the radio frequency generator 
be close at hand, since power can be conducted over tens of meters of coaxial 
cable without undue difficult or expense. Also, in many industrial process 
installations, the site where the sample is extracted is off-limits to 
personnel when the process is operating, and therefore all the controls and 
the computer must be remotely located. Figure 2 illustrates the various ICP 
modules. 

The radio frequency generator is contained in a standard 19-inch 
cabinet, approximately two meters tall. The generator uses vacuum tubes for 
both stages of amplification and for the oscillator; the final stage is a 
single tube. This tube is very large and requires a large cooling air flow. 
A l s o ,  the separate vacuum tube stages require their own plate voltage, and 
therefore the power transformer is large and bulky. For these reasons, this 
unit is large, and until solid state technology advances, there is no prospect 
of obtaining a smaller one. There is a small, mobile transformer from which 
it is powered; the transformer takes 480 volts from a standard welding power 
receptacle and steps it down to 208 volts to operate the generator. This is 
convenient, since virtually all industrial facilities are equipped with 480 
volt power. The generator also contains a full set of controls for power 
delivery. 
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The calibration rig is housed in a two meter high standard 19-inch rack, 
including the ultrasonic nebulizer, drying oven, cooling jacket, cooler, power 
supplies, and controllers. All these devices operate from standard low 
current 110 volt power. 

Typically, the computer that runs the monochromators, and the radio 
frequency power generator are located near each other, so that data 
acquisition and processing and power delivery are controlled from one 
location. 
facilitate starting and calibrating the system prior to making measurements on 
unknowns. 

Additional power controls are located underneath the torchbox to 

The plasma gas is a mixture of helium and argon. The argon is usually 
delivered from a large liquid argon tank. 
on a manifold or from a liquid helium tank. 
connected via mass flow controllers and can be remotely located, either near 
the computer and RF generator or at another convenient location. 

Helium is delivered from cylinders 
The tanks and cylinders are 

Future plans for this instrument include field testing on coal 
combustors and gasifiers, refinement of torch design to increase reliability 
and minimize maintenance, and development of a CCD array detection system. 
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INTRODUCTION 

The new Clean Air Act amendments (CAAAs) require the evaluation of potential health effects 
due to emission of hazardous air pollutants (HAPs)  from coal-fired power plant (CFF'Ps). The 
amendments also specifically require evaluation of mercury (Hg) emissions from CFPP. Although 
the CAAAs specify these measurements be made, standard reference methods for testing all of the 
HAP emissions from CFF'Ps are not available and some of the methods currently being used have 
not been validated. 

Previous studies have shown fly ash from coal combustion may be a potential source of HAPs. 
Samples for these previous studies, however, were collected using conventional methods which do 
not allow for the normal dilution and cooling that takes place in a plume. Organic compounds, 
for example, are typically in the vapor phase at stack temperatures and with conventional methods 
are collected separately from the particles by condensation and adsorption traps. There is 
evidence, however, that some polycyclic aromatic hydrocarbons (PAHs) can undergo chemical 
reactions and/or rearrangements when adsorbed on coal fly ash particles. As a result, samples 
collected with conventional methods may not be representative of CFPP emissions as they exist in 
the ambient environment In addition, there are over a dozen different sampling and analysis 
methods required to measure HAPs from CFPPs each requiring separate probes and sampling 
teams. This negates to a great extent the possibility of simultaneous sample collection, greatly 
increases the cost of sampling and introduces the potential for greater uncertainties in the 
measurements. 

Emission measurements of hazardous air pollutants requires an optimization of sampling and 
analysis methods. Recent advances in emissions measurements have resulted in major strides 
towards this optimization process. Two recent advances include the development of a plume 
simulating dilution sampling system using zero background dilutant for simultaneous measurement 
of the complete set of hazardous air pollutants and a new hazardous element sampling train. 

PLUME SIMULATING DILUTION SAMPLER 

Chester Environmental's plume simulating dilution sampler is illustrated in Figure 1. The 
configuration illustrated is but oneconfiguration that has been used for the simultaneous collection 
of both gas and particle phase HAPS. An isokinetic sample is drawn into the system through a 
cyclone preseparator. and a heated stainless steel transfer tube. The hot stack gas is drawn from 
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the transfer tube (similar to a standard Method 5 transfer tube) into the instrument and blending 
module where it is surrounded by cooled dilution gas. 

The dilution gas used for this sampling is nitrogen (N2) derived from evaporated liquid nitrogen 
but other mixtures such as an SODO N2/02 mixture could be used. This provides a cool, bone-dry 
dilution gas with zero background for both particulate and vapor phase species. KeystoneNm 
has been using evaporated liquid N, for dilution gas with its PSDS for air toxic emission t e shg  
since 1988. This type of dilution gas is considered essential because of the need to minimize 
sulfate artifact formation and an oxygen mixture of dilutant gas is considered important to simulate 
the 0, concentration in a plume so as not to inhibit the formation of oxygenated compounds. 

After blending and mixing, the diluted gas stream passes through an aging chamber. After exiting 
the aging chamber and before sample collection, the diluted gas stream passes through a section 
for determining the pressure, temperature, velocity, and relative humidity. The particle and gas 
phase samples are sampled downstream of this section. 

Thesample entering the inlet nozzle will pass through the transfer tube and the dilution chamber 
for dilution, aging, and collection. The transfer tube is maintained at stack temperature to prevent 
premature condensation. An S-type pitot tube and a thermocouple are installed on the transfer 
tube to monitor stack gas velocity and temperature. The flow rate through the transfer tube is 
established by the difference between the total stack pressure at  the inlet nozzle and the static 
pressure in the dilution chamber. This pressure difference, monitored with a magnehelic gauge 
installed between the upstream port of the pitot and the dilution chamber, is referred to as 
chamber pressure. The chamber pressure/flow relationship is established by calibration of the 
nozzIe/transfer tube assembly as an integrated unit. The operating chamber pressure will be 
determined on site using this calibration with the appropriate temperature and pressure corrections 
for the actual stack conditions encountered. 

The dilution chamber facilitates mixing of the flue gas with dilution gas, cooling and aging of this 
mixture to simulate the dilution processes occumng in a plume, and distribution of the aged 
mixture to the various sampling devices. The chamber sections can be configured to affect a 
variety of dilution, aging, and sampling schemes. The chamber flows are balanced by throttling the 
dilution gas (supplied under pressure) as required to establish the operating chamber pressure (for 
the specified flue gas flow rate through the transfer tube) while maintaining the necessary sampling 
device flow rates (withdrawn under vacuum). 

A wide range of sampling methods can be used with the PSDS. Particle loading, for example, can 
be determined by direct filtration and gravimetry. Both the 8 x 10-inch quartz fiber high-volume 
and teflon filters can be used to provide independent determination of the particle loading. 
Particle and gas phase elemental compositions are determined using a combination of sampling and 
analysis methods. The teflon filters are analyzed by x-ray fluorescence and neutron activation 
analysis for particle phase trace elements and charcoal traps are analyzed by the same methods for 
gas phase elements. This ultra-sensitive trace element procedure provides low detection limits 
(down to 0.05 &m3) for a wide range of elements. The particulate phase elements measured by 
this method include AI, Si, P, S, CI, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, 
Zr, Mo, Cd, Sb, Ba, Hg, Pb, U, and Th. Of the four elements expected to have a significant gas 
phase component at plume-slmulated conditions (As, B, Hg, and Se), three (As, Hg, and Se) can 
be sampled and measured by the charcoal trap method. 
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The gas concentration in the PSDS is typically reduced by about 30 fold from the stack 
concentration by dilution. To compensate for this lower concentration, larger volumes are sampled 
and more sensitive analytical methods used to provide improved detection limits. 

HAZARDOUS ELEMENT SAMPLING TRAIN 

Current EPA sampling and analysis methods for hazardous elements rely on method lOlA for 
mercury and tentative method 29 for multiple metals testing. Both methods are based on EPA 
method 5 stack sampling probes and impinger trains. Method lOlA uses potassium permanganate 
in sulfuric acid impingers to extract mercury from a gas stream. Tentative method 29 adds 
hydrogen peroxide-nitric acid impingers in front of the permanganate impingers to remove other 
metals. These impinger trains are difficult to run, somewhat dangerous, require complex sample 
recovery and analysis procedures and are costly. In addition, concerns for the validity of these 
methods have also been raised and extended sampling periods are required to achieve adequate 
detection levels. 

A method has recently been developed to measure hazardous element emissions that combines 
activated charcoal impregnated filters (CIFs) and XRF analysis. This method is applicable to all 
of the elements on the EPA hazardous air pollutants (HAPS)  list except beryllium which must be 
analyzed by inductively coupled argon plasma (ICAP) methods but can be done with the same 
hazardous element sampling train (HEST). This new, innovative method not only has the ability 
to measure mercury in CFPP emissions with sampling intervals as short as 10 minutes, but has the 
potential to achieve order of magnitude better detection limits for mercury and the other HAP 
elements that are now measured with tentative method 29. 0 

Chester Environmental's HEST is schematically illustrated in Figure 2 to collect both particulate 
and gas phase samples, and XRF and ICAP to determine elemental concentrations as illustrated 
with the flow diagram shown in Figure 3. 

The sampling train uses a standard in-stack filter probe which draws in an isokinetic sample that 
passes through a filter pack. The filter pack holds three 47 mm diameter filters. Arranged as 
illustrated in Figure 2. A stainless steel washer at the filter pack entrance and a stainless steel 
washedscreen at the exit, hold the three stacked filters in place and prevent sticking to the filter 
holder O-rings. The first filter collects the particulate phase. Only quartz fiber filters have been 
used to date but optimum detection limits will be obtained with teflon filters. The second filter 
is a CIF used to collect gas phase elements. The second CIF is a backup which can be analyzed 
if there is concern for breakthrough. (To date, in-stack measurements have demonstrated CIF 
collection efficiencies in excess of 99.7% for total mercury). 

The stack gas passes through the filter pack and to a series of impactors to remove water vapor 
before the flow and volume are monitored. 

The filter pack, including the inlet nozzle, are separated from the probe at the end of a sampling 
period, capped and returned to the laboratory for analysis. In-field sample train rinsing and sample 
recovery steps are not required by this method. If repeated field tests are required, the filter may 
be transferred to petri slides and fresh filters loaded in the filter pack. Special filter treatment is 
not required after sample collection. (Mercury, for example, is not lost from the CIF even after 
15 hours exposure to a vacuum of 150 microns of mercury at room temperature). 
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Upon receipt in the laboratoly, the probe inlet is separated from the filter pack, the filters 
removed, placed in petri slides and archived. (This method does not require total filter deposit 
mass to be determined). The filters are removed from storage and analyzed first by nondestructive 
XRF analysis using a high powered modified Ortec Tefa 111 analyzer. The complete analysis which 
requires two excitation conditions (Mo anode and Mo x-ray filter at 50 KV, tungsten anode with 
Cu filter at 35 KV). The front particulate catch filter is then cut in half after nondestructive X R F .  
One half of the filter is archived and one half is analyzed for ICAP for Be by ICAP. The entire 
filter may be analyzed by ICAP if lower detection limits are required. Elemental detection limits 
of the HEST will range from about 10 to 100 ng/m3. 
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ABSlRACT 

This  paper b r i e f l y  describes both recent  and ongoing s tud ies being conducted t o  
assess the emissions of hazardous and t o x i c  substances from a v a r i e t y  o f  coal- 
f i r e d  e l e c t r i c  u t i l i t y  power generation systems. Recent developments i n  the  
ana ly t i ca l  methodology requi red t o  measure low l e v e l s  o f  t o x i c  metals associated 
w i t h  f l y a s h  are presented. Also, cu r ren t  and f u t u r e  U.S. Department o f  Energy 
plans t o  augment these assessments are discussed. 

INTRODUCTION 

The t race elements associated w i t h  the mineral mat ter  i n  coal  and t h e  var ious 
compounds formed dur ing coal combustion have the p o t e n t i a l  t o  produce a i r  t o x i c  
emissions from c o a l - f i r e d  e l e c t r i c  u t i l i t i e s .  The recen t l y  enacted Clean A i r  Act 
Amendments (CAAA) conta in  prov is ions t h a t  w i l l  se t  standards f o r  t he  al lowable 
emissions o f  190 hazardous a i r  p o l l u t a n t s  (HAPS). These 190 a i r  t o x i c s  can be 
associated w i t h  any number o f  source categor ies t h a t  emit p o l l u t a n t s  t o  the  
environment. Many o f  these HAPS could poss ib l y  be emi t ted from c o a l - f i r e d  
e l e c t r i c  generating s tat ions.  Coal - f i red e l e c t r i c  u t i l i t y  b o i l e r s  w i l l  be 
studied by the  Environmental Protect ion Agency (EPA) t o  determine i f  regu la t i on  
i s  appropriate and necessary. 

When coal i s  combusted, t race  elements associated w i t h  the  mineral mat ter  are 
released i n  both s o l i d  and vaporized forms. Those t r a c e  elements no t  vaporized 
dur ing combustion w i l l  r e p o r t  t o  the bottom ash stream o r  e x i t  the combustor as 
p a r t i c u l a t e  mat ter .  The t race  elements t h a t  are vaporized du r ing  combustion w i l l  
e x i t  the combustor as gases, condense e i t h e r  as submicron p a r t i c l e s ,  o r  on the 
surface o f  p a r t i c u l a t e  mat ter  i n  the f l u e  gas stream. The condensation o f  t race  
elements on p a r t i c l e s  r e s u l t s  i n  an enrichment i n  concentrat ion o f  s p e c i f i c  
elements ( l ) ,  as shown i n  Table 1. 

During t h e  f i r s t  phase o f  a two-phase program, the Canadian E l e c t r i c  Associat ion 
(2) conducted a study t o  examine a i r ,  water, and ash pathways f o r  t race  
const i tuents  released t o  the environment from fou r  Canadian c o a l - f i r e d  generating 
s tat ions.  A l l  t he  major i n p u t  and output  streams o f  the u t i l i t y  p l a n t  were 
sampled f o r  up t o  45 elements i n  add i t i on  t o  p o l y c y c l i c  aromatic hydrocarbons. 
Mater ia l  balances were made based on the average o f  several runs. Mater ia l  
balance closures t o  w i t h i n  20% were found f o r  37 elements. Closure was no t  
obtained f o r  f l uo r ine ,  s i1  icon, phosphorus, cadmium, mercury, and boron. Table 2 
summarizes the  emission o f  elements which are on the EPA HAPS l i s t  from the 
Canadian E l e c t r i c  Associat ion study o f  c o a l - f i r e d  power p lan ts .  The second phase 
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of the program dealt with the environmental dispersion and biological 
implications of the release. 

The Electric Power Research Institute (EPRI) has begun to assess the emissions 
from power plants under the PISCES (Power Plant Integrated Systems: Chemical 
Emission Studies) program. The first activity consisted of an exhaustive 
literature review to obtain as much existing data as possible on the emission of 
chemical species from power plants (3). This data was organized into a database 
that contains information on both individual power plants and on the chemical 
characteristics of various streams within those plants. The PISCES literature 
study also served to identify gaps in the existing data on power plant emissions. 
The second major activity within the PISCES program is the Field Chemical 
Emissions Monitoring project which involves the use of a consistent and 
comprehensive analytical protocol to evaluate all inputs and outputs of the 
pollution control subsystems and all the process streams at the utility for HAPS. 
To date, the EPRI study has’gathered analytical information at ten utility sites 
for 24 of the 190 hazardous pollutants listed in Title 111 of the CAAA. 

Conventional air pollution control subsystems have the potential to remove many 
of the air toxic emissions from flue gas generated from the combustion of coal. 
However, there is a lack of precise analytical data on the removal of toxics 
across environmental control devices, such as electrostatic precipitators, 
baghouses, and wet limestone scrubbers. The relative concentrations of some of 
the toxic materials could also be increased as a result of using these 
technologies, or toxics could be formed when chemicals are added to the flue gas 
stream to increase particulate collection efficiency. Further, some of the more 
advanced SO, and NO, mitigation technologies involve furnace injection of a 
sorbent and combustion modification, respectively, and could influence the 
distribution of toxics between the bottom ash and flue gas streams. To date, 
little information exists on the effects these advanced technologies have on the 
amounts of toxic substances formed in the combustion zone. 

CURRENT DOE AIR TOXICS INVESTIGATIONS 

The Pittsburgh Energy Technology Center (PETC) of the U.S.  Department of Energy 
(DOE) has two current investigations, initiated before passage of the C A M ,  that 
will determine the air toxic emissions from coal-fired electric utilities. DOE 
has contracted with Battelle Memorial Institute and Radian Corporation to conduct 
studies focusing on the potential air toxics, both organic and inorganic, 
associated with different size fractions of fine particulate matter emitted from 
power plant stacks. Table 3 indicates the selected analytes to be investigated 
during these studies. PETC is also developing guidance on the monitoring of HAPS 
to be incorporated in the Environmental Monitoring Plans for the demonstration 
projects in the DOE Clean Coal Technology Program. 

Battelle Memorial Institute 

Battelle Memorial Institute and its subcontractor, KeystonelNEA, will correlate 
the air toxics produced by a laboratory combustor with those from two operating 
coal-fired electric utility boilers. A characterization of air toxics associated 
with the surfaces of fine particles and vapor phase constituents of the stack 
flue gas of the selected coal-fired units will be made. Both the diluted, cooled 
flyash particles with adsorbed and condensed material on the surfaces and the hot 
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gas flyash particles will be collected in three size fractions from the stacks. 
These size fractions are <0.6, 0.6-2.0, and 2.0-0.5 microns. 

An innovative source dilution sampler will be utilized to simulate plume cooling 
and collect the diluted, cooled particles that may have an increased 
concentration of certain toxic substances. The hot gas samples, particulate and 
vapor phase, will be collected by EPA Modified Method 5 procedures. The 
differences in the two samples will provide information on the characteristics 
of the overall composition of fine particles, particularly materials of air toxic 
concern. 

Laboratory studies can be more useful under certain circumstances than full-scale 
studies because these studies provide the flexibility to examine emissions from 
developing pollution control technologies (i .e., furnace and duct sorbent 
injection, flue gas conditioning, and various combustion configurations). The 
coals used by the two coal-fired electric utilities will be used in the 
laboratory combustion studies, which will indicate the efficacy of using a well- 
controlled laboratory-scale combustor to simulate emissions from a full-scale 
unit. Additional results from the Battelle laboratory combustion work will 
include the further development of more advanced sampling methods for collection 
of flyash and vapor-phase constituents from flue gas. The results will also 
assist DOE and EPRI in determining which toxic substances to sample in future 
emissions characterization studies. 

Radian Corporation 

Radian Corporation will collect size-fractionated particles from the stack of a 
full-scale coal-fired utility boiler and characterize the particles for both bulk 
and surface chemical composition. The sampling will take place over two 
different time periods ranging from three to four weeks. This will enable the 
collection of fine particles during a high-load season (winter), a lower-load 
season (spring), and load swings. Particulate samples will be collected from the 
stack effluent under both hot-stack and dilution-cooled conditions. 

A source dilution sampler will be utilized to simulate the cooling and dilution 
that the flue gases and particles experience while entering the atmosphere at the 
stack exit. A relationship will be sought between the chemical materials found 
and the size of particles. Also, the effects of cooling and dilution upon the 
surface condensation of volatile species will be evaluated and characterized. 
In addition, the carbon content o f  the particulate matter will be determined in 
an attempt to correlate any organic compounds found on the dilution-sample 
particulate with the amount of carbon in the flyash. 
To date, Radian has evaluated several sample preparation and analysis procedures 
in order to select two bul k-composition and three surface-leaching techniques to 
use on the size-fractionated flyash samples collected from both the hot stack gas 
and the cooled stack gas from the dilution sampler. To accurately evaluate these 
methods, a coal flyash was selected that is certified by Bramer Standard Company 
for 29 trace metals bg/g) and 8 major metals (wt.%), and is sieved instead of 
ground to produce a homogenous sample of ash particles less than 80 microns in 
size. Metals targeted for analysis and low detection limits were arsenic, 
barium, beryl1 ium, cadmium, chromium, copper, cobalt, lead, manganese, mercury, 
molybdenum, nickel, selenium, and vanadium. These metals were chosen because of 
their known toxic properties, presence on the C A M ’ s  list of hazardous 
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substances, o r  suspected occurrence i n  f l u e  gas streams from c o a l - f i r e d  u t i l i t y  
bo i l e rs .  

Tota l  composition of t he  f lyash p a r t i c l e s  was determined by neutron a c t i v a t i o n  
and glow discharge mass spectrometry (GDMS). Acceptable recoveries, defined as 
80-120% o f  the standard’s c e r t i f i e d  value, were obtained by neutron a c t i v a t i o n  
analysis f o r  Ba, Co, Cu, Mn, and V. Chromium and arsenic recover ies were only  
s l i g h t l y  outs ide t h i s  range a t  124 and 127 percent, respec t i ve l y .  The 
r e p r o d u c i b i l i t y  was acceptable ( l ess  than 20% r e l a t i v e  standard dev iat ion,  RSD) 
f o r  a l l  t he  ta rge t  elements except Cd, Cu, and Hg. Cadmium, lead, and be ry l l i um 
were not  detected by neutron ac t i va t i on .  GDMS analys is  provided acceptable 
recovery (80-120%) f o r  two elements, chromium and copper. Recovery o f  t he  
remaining elements was biased low and ranged from 16 t o  86% recovery. The 
r e p r o d u c i b i l i t y  was acceptable (<20% RSD) f o r  a l l  t a r g e t  analytes except 
molybdenum and cadmium, which were no t  detected. 

The primary focus o f  the methods evaluat ion p lan was t o  determine methods t h a t  
could leach o r  d i sso l ve  metals from the surface o f  f l yash  p a r t i c l e s .  The f i v e  
leaching agents s tud ied were chosen based on e i t h e r  s e l e c t i v i t y  f o r  t he  metals 
o f  i n te res t ,  the method’s s i m i l a r i t y  t o  chemical o r  b i o l o g i c a l  processes, or  as 
modif icat ions o f  an establ ished method. The f i v e  methods were 1) a n i t r i c  ac id  
d igest ion technique t h a t  i nd i ca tes  the maximum amount o f  ma te r ia l  ava i l ab le  from 
the a lumina-s i l ica f l yash  ma t r i x  (€PA Method 3050); 2) an ace t i c  ac id  leaching 
so lu t i on  prepared according t o  the T o x i c i t y  Charac te r i s t i cs  Leaching Procedure 
t o  a pH o f  4.93 t o  simulate environmental a v a i l a b i l i t y ;  3) a simulated g a s t r i c  
f l u i d  made from HC1, pepsin, and NaCl buf fered t o  pH 1.2; 4) a simulated lung 
f l u i d  prepared from phosphate buffered (pH 7.5) sa l i ne  s o l u t i o n  conta in ing bovine 
serum (albumin) and dextrose; and 5) a chelat ing agent s p e c i f i c  f o r  arsenic  and 
chromium cons is t i ng  o f  buf fered (pH 4.4) ammonium p y r r o l  idine-N-dithiocarbamate 
so lut ion.  

For a l l  f i v e  methods, 100 mg o f  the c e r t i f i e d  f l yash  was t reated.  The three 
ana ly t i ca l  techniques used f o r  the analysis o f  the leachate samples included 
induc t i ve l y  coupled argon plasma emission spectrophotometry ( I C P ) ,  g raphi te  
furnace atomic absorption spectrophotometry (GFAA), and i n d u c t i v e l y  coupled argon 
plasma mass spectrometry (ICP-MS). Results o f  the ICP,  GFAA, and ICP-MS analysis 
o f  these leachate samples provided a c lea r  i n d i c a t i o n  t h a t  the ana ly t i ca l  
method’s s e n s i t i v i t y  and p rec i s ion  are very important. ICP-MS provided lower 
detect ion l i m i t s  than I C P  o r  GFAA for  a l l  the matrices tested.  ICP-MS has the  
advantage o f  de tec t i ng  elements from Be t o  U (mass 9 t o  238) w i t h  quan t i t a t i on  
l eve l s  o f  20 ng/mL t o  0.1 mg/mL. Detection l i m i t s  f o r  14 metals i n  t h i s  
evaluation ranged from 0.002 t o  0.13 ng/mL. The detect ion l i m i t s  are 10 t o  100 
times lower than I C P  o r  ,GFAA. BY ICP-MS, the RSD f o r  n i t r i c  ac id  d iges t i on  
samples was <20% f o r  a l l  t a r g e t  elements except Cd (34% RSD), Cu (25% RSD), and 
Pb (36% RSD). These d i l u t e d  samples had elemental concentrat ions l ess  than 3 
ng/mL f o r  a l l  t a r g e t  analytes. With respect t o  the I C P  and GFAA analyses, on ly  
arsenic (1% RSD), be ry l l i um (7% RSD), chromium (120% RSD), copper (27% RSD), lead 
(59% RSD), n i cke l  (40% RSD), selenium (1900% RSD), and vanadium (5% RSD) were 
detected. S im i la r  r e s u l t s  were obtained on the other  leachate samples, except 
the simulated lung f l u i d  sample whose increased v i s c o s i t y  presented sample 
asp i ra t i on  problems, i n d i c a t i n g  the super io r i t y  o f  the ICP-MS technique. 

The n i t r i c  ac id  d igest ion,  g a s t r i c  f l u id ,  and ace t i c  ac id  leach are the three 
methods chosen based on the performance c r i t e r i a  when analyzed by ICP-MS. ICP-MS 
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provides lower  detect ion 1 i m i t s  and improved p rec i s ion  than prev ious ly  obtained 
by conventional ICP o r  GFAA methods. 

FUTURE TOXIC EMISSION STUDIES 

A co l l abo ra t i ve  e f f o r t  has been i n i t i a t e d  by the DOE, the U t i l i t y  A i r  Regulatory 
Group (UARG), EPRI,  and the  EPA t o  expand the study of hazardous p o l l u t a n t  
emissions from u t i l i t y  b o i l e r s .  Th i s  e f f o r t  w i l l  i nvo l ve  measurements a t  a 
number o f  power p lan ts  having d i f f e r e n t  b o i l e r  designs, NO, con t ro l  methods, 
p a r t i c u l a t e  con t ro l  devices, and SO, removal systems (wet and d ry ) .  From these 
measurements, the EPA expects t o  p r e d i c t  t he  p o t e n t i a l  a i r  t o x i c  emissions from 
coa l - f i r ed  b o i l e r s  i n  1995 and 2000 ( a f t e r  con t ro l s  are i n s t a l l e d  t o  meet the  
requirements o f  t he  ac id  r a i n  t i t l e  o f  t he  CAAA). Measurements from p lan ts  
f i r i n g  bituminous o r  subbituminous coal  w i l l  be used t o  evaluate the e n t i r e  range 
of e x i s t i n g  power p l a n t  conf igurat ions and w i l l  form the bas is  f o r  t h i s  study. 

DOE has issued a s o l i c i t a t i o n  f o r  proposals t o  assess se lected hazardous/toxic 
po l l u tan ts  from a number o f  u t i l i t i e s  t h a t  u t i l i z e  d i f f e r e n t  p o l l u t i o n  con t ro l  
and process subsystems wh i l e  burning e i t h e r  bituminous o r  subbituminous coal .  
The power p lan t  con f igu ra t i ons  addressed i n  t h i s  s o l i c i t a t i o n  are given i n  
Table 4. Object ive o f  t h i s  s o l i c i t a t i o n  are t o  determine the  removal 
e f f i c i e n c i e s  o f  p o l l u t i o n  con t ro l  subsystems f o r  se lected p o l l u t a n t s  and the  
concentrat ions o f  p o l l u t a n t s  associated w i t h  the p a r t i c u l a t e  f r a c t i o n  o f  the f l u e  
gas stream as a func t i on  o f  p a r t i c l e  size. A f u r t h e r  ob jec t i ve  i s  t o  determine 
mass balances f o r  selected p o l l u t a n t s  f o r  a v a r i e t y  o f  d i f f e r e n t  i npu t  and output 
streams o f  the power p lan ts  and subsequently f o r  t he  e n t i r e  power p lan t .  

Results from a l l  the DOE studies w i l l  p rov ide i npu t  t o  the  congressional ly 
mandated study being conducted by t h e  EPA t o  assess the impacts o f  the l i s t e d  
HAPS emissions from c o a l - f i r e d  e l e c t r i c  u t i l i t i e s ,  as requi red i n  T i t l e  111 o f  
the  CAAA of 1990. I n  addi t ion,  the data w i l l  p rov ide a bas is  f o r  evaluat ing the 
po ten t i a l  e f f e c t s  o f  a i r  t o x i c s  regu la t i on  on e x i s t i n g  p o l l u t i o n  con t ro l  and 
a u x i l i a r y  processes being u t i l i z e d  a t  e l e c t r i c  u t i l i t i e s  and on the 
commercial izat ion o f  technologies demonstrated under the Clean Coal Technology 
Program. 
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Table 1. Comparison o f  Elemental Concentrat ions i n  S i z e - C l a s s i f i e d  
Flyash Frac t ions  (Concentrations i n  pg /g  unless i n d i c a t e d  by %) 

Element 
Aluminum, % 
Barium, % 
Calcium, % 
I ron ,  % 
Magnesium, % 
Potassium, % 
S i l i c o n ,  % 
Sodium, % 
Su l fu r ,  % 
Titanium, % 

Antimony' 
Arsenic 
Beryl  1 ium' 
Cadmi um' 
Cer i  um 
Cesium 
Chromium' 
Cobalt ' 
Copper 
Dysprosium 
Europium 
Gal l ium 
Hafnium 
Lantbanum 
Lead 
Manganese' 
Neodymj urn 
N icke l  
Rubidium 
Samari urn 
Scandium 
Selenium' 
S t r o n t i  um 
Tantal urn 
Terbium 
Thorium 
Uranium 
Vanadium 
Tungsten 
Y t t e r b i  um 
Zinc 

F r a c t i o n  !, 
18.5 urn 

13.8 
0.168 
2.1 
2.51 
0.47 
0.74 

1.22 
0.101 
0.62 

2.6 
13.7 
6.3 
0.4 

113.0 
3.2 

28.0 
8.9 

56.0 
6.9 
1.0 

43.0 
9.7 

62.0 
73.0 

208.0 
45.0 
25.0 
51.0 
8.2 

12.6 
19.0 

410.0 

29.6 

2.06 
0.90 

25.8 
8.8 

86.0 
3.4 
3.4 

68.0 

F r a c t i o n  
6.0 um 

14.4 
0.245 
2.23 
3.09 
0.56 
0.80 

1.75 
0.304 
0.74 

8.3 
56.0 
8.5 
1.6 

122.0 
3.7 

53.0 
17.7 
89.0 

8.5 
1.2 

116.0 
10.3 
68.0 

169.0 
231.0 
47.0 
37.0 
56.0 
9.1 

15.3 
59.0 

540.0 
2.3 
1.06 

28.0 

28.3 , 

16.0 
178.0 

9.0 
4.1 

189.0 

NOTE: These data were taken from Reference 1. 

*Denotes element i s  contained on EPA HAPS l i s t .  
**Aerodynamic c u t  s izes.  
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F r a c t i o n  ?. 
3.7 urn 

13.3 
0.31 
2.3 
3.04 
0.60 
0.82 

1.81 
0.425 
0.73 

27.5 

13.0 
87.0 

9.5 
2.8 

123.0 
3.7 

64.0 
20.3 

107.0 
8.1 
1.2 

140.0 
10.5 
67.0 

226.0 
269.0 

49.0 
43.0 
57.0 
9.2 

15.8 
78.0 

590.0 
2.5 
1.10 

29.0 
22.0 

244.0 
16.0 
4.0 

301.0 

Fraction..4 
2.4 urn 

13.9 
0.41 
2.36 
3.2 
0.63 
0.81 

1.85 
0.711 
0.77 

26.8 

20.6 
132.0 

10.3 
4.6 

120.0 
3.7 

68.0 
21.8 

137.0 
8.5 
1.3 

178.0 
10.3 
69.0 

278.0 
309.0 

52.0 
40.0 
57.0 

9.7 
16.0 

198.0 
700.0 

2.7 
1.13 

30.0 
29.0 

327.0 
24.0 
4.2 

590.0 



Table 2. Flue Gas Trace Element Releases from 
Selected Canadian Coal-Fired Power Plants 

Element 

Chlorine 
Chromi urn 
Manganese 
Cobalt 
Arsenic 
Sel eni urn 
Antimony 
Mercury 
Lead 

% of Total Element i n  Coal 
Released with the Flue Gas 

49 
0.1 
0.1 
0.09 
0.74 
3.5 
0.2 
79.0 
0.2 

- 99.0 
- 8.7 
- 1.0 
- 1.5 
- 9.3 
- 1 3 . 0  
- 2.5 
- 87.0 
- 1.4 

Table 3. Compounds and Elements for the Battelle 
and Radian Air Toxics Studies 

Arsenic 
Bari um 
Beryl 1 i urn 
Cadmium 
Chromi urn 
Chlorine (as C1.) 
Cobalt 
Copper 
Cyanide 
Fluorine (as F-) 

Lead 
Manganese 
Mercury 
Molybdenum 
Nickel 
Phosphorus (as  PO4%) 
Selenium 
Van ad i urn 

Ammonia 
Radionuclides (Ra, Po, U, e tc . )  
Sulfates 

Benzene 
To1 uene 
Formaldehyde 
Polycyclic Aromatic Hydrocarbons 
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A model is proposed for the catalytic oxidation of sulfur dioxide to Sulfur 
trioxide over vanadium-containing ash deposits on heat exchanger tubes in the 
convective section of a residual oil-fired boiler. The model includes a global 
description of the rates of forward and reverse reactions at the deposit surface 
and mass transfer of the product SO3 from the deposit surface to free stream. The 
kinetic parameters for the chemical reaction and the ratio of active deposit 
surface area to geometric external area are the principal adjustable parameters. 
Conversion of SO2 to SO3 is strongly dependent on the surface area-temperature- 
residence time distribution in the convective section. The change in surface 
temperature with increasing deposit thickness accounts for a significant part of 
the increase in sulfur trioxide content of stack gas which occurs as ash 
accumulates on convective tubes. 

INTRODUCTION 

A few percent of the sulfur in residual fuel o i l  typically appears as sulfur 
trioxide in the stack gas from an electric utility boiler. Sulfur trioxide is 
completely converted to sulfuric acid vapor at approximately 500 K (44OoF), and 
condenses as aqueous sulfuric acid at the dewpoint, near 400 K (26OOF) (Halstead 
and Talbot, 1980). Adsorption of the acid on unburned coke particles and reaction 
with ash increases the particulate matter concentration in the combustion products, 
when measured by USEPA Method 5. Acid droplets contribute to the visual opacity of 
the stack plume. The distribution of sulfur oxides among gaseous species, 
droplets, and particles influences the dispersion, atmospheric reactions, and 
deposition of sulfate from the plume. 

Vanadim, one of the most abundant inorganic impurities in many residual fuel 
oils, is the active ingredient of commercial catalysts for oxidation of sulfur 
dioxide to sulfur trioxide in the manufacture of sulfuric acid. The fraction of 
sulfur oxides emitted as sulfur trioxide from an oil-fired boiler has been observed 
to increase with increasing vanadium content of the fuel, with increasing excess 
oxygen in the flue gas, and with accumulation of vanadium-containing deposits on 
heat exchanger tubes. I n  the present paper we examine the effect of the deposit 
surface temperature on sulfur trioxide formation. 

Reactions determining the formation and fate of SO3 in oil-fired boilers are 
shown as functions of temperature in Figure 1. In the flame and postflame regions, 
above about 1200 K (1700"F), the steady-state concentration of SO3 is approximately 
described by formation and destruction reactions of so2 and SO3 with oxygen atoms 
(Merryman and Levy, 1971). Detailed discussions of the homogeneous reaction system 
are given by Cullis and Mulcahy (1972) and by Smith, Wang, Tseregounis, and 
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Westbrook (1983). The equilibrium distribution of sulfur oxides shifts toward so, 
as temperature decreases, so the concentration of SO, just downstream from the 
furnace exit is determined by the relative rates of the formation KeaCtiOnS and 
cooling of the combustion products in this region. Typically 1 mol% Of the sulfur 
oxides are thought to be present as SO, in furnace exit gas, i.e. on the order of 
10 mol ppm in the products from combustion of 2 w t %  sulfur oil. If SO, remained at 
this level, low temperature corrosion, plume opacity, and other problems associated 
with sulfuric acid would not be too troublesome. 

Oxidation of SO, is catalyzed by iron- and vanadium-containing ash deposits 
in the convective section of a boiler. Conversion of SO2 to SO, via heterogeneous 
reactions is greatest over a relatively narrow temperature range, from about 780 to 
980 x (950 to 13OOOF) (Wickert, 1963; Reid, 1971). At lower temperatures, 
formation of SO, is limited by the rate of the surface reaction; at higher 
temperatures it is limited by the equilibrium distribution of sulfur oxides, which 
increasingly favors the reactants, O2 and SO,, as temperature increases. When the 
heterogeneous contribution to SO3 formation is significant, problems associated 
with sulfate and sulfuric acid are more severe. Plume visibility due to acid mist 
increases as ash deposits accumulate (Reidick and Riefenhauser, 1980). A model for 
SO3 formation in boilers, including both homogeneous and heterogeneous reactions, 
was developed by Squires (1982). Release of SO, accumulated in ash deposits during 
operation at reduced load was proposed by Shareef, Ramsay, and Homolya (1986) and 
Shareef, Homolya, and Mormile (1990) to explain the increase in plume opacity 
associated with increase in load, following a period of low-load operation. 

The formation of sulfuric acid vapor and liquid is shown at the bottom left 
in Figure 1. All four of the major sulfur-containing species, gaseous SO2 and SO3 
as well as liquid and vapor phase H2SOl, may react with metal oxides in the oil ash 
forming metal sulfates, processes which are shown at the bottom right in Figure 1. 
Little is known about the relative importance of these reactions, or the relative 
amounts of sulfate present in particulate matter as metal salts and adsorbed 
sulfuric acid (Halstead, 1978; Penfold and Smith, 1982). A conservative estimate 
of the contribution of sulfate to particulate matter would require that one place 
all of the SO, in the particulate, but a conservative estimate of the contribution 
of acid droplets to opacity would require one to assume that all of the SO, forms 
sulfuric acid mist! More experimental work on the distribution of these species is 
'needed. 

MODEL FOR CATALYTIC SO, FOFMATION 

The model is based on the assumption that only ash deposited on convective 
tubes contributes to SO, formation, according to the overall reaction 

sq + 1/2 0, = so3 (1) 

Ash particles suspended in the gas stream are neglected because their external 
surface area per unit of flue gas volume is much smaller than that of deposits. 
Some SO3 is considered to be present in the gas entering the convective section, 
but flame and postflame homogeneous reactions are not included in the simulation. 

The kinetics of heterogeneous oxidation of SO, were reviewed by Urbanek and 
Trela (1980). A global expression for the rate of formation of SO,, assuming a 
rate proportional to the mass fraction of vanadium oxides in deposits, is 
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The f a c t o r  i n  bracke ts  accounts  f o r  the  approach of t h e  r a t e  t o  zero a s  t h e  SO3 
concentrat ion adjacent  t o  t h e  c a t a l y s t  sur face  approaches i t s  equi l ibr ium value. 
Under conditions of i n t e r e s t  i n  b o i l e r s  the  extent  of react ion is small, so changes 
i n  t he  SO, and O2 concentrat ions a r e  negl ig ib le .  When t h e  system i s  steady, the  
r a t e  of SO3 formation a t  t h e  deposi t  surface equals i t s  rate of t ransport  from the 
surface t o  t h e  f ree  stream: 

Elimination of the  unknown concentration a t  t h e  surface and in tegra t ion  over time, 
w i t h  the  boundary condition, C,, = CSo3,. a t  t = 0, gives: 

Cso,,o and CSo3 a r e  the SO3 concentrations entering and leaving, respectively, a region 
i n  which depos i t  surface temperature and composition a r e  approximately constant .  
The e f fec t ive  r a t e  coeff ic ient ,  k ' ,  is given by: 

The k i n e t i c  parameters  were est imated from t h e  work of Glueck and Kenney 
(13681, who observed t h a t  t h e  reac t ion  over a vanadium oxide-potassium oxide melt 

was first order i n  SO2 (b = 11, and zeroth order i n  O2 (a  = 0 ) .  After  choosing the  
k i n e t i c  cons tan ts ,  t h e  most important a d j u s t a b l e  parameter i n  t h e  model is t h e  
ratio of e f fec t ive  c a t a l y t i c  surface area t o  t h e  geometric external  surface area of 
deposits, s,/q. 

RESULTS 

A study of SO, formation was conducted by t h e  Consolidated Edison Co. of New 
York at Arthur K i l l  S ta t ion  (Piper and Kokoska, 1983: Shareef, Ramsay, and Homolya, 
1986; Shareef, Homolya, and Mormile, 1990). The majority of t e s t i n g  was conducted 
on t h e  superheat  furnace of Arthur  K i l l  Unit 2 0 .  T h i s  u n i t  normally f i r e s  o i l  
c o n t a i n i n g  l e s s  t h a n  0 . 3  w t %  s u l f u r ,  b u t  t h e  t e s t i n g  f o r  t h e  SO3 study was 
performed using o i l  containing 0.75 w t %  su l fur .  Measurements of SO3 were made a s  
funct ions of ,load during both t r a n s i e n t  and s teady-state  operat ion.  Under steady 
f u l l  load conditions, t h e  level  of SO, i n  f lue  gas var ied between 31 and 40 mol ppm 
over three days of t e s t s .  Gas temperatures, tube temperatures, gas veloci t ies ,  and 
res idence  t imes  were c a l c u l a t e d  f o r  1 4  s e p a r a t e  tube bundles  from t h e  p l a t e n  
superheater i n l e t  t o  econmomizer o u t l e t  (Piper and Kokoska, 1983: Piper, 1985). 

The model d e s c r i b e d  above w a s  used  t o  examine t h e  i n f l u e n c e  of depos i t  
accumulation on SO, formation, considering only t h e  e f f e c t  of deposi t  thickness on 
t h e  s u r f a c e  temperature  d i s t r i b u t i o n ,  n e g l e c t i n g  any change i n  t h e  e f f e c t i v e  
s u r f a c e  a r e a  of c a t a l y s t  which might be a s s o c i a t e d  with d e p o s i t  growth. The 
increase in surface temperature with increasing deposit thickness  w a s  estimated by 
assumingtha t  depos i t  was b u i l t  on sur faces  whose temperatures were f i x e d  a t  t h e  
v a l u e s  c a l c u l a t e d  b y  P i p e r  ( 1 9 8 5 ) .  The d e p o s i t i o n  r a t e  was assumed t o  be 
1 g/m2.hour, d i s t r i b u t e d  uniformly over the  length and circumference of the  tubes. ,  
Changes in deposition r a t e  with changes i n  gas, tube, and surface temperatures were 
not  considered. Equation 4 was appl ied  t o  successive banks of convective tubes, 
from t h e  furnace e x i t  t o  economizer o u t l e t .  The ca lcu la ted  SO3 p r o f i l e s  through 
t h e  convect ive s e c t i o n  a f t e r  0 ,  3 ,  6, and 1 2  months of cont inuous f u l l  load  
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operation are shown in Figure 2. Position in the convective passage is given as a 
fraction of the total gas residence time. The surface temperature distribution 
calculated by Piper (1985) is the base case, shown at the bottom of the figure. 
The calculated thickness of deposits after 12 months of continuous full load 
operation was 4 m. 

Under the conditions investigated, the temperature distribution is such that 
the rate of heterogeneous SO, formation is low near the entrance to the convective 
section, then increases, and decreases as the combustion products move downstream. 
The model properly accounts for the observation that the rate of SO3 formation 
peaks in a narrow temperature window, the actual range of temperatures depending on 
conditions such as mass transfer between the free stream and catalyst surface, 
concentrations of O2 and SO2, etc. As ash thickness and surface temperature 
increase, the activity of deposits near the entrance to the convective section 
decreases as their temperatures move farther from the optimum range. However, the 
decrease in SO3 formation rate at the entrance is more than compensated by an 
increase in rate in the larger surface area, higher gas velocity tube banks in the 
middle of the convective section, with the result that SO, continuously increases 
with increasing fouling of the tubes. For  the assumed conditions, SO, at the 
economizer outlet (far right) increases from 33 to 4 4  mol ppm over the 12 month 
period. Changes in surface temperature distribution may therefore be a significant 
factor in the increase in sulfate emissions with time after cleaning of a unit, 
apart fran any effect of an increase in effective surface area of deposits. 

CONCLUSION 

Simulation of the catalytic oxidation of SO2 to SO, over vanadium-containing 
ash deposits, including chemical reactionibetween SO, and 0, at the surface and 
diffusion of SO3 from the surface to free stream, shows that changes in deposit 
surface temperature associated with deposit growth may be a significant influence 
on SO, formation. Using conditions in Arthur Kill Unit 20 as a baseline, and 
assuming deposit growth at the rate of 1 g/m2-hour while firing 0.75 wt% sulfur 
oil, changes in deposit surface temperature resulting from the increase in deposit 
thickness were estimated to cause a 30% increase in SO3 at the economizer outlet 
over a period of 12 months at full load. 
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NOMENCLATURE 

a 

& 

b 

ci concentration of species i, h01/m3 

order of the heterogeneous reaction with respect to 02, dimensionless 

geometric external surface area of tubes or deposits, per unit of gas volume, 
m-' 

order of the heterogeneous reaction with respect to SO,, dimensionless 
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tube diameter, m 

molecular diffusion coef f ic ien t  of SO3 i n  combustion products, m 2 / s  

rate coeff ic ient  f o r  t h e  heterogeneous react ion between SO2 and 02, t h e  
dimensions depend upon the  orders  of reaction, a and b 

e f f e c t i v e  r a t e  coef f ic ien t  f o r  SO3 formation, including surface react ion and 
boundary layer  diffusion, m / s  

equilibrium constant, i n  terns of concentrations, for  the  react ion 
so2 + 112 9 = so,, m 3 / 2 / ~ ~ 1 1 ' 2  

r a t e  of sulfur t r iox ide  formation, kmol/m3.s 

e f fec t ive  surface a rea  of c a t a l y t i c  deposits per un i t  of gas volume, m-l 

average Sherwood number for  mass t ransfer  between tube or  deposi t  surface and 
f r e e  stream, dimensionless 

time, s 

mass f rac t ion  of vanadium oxides i n  deposits, dimensionless 

SubscriPts 

o i n i t i a l  value 

s condition a t  the  c a t a l y t i c  deposit surface 
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Figure 1. Processes contributing to formation of sulfur trioxide, sulfuric acid, 
and sulfates in residual oil-fired boilers. 
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Figure 2.  Expec ed change in SO, formation in Arthur Kill Unit 20 as ash deposits 
accumulate on the convective tubes. Solid line: surface temperature; dot-dash 
line: SOs mole fraction. The estimates are based on the gas temperature-tube 
temperature-tube area-gas velocity calculations of Piper and Kokoska (1983) and 
Piper (1985). The fuel o i l  sulfur content was 0.75 ut%, different from the 0.3 w t %  
sulfur o i l  normally fired in the unit. Ash deposits were assumed to grow at the 
rate of 1 g/mz.hour. As the thickness of deposits Increases, the formation of SO3 
decreases at the entrance to the convective section because the equilibrium ratio 
of SO3/ SO. decreases with increaging temperature. However, the ultimate mole 
fraction of SO3 at the economizer outlet (far right) increases, because the 
contribution to SO3 formation from the higher gas velocity, higher surface area 
region near the middle of the convective section increases. 
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INTRODUCTION 

The air toxics provision of the 1990 Clean Air Act Amendments (CAAA) requires the 
Environmental Protection Agency (EPA) to promulgate regulations establishing 
emission standards for Hazardous Air Pollutants (HAP). Precursors of 13 of the 
HAPs are found in trace quantities in coal: As, Se, Hg, Pb, C1, F, Be. Co, Ni, 
Cr, Sb, Cd, and Mn. The EPA is currently conducting a Congressionally mandated 
study of HAPs emissions from coal-fired power plants; the results of the study 
may lead to regulations governing the emissions of specific trace elements from 
coal. Influenced by the potential risk to coal utilization by possible future 
HAP emissions regulations, the Department of Energy, in cooperation with coal 
users and other government agencies, is seeking to evaluate the information on 
these elements o f  environmental concern in coal and to examine methods of 
measuring and controlling these emissions. 

One control option is precombustion coal cleaning, which can significantly reduce 
mineral matter concentration and consequently has the ability to remove trace 
elements associated with the mineral matter liberated from the coal matrix. 
Primary factors controlling the precombustion removal of trace elements are the 
extent of association o f  the element with mineral matter within the coal matrix 
and the crushed coal particle size. The finer the coal is crushed, the more 
mineral matter is liberated and the further the trace elements associated with 
the mineral matter are reduced in the product coal. 

The affinities of coal-related HAP precursors have been discussed extensively in 
the literature. This paper will review and summarize the literature on trace 
element affinities in coals, and the ability of precombustion coal cleaning to 
remove those trace elements from coals. 

TRACE ELEMENTS AND COAL CLEANING 

Finkelman,' in his 1980 dissertation, examined in depth the Waynesburg and Upper 
Freeport seam coals. In addition, he briefly examined 80 U.S. coals from every 
major basin and an additional 20 coals from around the world. He relied on a 
Scanning Electron Microscope equipped with an Energy Dispersive X-ray detector 
(SEM/EDX) to determine the mode of occurrence. His analysis discusses the 
problems associated with using float-sink testing as an analytical tool. 
Finkelman's float-sink data for the Waynesburg and Upper Freeport coals showed 
that, in general, trace element separation is dependent on mesh size, and, for 
the trace elements examined, approximately one-half of each trace element found 
in the whole coal was retained in the fractions with a specific gravity less than 
1.50. 
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Finkelman summarized the  l i t e r a t u r e  t h a t  evaluated f loa t - s ink  s tudies .  His 
summary covered 12 f loat-s ink s tudies  involving a number of  t r a c e  elements i n  
several spec i f ic  grav i ty  f rac t ions  and whole coal samples f o r  over 60 coals .  

Finkelman b r i e f l y  reviewed a number of s tud ies  t h a t  discussed the  use of various 
leaching agents, including HC1, HF, HNO,, and pyridine.  His summary suggests 
t h a t  organic a f f i n i t y  index determinations may be exaggerated due t o  experimental 
e r ror  and ind ica tes  t h a t  a common e r r o r  in each study i s  the assumption t h a t  the  
leaching was quant i ta t ive .  In his  discussion of cor re la t ion  of t r a c e  elements, 
several s tud ies  on coals  from around the  globe a re  c i t e d .  His conclusion was 
t h a t  cor re la t ion  c o e f f i c i e n t s  do not necessar i ly  r e f l e c t  the mode of occurrence, 
but ra ther  a common or ig ina l  source of the  element. For example, Hg and As have 
very high cor re la t ion  coef f ic ien ts  f o r  pyr i te  and f o r  each o ther .  Finkelman’s 
SEM/EDX experiments found t h a t  Hg and As a r e  i n  s o l i d  solut ion w i t h  p y r i t e ,  
(probably as  su l f ides)  thus suggesting t h a t  the Hg and As had a common source. 
For any given t r a c e  element, there  does not appear t o  be any c o e f f i c i e n t  t h a t  
ind ica tes  a cor re la t ion  between t h a t  t race  element’s concentration i n  coal and 
any other coal cons t i tuent ’s  concentration t h a t  can be applied t o  more than one 
coa l .  

In summarizing his f indings on the t r a c e  elements in  coal ,  Finkelman s t a t e s :  

Most t r a c e  elements appear t o  have an  inorganic assoc ia t ion  i n  most 
high-rank coals .  

The organic complexing of t r a c e  elements, however, i s  not unimportant. 

Even in any one coa l ,  the  mode of occurrence can vary. 

According t o  Gluskoter‘ and Ruch e t  al.’, organic a f f i n i t y  numerical values 
change w i t h  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  the  coa l .  TP reason f o r  t h i :  
in terpreted behavior is  due t o  the misuse of the  term organic  a f f i n i t y .  
Gluskoter and Ruch developed the organic  a f f i n i t y  index as a s ing le  numerical 
value t o  replace washabi l i ty  curves i n  an e f f o r t  t o  s implify comparison of t r a c e  
element reductions among d i f f e r e n t  coals .  Some researchers  have misinterpreted 
the  term t o  imply t h a t  t r a c e  elements may be chemically bound t o  the organic 
matrix, i.e., as  i n  organometallic complexes, porphyrins, e t c . ,  but the  vast  
majority of the  organical ly  associated t r a c e  elements in  coal a re  very f i n e  
mineral p a r t i c l e s  t h a t  a r e  dispersed and are  d i f f i c u l t  t o  l i b e r a t e  and separate .  
Examining t h e  inorganic material f requent ly  re fer red  t o  a s  syngenetic, 
authigenic, o r  inherent  mineral matter, Nicholls‘ noted t h a t  some elements appear 
t o  be predominantly dispersed i n  the organic  f rac t ion ,  t h a t  i s ,  the concentration 
of t h e  element i s  constant  with r i s i n g  ash content .  This suggests t h a t  those 
t r a c e  elements were present when the plant  material was deposited p r i o r  t o  
coa l i f ica t ion  and not introduced through l a t e r  mineral deposition. 

Kuhn e t  a i ?  examined the  t r a c e  elements of Davis, Blue Creek, Pi t tsburgh,  
I l l i n o i s  No. 6 ,  Rosebud, and Black Mesa coals .  They examined t h e  t r a c e  element 
concentrations of whole coal and float-1.40 sp. gr .  f rac t ions  f o r  33 elements and 
the  e f f e c t s  of  acid leaching w i t h  HNOS, HC1, and HF, and react ions with l i thium 
aluminum hydride (LAH) on demineralization. They a l so  examined Cr i n  f i v e  
spec i f ic  grav i ty  f rac t ions  of I l l i n o i s  No. 6 coal .  Trace element concentrations 
and organic a f f i n i t i e s  were determined. With regard t o  the t r a c e  elements t h a t  
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are potential precursors to HAPS cited in the 1990 C A M ,  the following can be 
extracted from their summary: 

Be and Sb are consistently associated with the organic matrix. 

As and Cd are found with pyrite and can usually be substantially 
reduced with pyrite by gravity methods. 

Hg, Pb, and Mn have a high degree of inorganic association and are 
removed rather easily by conventional coal cleaning. 

Akers6*’ examined conventional coal cleaning as a control method for trace 
elements. Akers’ studies may be summarized by the following: 

Upper Freeport coal was found to be relatively high in As, Cd, and Cr. 
Conventional cleaning reduced As, Ea, Cd, Cr, F, Pb, Hg, Ag, and Zn by 
at least 50%. A significant reduction in Ni also occurred. An 
increase in Se concentration (ca. 30%) was noted. 

Conventional cleaning of Rosebud/McKay subbituminous coals showed 
significant reductions in A s ,  Ea, and Ni. Small reductions of Cd and 
Se were observed. The Cr concentration was reported as increasing 
from 6 ppm to 10 ppm. 

Conventional cleaning of samples from the Croweburg seam indicated 
significant reductions in  As, Ea, Cd, Cr, Pb, Ni, and Zn. In some 
cases, but not in others, reductions in F,  Hg, and Ag correlate with 
ash reduction. 

A comparison of advanced coal cleaning to conventional cleaning was 
made with Sewickley seam coal. The Custom Coals International process 
(density separation of fine coal) was found to provide further 
reduction of all trace elements, except Hg, which is in disagreement 
with Kuhn’s findings that Hg is readily removed with the ash. In one 
example, As was reduced from 14 ppm to 4 ppm (70%). 

Physical coal cleaning is effective in reducing the concentration of 
many trace elements, especially if they are in high concentration. 
Trace element removal is not, however, always proportional to ash 
removal. Potential changes in plant flow sheets and operating 
parameters may not lead to reduction in the ash content of the coal 
but may reduce trace element concentrations. Trace element reduction 
appears to be coal-specific, relating in part to the degree of 
liberation and the trace-element-bearing mineral matter. Thus, 
advanced coal cleaning methods that process more finely ground coals 
may provide greater reductions than conventional technologies. 

Conventional cleaning of Kentucky No. 11 coal led to large reductions 
in all trace elements measured. 

The Midwest Ore process, which involves extraction with hot 
perchloroethylene (PERC) followed by gravity separation in PERC, 
reduced nine trace elements by two-thirds or more. 
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White et al.* prepared a very extensive report for the EPA that covered the 
entire coal utilization cycle, including a review of the literature on the 
following topics: occurrence of trace elements in U.S. coals; organic affinity 
studies, including the PETC Study'; photomicrographic studies; conceptual models 
f o r  trace element modes of occurrence; coal washing, particularly partitioning 
of trace elements; and leaching of coal wastes. 

The report concluded that: 

Organic affinity data are usually acquired by specific gravity 
fractionation, although acid leaching has also been used. The 
literature describing characterization and trace element washability 
of up to 27 elements was reviewed. Organic affinities and trace 
element concentrations for mineral-matter-free coals derived from 
reviewing the literature, including the w4t;k of Boyer et al.'', are 
presented in tables. The Boyer et al. report has a complete 
bib1 iography of 1,076 pub1 ications covering the fate of trace elements 
during mining, preparation, anq ylilization. The repo,&t cites earlier 
key studies by Buroff et al. and Miller et al. , and includes 
where trace element removal at coal cleaning plants are cited, with a 
note that mass balances were not done. 

Although a thorough understanding of the response of various coals to 
sulfur and trace element removal does not yet exist, significant 
insight has been developed. 

Coals containing dispersed fine-grained minerals or free-swelling 
clays are more difficult to clean. 

* A logical step in the process of better understanding trace element 
reduction potential is further statistical assessment of existing 
data. 

A statistical evaluation of existing ISGS and DOE data was performed. 
Linear correlations and regressions gave correlation coefficients (CC) 
20.70 for the occurrence of several clustered groups of elements: As, 
Cd, Pb, Sb, and Zn; Al, Si, Ti, K, Co, V ,  and Cr; Fe and S; F with 
Al, K, Si, Ti, Cr, Cu, Be, and Ni. Regarding trace element reduction, 
a large number of elements showed coefficients greater than 0.70 and 
appeared to suggest that ash removal was more important than the 
removal of any individual element. Arsenic, Hg, and Fe reductions had 
CCs between 0.50 and 0.70 for pyrite removal and As, Co, Hg, Pb, Se, 
and Fe reductions had CCs greater than 0.50 for sulfur reduction. 
Efforts to correlate trace element reductions with an element's 
concentration in the whole coal were unsuccessful, except for the 
elements in the clays, suggesting that abundance of clays, and not the 
concentration of the element, determines the extent to which the 
element can be removed. Analysis of trace element removal data 
indicated elements in coal occur in two groups: 1) those associated 
with AI, K, Na, Si, Ti, Be, Cr, Cu, Mn, Ni, V ,  and ash; or 2) those 
associated with Fe, As, Hg, and pyrite. 

! 
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There is considerable disagreement among coal scientists on the 
methods of analysis and interpretation of the results of trace element 
studies of coal. A detailed framework for predicting trace element 
occurrence for a seam based on existing samples and associated 
geologic, geochemical, or paleoenvironmental data is lacking. 
Therefore, research priority needs for the coal resource appear to be 
in interpreting these data on a regional or seam basis. Given the 
magnitude of the U.S. coal resource base, combined with the extent and 
variability of existing data, collection and analysis of further 
samples (except as they relate to the evaluation of new mines and 
coal -using faci 1 it ies) wi 1 1  provide 1 i ttl e additional information. 

Pyritic sulfur and trace elements associated with pyrite and 
extraneous clays can be removed with relatively high efficiency by 
coal cleaning. Other trace elements are generally not removed during 
conventional cleaning. Variability in cleanability between regions or 
seams can be explained by the mode of occurrence, but the geologic 
processes responsible for these variations are poorly understood. 
Based on available (and in most cases, limited) data, it appears that 
the removal of most of the common trace elements can be reasonably 
correlated with the removal of ash and sulfur from coal using standard 
washability tests. For the chalcophile elements, the removal of 
sulfur is a better estimator of trace element removal than is the 
removal of ash. Removal o f  chalcophile elements from Allegheny 
formation coals is generally higher than from other U.S. coals. 
Interior Province coals exhibit significant variation in cleanability. 
Using a number of statistical techniques on existing.washability data, 
White et a18 determined partitioning coefficients describing the 
relationship between trace element reduction and both sulfur and ash 
reduction for six major coal-producing regions o f  the U.S .  

Before additional data compilations on coal characteristics are made, 
the procedures for evaluating samples must be standardized. 

The trace element washability of forty-four coals was examined and 
compared to sulfur washability data for 750 coal samples. The authors 
concluded that specific attention should be given to major coal seams 
that are currently being washed or which are likely to be washed. 
Washability and statistical analysis studies similar to those 
described should be done, including analysis of minerals in the coals. 

Certain trace elements (e.g., V and Fe) have the potential for the 
catalytic conversion of SO, to SO . Because of the increased 
efficiency by which SO3 is absorbed onto the surface of fly ash 
particles, this catalytic effect may be important but has not been 
extensively investigated. 

Conzemius et al." described the partitioning of 75 trace elements, sulfur, and 
ash in Illinois No. 6 and Upper Freeport coals processed in two dense-medium 
cyclone plants at sp. gr. of 1.4 and 1.6. Approximately two-thirds or more of 
Be, B, Cr, Mn, Co, Ni, As, Se, Cd, Sb, Hg, and Pb were removed. Chlorine and 
radionuclide concentrations were cut approximately by one-half and Mo by one- 
third. 
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The ISGS" flotation studies on Illinois No. 6 coal have shown average reductions 
of selected trace elements of 58% and 77% for froth flotation and aggregate 
flotation, respectively. 

Norton et al." described trace element reduction for a Texas lignite. Coal 
passing a 25- x 9.5-mm (1-in. x 3/8-in.) screen was cleaned by dense-medium 
cyclone and 9.5- x 0.15-mm (3/8-in. x 100 mesh) material cleaned on a 
concentrating table. Mercury, Ni, and Pb (3, 29, and 27 ppm in the feed coal, 
respectively) were reduced to below detectable levels. Selenium concentration 
was reduced by one-ha1 f. 

Bechtel National" performed a study on microbubble flotation for DOE and 
reported the trace element analyses for ROM, conventionally cleaned, and deeply 
cleaned Pittsburgh No. 8, Illinois No. 6 ,  and Upper Freeport coals. The sources 
for the concentration data reported are not known, and no discussion of the data 
in the tables was available. The data presented indicate, that, except for 
arsenic reduced at every stage of processing, the trace element concentrations 
in the deeply cleaned coal were significantly lower than in the ROM coal, but 
higher than the conventionally cleaned coal used as the feed to the flotation 
unit. 

A recent report prepared by Coal Technology Corporation" for DOE describes the 
washability of coal for development of advanced cyclone processes. Four coals, 
Meigs No. 9,  Illinois No. 6, Upper Freeport. and Pittsburgh No. 8, were ground 
to below 0.15  mm (minus 100 mesh) and deep cleaned using gravimetric techniques 
at a sp. gr. of 1.5 .  Deep cleaning of a plant-washed sample of Meigs No. 9 coal 
resulted in a change in ash content from 12.71% to 6.41%; a major (more than 50%) 
reduction of As, Mn, and V concentrations; a minor reduction (less than 50%) in 
Co, Se, and Zn concentrations; essentially no change in the Cd and Hg 
concentrations and an increase in concentration of Sb, Be, Cr, Cu, Pb and Ni. 
The ash content of the Illinois No. 6 coal was reduced from 11.05% to 4.7% and 
resulted in major reductions of As,  Cd, Mn, Zn, and Hg concentrations; minor 
reductions in Co, Pb, Se, Ni, and V concentrations; and an increase in Sb, Be and 
Cu concentrations. Deep cleaning the Upper Freeport coal reduced the ash content 
from 23.49% to 4.49%; significantly reduced the Cd, Cr, Co, Pb, Mn, Hg, Ni and 
Zn concentrations; and mildly reduced Be and V concentrations; and increased the 
Sb, As and Se concentrations. The ash content of Pittsburgh No. 8 was reduced 
from 10.31% to 4.36% and provided major reductions in As,  Mn and Hg; provided 
minor reductions in Cd, Cr, Co, Pb, Ni, Se and Zn; and increased Sb, Be, Cu, and 
V concentrations. 

In examining the mode of occurrence and concentration of trace elements in U.S. 
and U . K .  coals, Raask19 concluded that trace elements in bituminous coals are 
present chiefly in the mineral matter fraction and, in particular, a large number 
of chalcophilic elements are present. He also concluded that high-sulfur coals 
in the U.S. are relatively rich in Cd and Zn, the chalcophilic elements are 
preferentially removed upon coal cleaning, and between 40% to 50% of Be, Cd, Cu, 
Pb, Hg, and Zn are removed by reducing the ash content of cleaned coals to below 
15%. 

Norton et al." examined the trace elements in chemically cleaned coals and 
concluded that hot aqueous carbonate, mol ten NaOH/KOH, and acid treatments can 
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effectively remove trace elements from coals. However, they cautioned that 
corrosion of the reaction vessels may elevate certain trace elements in the 
treated coals. 

A project completed by the Ep's Industrial Environmental Research Laboratory and 
summarized by Harvey et al. investigated the distribution of trace elements in 
the Illinois No. 6 and Illinois No. 5 coals o f  the Illinois Basin. It was found 
that elements of environmental concern were present in the following 
concentrations: Pb (28 ppm), Cr and Ni (18 ppm), Cu (12.5 ppm), As (11 ppm), Mo 
(9.2 ppm), and Se (2.4 ppm). The other trace elements found in these specific 
coals average less than 2.4 ppm. From washability tests completed on the same 
coals, As, Cd, Mo and Pb were found to be trace elements associated with the 
mineral matter and were typically reduced by 50% or more. Some trace elements 
(Be, Ni and Sb) appear to be associated with the organic portion of the coal. 
Reductions in concentration of these elements were more difficult to achieve, 
their concentrations being reduced by less than 10%. Reductions in concentration 
of 15% to 30% were noted for several trace elements (Co, Cr, F, Hg, Se and Th) 
and those trace elements are assumed to be associated with both the mineral 
matter and the organic portion of the coal. 

Researchers at Con~o l ~ ' , ~ ~  have assembled an extensive database characterizing 
trace element concentrations of ROM and coal preparation plant products. The 
database contains over 850 composite samples and 3,400 individual trace element 
analyses for 225 commercial coals. The Consol researchers concluded that: 

Individual trace elements are weakly to moderately correlated to ash 
content, but no correlation was noted for sulfur. 

Coal cleaning to remove ash is effective in removing a portion of many 
trace elements. The degree o f  trace element removal is often similar 
to the overall ash rejection. 

SUMMARY AND CONCLUSIONS 

The literature concerning the trace element concentration of U.S. coals, and coal 
preparation as it relates to trace element removal, is extensive. The subject 
has been of interest for at least 40 years and is of vital interest today. A 
computer search of papers published in the last decade on topics related to the 
subject readily revealed 200 citations on trace element concentrations in coals 
and their removal by physical methods. Nearly 100 additional references were 
found that address chemical and biological methods for removing trace elements 
from coal. .Approximately 100 references were found that deal with the issue of 
trace element analyses of coal. A considerable amount of the material is 
contained in EPA reports and the EPRI PISCES Database. 

The U.S. coal reserves are reasonably well characterized in terms of their trace 
element concentrations. However, there seems to be a great deal of inconsistency 
with regard to trace element washability of coal. As an example, it was noted 
in the discussion section that some authors report Hg as associated with the 
organic matrix (difficult to remove) while others report Hg as associated with 
the mineral matter (easy to remove). Inconsistencies like this suggest that each 
coal seam must be evaluated individually with respect to trace element 
washability. 
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Another example of an apparent inconsistency is the decrease in Cr concentration 
when Upper Freeport coal was cleaned, while Cr concentrations increased when 
RosebudlMcKay seam coal was subjected to cleaning. While it is possible that 
more carbon could be rejected than finely disseminated Cr, in this case the 
magnitude of Cr concentration increase suggests analytical errors. In reviewing 
the trace element literature, it is difficult to compare different research 
findings and determine where the errors may lie. Much of the trace element 
literature fails to discuss attempts at mass balance closure. Historically, a 
number of analytical techniques have been applied to trace element analysis of 
coal and older research efforts may have used analytical techniques which have 
subsequently been found to be lacking in accuracy. Even when newer methods were 
used, sampling procedures and sample preparation methods are often not discussed. 
There exist today analytical techniques which are capable of determining quite 
accurately trace element concentrations of homogeneous samples. It appears that 
coal sampling, good sample preparation techniques, and additional analytical 
standards appear to be the major obstacles to overcome in achieving good trace 
element analyses of coal. 

There is a reasonable correlation between trace element removal during coal 
cleaning and ash rejection. This is apparently due to the "organic affinity" of 
certain trace elements. Some trace elements are so finely disseminated 
throughout the coal matrix that they are not removed by coal preparation methods 
in common practice. A conclusion based on a review of the literature is that all 
trace elements can be readily reduced by 40 to 50% by physical coal cleaning and 
any further characterization that may be deemed desirable should rely on 
statistical analysis of existing concentration and washability data. Further 
reductions could be achievable by advanced physical coal preparation methods 
which separate the mineral matter that has been more effectively liberated by 
grinding coal to finer particle sizes. To comply with potential regulation of 
HAPS from coal-fired power plants, it may be desirable to develop methods of 
removing specific trace elements, such as mercury or arsenic, which would suggest 
the need for chemical or biochemical coal cleaning methods. 
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THE GAS-PHASE DERIVATIZATION OF COAL 

A.W. Wells, R.F.  Frank, and K. Waldner 

U . S .  Department of Energy 
Pittsburgh Energy Technology Center 

Pittsburgh, Pennsylvania 15236 

Introductipn 

Most of the spectroscopies employed to study reactive functionalities on the 
surface of coal suffer because a high percentage of adsorption from bulk or 
subsurface functional groups are included. For example, photoacoustic infrared 
Fourier transform (PAIFT) spectroscopy, while one of the most surface selective 
of the infrared spectroscopies, still has a thermal diffusion length of 
approximately 20 micrometers for ,a coal particle of 150 micrometers radius under 
typical experimental conditions. Spectroscopic techniques are also limited in 
their ability to provide accurate quantification due to difficulties in 
estimating adsorption coefficients and the need to employ such techniques as 
curve deconvolution. 

An alternative approach is to employ a probe molecule that will interact with 
reactive functional groups on the surface of coal and to quantify the degree of 
interaction. Although this approach is in its infancy, some success has been 
demonstrated for flow microcalorimetry using acidic and basic  probe^."^" A 
logical extension to this approach would be to employ probe molecules that react 
with specific surface functionalities to form products that can be accurately 
quantified without the use of surface spectroscopies. Information on total 
surface functionality content should also provide complementary information to 
surface functionality densities obtained from spectroscopies such as X-ray 
photoelectron spectr~scopy.~'' It was the purpose of this investigation to test 
the feasibility of this approach using the gas-solid phase silylation o f  hydroxyl 
groups on coal with hexamethyldisilazane (HMDS) in nitrogen. 

The kinetics of the chemisorption of HMDS vapors into 100-mesh Illinois No. 6 
coal particles were followed by periodic removal from the reactor of portions of 
the coal. The coal was subsequently analyzed for its trimethylsilyl ether 
content. The kinetics were evaluated using a mathematical model applied by Berens 
and Hopfenberg to describe the sorption of vinyl chloride yonomer, acetone, and 
methano!, vapors into powder samples of polyvinyl chloride. For experiments in 
which glassy" polymers were continuously exposed to relatively large 
concentrations of sorbate, a strigking two-phase sorption process was observed by 
Newns' and by Long and Richman. The two stages were separated in time and 
consisted of an initial, rapid Fickian diffusion process that was followed by a 
much slower relaxation process. Berens and Hopfenberg interpreted the diffusion 
process as involving migration of penetrant molecules into preexisting void 
space, and the relaxation process as re!ated to swelling, resulting from large- 
scale segmental motions o f  the polymer. 
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These preliminary investigations attempted to exploit the two-stage sorption 
kinetics to define reaction parameters that would result in a high level of 
surface selectivity while minimizing relaxation and swelling of the bulk of the 
coal's macromoiecular structure. The effects of particle size were evaluated by 
Enscore et al. who demonstrated that under proper conditions of temperature and 
penetrant activity, n-hexane sorption into about 200 micrometer diameter 
polystyrene spheres was dominated by a relaxation mechanism whereas sorption into 
submicron polystyrene spheres ;as predominantly by way of Fickian diffusion. AS 
suggested by Yrentas et al., the relaxation process is independent of the 
particle size of the polymer but the Fickian diffusion time frame varies with the 
square of the particle size. Two-stage behavior, therefore, can be approached 
by increasing the diffusion rate through increased reagent activity and by 
reducing the diffusive path length by decreasing the particle size. Ideally, the 
Fickian diffusion coefficient should be at least an order of magnitude greater 
than the f irst-order relaxat ion rate constant for the predominant relaxation 
mode. 

A corollary consideration in designing experiments to elicit two-stage behavior 
would be to reduce the relaxation rate by selecting penetrants with a low 
solubility in the polymer. Ritgar and Peppas'* modeled the sorption of pyridine 
vapors by thin films of bituminous coals using the Berens and Hopfenberg equation 
and found that the process could be modeled using a single f irst-order relaxation 
term. The relaxation rate constant remained nearly the same over a range of coal 
carbon content and sample thickness, indicating the process to be mechanistically 
characteristic of the penetrant. The relatively rapid relaxation of coal by 
pyridine vapor would presumably make it difficult to construct experimental 
conditions where two-phase behavior would be observed. Two-phase behavior was 
observed by Hsieh and Duda for !he sorption of toluene vapor by pyridine 
extracted bituminous coal powders. The removal of the "mobile phase" in coal 
by pyridine extraction decreased penetrant uptake. Hsieh and Duda also observed 
an initial rapid adsorption onto the surface of the coal particles." These 
observations of two-stage behavior suggest an approach to obtaining surface. 
selectivjty. HMDS was selected as a suitable vapor phase chemisorption probe, 
in part, because of a low solubility in bituminous coals. 

The Berens and Hopfenberg model is a linear combination of a Fickian diffusion 
component and of one or more f irst-order relaxation components. 

00 
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Where: M, is the total sorption due to Fickian diffusion, 

h,, is the total sorption due to the ith relaxation mode, 
M, is the total sorption at time t, 

k, is the Fickian rate constant, and 

kR,, is the first-order rate constant for the ith relaxation mode. 

The relaxation components in this model are driven by the release of stresses 
within the polymeric macromolecule through penetrant-induced swelling. The 
relaxation processes are, unlike Fickian diffusion, unrelated to particle size. 

ExDer imental 

The gas-solid phase silylation reactions were carried out in a 250-mL, three- 
necked, round-bottom, nitrogen-flushed flask. For kinetic studies, coal samples 
were periodically removed from the reactor through an "entrance port" fitting. 
The fitting directly above the coal sample was used for reagent ad!ition. This 
fitting supported a Mininert valve above the reactor and a 1 mL, evaporation" 
beaker which could be heated by being lowered against the bottom interior of the 
reaction flask. A glass capillary tube connected the Mininert valve to the 
evaporation beaker. The capillary tube could be raised or lowered through an 0- 
ring fitting. The bottom of the flask was placed into a heating mantle and the 
temperature was monitored using a thermocouple. All fittings were Teflon with 
Viton O-ring seals to avoid the use of sealants that might contaminate the 
surface of the coal particles. 

The coal sample (0.8 g of Argonne premium Illinois No. 6 coal) was spread out on 
the bottom of the flask and the flask flushed with nitrogen. The reaction was 
initiated by addition of 500 microliters of HMDS, which was rapidly volatilized. 
Saturation with HMDS was maintained throughout the experiment. Approximately 
70-mg coal samples were removed at various time intervals for analysis. Their 
trimethylsilyl ether content was determined after 3 hours of vacuum drying to 
remove physically adhering reagent. The trimethylsilyl ether content was 
determined using a fluoride cleavage-G.C. headspace procedure. Gas-solid-phase 
silylations were carried out at coal temperatures of 123, 163, 178, and 196 
degrees C. Ten mL of a solution of 65% THF, 25% concentrated HF, and 10% water 
(by volume) were used to cleave the trimethylsilyl ethers in a 30-mL Teflon test 
tube fitted with a Mininert cap, valve, and septum assembly. The reaction was 
carried out at room temperature. In the reaction, hydrofluoric acid cleaves the 
trimethylsilyl ethers, converting them into trimethylfluorosilane, which is 
largely soluble in the reaction solution. The coal-hydroxyl groups are 
regenerated in the process. One-half milliliter o f  headspace was sampled and 
analyzed for trimethylfluorosilane on a Poropak P column maintained isothermally 
at 185oC. The trimethylfluorosilane peak area was calibrated against a standard 
curve generated by fluoride cleavage of various amounts of the TMS ether of 1- 
naphthol (Figure 1). As shown in Figure 1, deviations from Henry's law 
(linearity) begin at 20 microliters of standard. Sample weights were adjusted 
to utilize the linear range of the standard curve. The TMS ether of 1-naphthol 
was obtained by refluxing 1-naphthol in a 1:1:2.5 mixture of HMDS:TMCS:Pyridine, 
and distilling the crude product at 90 -91oC under 1 m of nitrogen. 

3 
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Results and Discussion 

The Berens and Hopfenberg model was modified slightly by the addition of a 
separate term, M,, to describe a rapid, initial chemisorption occurring within 
the first few minutes and presumably resulting from the unimpeded contact of 
reagent vapors with the surface of larger pores. The computer-assisted curve 
fitting process for obtaining equation parPmeters was essentially the same as 
that described by Berens and Hopfenberg. A computer program was used to 
minimize the summed-squares deviations between measured values and the 
corresponding values generated from the equation by adjusting the constants. 

A comparison between the equation and measurements obtained at 178oC is shown in 
Figure 2 together with curves representing contributions from individual terms 
of the equation. Two-stage behavior was clearly evident for curves generated 
over the reaction temperature range of 1230 to 196oC. Appropriate, early 
termination of the reaction would result in the initial and diffusion terms 
constituting an average of 89% of the total chemisorption. The time required to 
reach diffusion equilibrium was less at 1 9 6 4 ,  3 hours to reach 93% of maximum, 
than at lower temperatures where 6 hours were required to reach 93% of maximum. 
The total contributions at infinity for the two relaxation terms, M,, and M,,, for 
the Fickian diffusion term, M,, and for the summation of terms, hot,,, are given 
as a function of reaction temperature in Figure 3. The Fickian diffusion term 
plateaued at 178oC as did the principle relaxation mode, rr. The minor 
relaxation mode, rlr does not plateau over the temperature range. 

While specific polymeric motions cannot be identified with rl or r, relaxations, 
a case can be made for a linkage between the diffusion term and r, relaxation 
(Figure 2.) Pore deformation and a corresponding expansion of the nascent void 
space might result from chemical modification of the pore surface, the disruption 
of intrapore hydrogen bonding, or from steric interactions as the pores are 
filled. Gethner” utilized light scattering to probe changes in the larger pores 
of an Illinois No. 6 coal when immersed in each of 7 different liquids and 
concluded that such pores were not rigid but easily deformed. Void-structure 
alterations were clearly evident and resulted in an increase of the total 
void-volume contributing to the light scattering. Information on sorbate-induced 
polymeric rearrangements or conformational transformations associated with the 
relaxation of coal cannot be obtained directly from phenomenological measurements 
of sorbate uptake. Coal relaxation linked to solvent or vapor sorption is, 
however, invariably correlated to coal swelling. In the chemisorption of HMDS 
into Illinois No. 6 coal, a single relaxation term accounts for the majority of 
reagent uptake and is assumed to reflect the gradual ’opening’ of the 
macromolecular coal networks. For gas-phase, surface-limited applications, 
however, the silylation is terminated before appreciable polymeric relaxation and 
corresponding penetration of the coal matrix has occurred. This should 
presumably reduce opportunities for matrix entrapment of reagent. 

The kinetic studies were used to define ’standard’ conditions for surface-limited 
derivatizations of 178oC and a 6 hour reaction time. Ten replicate 
determinations under these conditions gave a total surface hydroxyl content of 
0.76 hydroxyl groups / 100 carbon atoms with a standard deviation of 0.02 
hydroxyl groups / 100 carbon atoms. This compares with a total hydroxyl content 
for Illinois No. 6 premium coal of 4.7 hydroxyl groups / 100 carbon atoms 
determined from liquid phase silylation reactions. This technique could be very 
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useful in following changes in coal surface chemistry when the surface is 
subjected to modif ication. 

While the concept of coal surface is defined through the choice of experimental 
conditions and probe, an approach based upon limiting relaxation of the coal 
structure is reasonable. In contrast to spectroscopies, molecular probes should 
access the surface of pore systems where much o f  the liquid-solid and gas-solid 
interfacial chemistry of coal processing technologies occur. The gas-solid phase 
derivatization approach to coal surface analysis should result in an improved 
ability to quantify surface functionality content and to obtain a greater level 
of chemical selectivity through functionality specific reactions. 
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FIGURE 1 

STANDARDIZATION CURVE FOR SILYLATION ANALYSIS 
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FIGURE 3 

TEMPERATURE PROFILE OF TERMS 
FROM THE BERENS & HOPFENBERG EQUATION 
AT INFINITY FOR THE GASPHASE SlLYLATlON 

OF ILLINOIS No. 6 PREMIUM COAL 
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INTRODUCTION 

The structure of coal has been proposed to be a macromolecular 
network in which smaller molecules are confined [l]. It follows that a 
portion of the organic sulfur and other heteroatoms present in coal 
are covalently bound to this network. This paper describes efforts to 
measure high molecular weight mass spectra representative of this 
macromolecular network and ultimately, determine the chemical 
structure of organic sulfur contained therein. 

structure has been provided by solvent swelling, nuclear magnetic 
resonance, and various other measurements [1,2]. Size exclusion 
chromatography (SEC) has been used to determine that the number 
average molecular weight (Mn) of polymers extracted from coal with 
pyridine and other solvents ranges from 1000 to above 10,000 amu 
[3-51. However, SEC experiments on coal polymers are limited by the 
difficulty in calibrating the retention time of what are essentially 
unknown chemical compounds. Thus, Mn values obtained by SEC differ by 
-20% from values obtained with vapor phase osmometry 141. Furthermore, 
only the soluble portion of the coal sample is analyzed by these 
methods and SEC has not provided a detailed chemical description of 
these coal polymers. Mass spectrometry is a logical method for 
measuring Mn of coal polymers. Nevertheless, experiments which have 
utilized ion bombardment [6], pyrolysis [7,8], electric field 
gradients [9], or pulsed lasers [lo-121 for desorption and ionization 
of coal polymers have only formed low molecular weight ions via 
thermal degradation and chemical transformation rather than intact, 
high molecular weight ions. 

The experiments described here attempt to exploit recent advances 
in high molecular weight mass spectrometry to generate representative 
ions of coal polymers. Infrared and ultraviolet laser desorption 
methods are applied to pyridine solvent extracts of high sulfur coals, 
where any ions formed are detected by an ion trap mass spectrometer. 
Ion trap mass spectrometers can measure the mass to charge (m/z) ratio 
of ions over a wide mass range, can perform collision induced 
dissociation experiments for structural analysis of ions, and can be 
operated in a high resolution mode [13]. 

Indirect evidence for the existence of a two component coal 

EXPERIMENTAL DETAILS 

A schematic diagram of the experimental apparatus is shown in 
Figure 1. To obtain a mass spectrum up to -650 m/z, ions formed by 
laser desorption from a coal sample are injected through holes in the 
end cap of the ion trap into its center [13]. The ions are contained 
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inside the trap by an initial radio frequency voltage applied to the 
ring electrode while the end cap electrodes are held at ground 
potential. After the ions have undergone many collisions with a helium 
buffer gas, the radio frequency amplitude is ramped linearly, causing 
ions of increasing mfz values to be ejected from the trap through 
holes in the end caps. The ions which exit the ion trap are detected 
by a conversion dynodefchanneltron ion detector. 

an auxiliary frequency across the end cap electrodes concurrent with 
the rf amplitude ramp. Ions up to 10,000 mfz have been detected with 
this apparatus to date and future experiments should extend this 
towards the theoretical limit of -40,000 mfz. Trapping of individual 
mass ions has also been accomplished, as a predecessor to collision 
induced dissociation experiments. 

The ion trap mass spectrometer was constructed by mounting the 
electrodes from an commercially available ion trap detector (Finnigan 
MAT ITD 700) inside a diffusion pumped vacuum chamber with a base 
pressure of -2 x lo-* Torr. A 6 kV conversion dynode is located 
adjacent to the channeltron near the exit end cap electrode to allow 
for high mass detection. Roughly Torr of helium buffer gas is 
introduced into the trap via a leak valve. Experimental timing 
sequences and data acquisition are controlled with an IBM compatible 
80386 microcomputer interfaced to the commercial ion trap electronics 
via plug-in multifunction data acquisition boards (National 
Instruments models AT-MIO-16F-5 and PC-TIO-10). The end cap electrodes 
are connected to a function generator (Stanford Research Systems 
DS345) through a homemade buffer amplifier. 

To perform infrared laser desorption experiments, pulses of 
1064 nm radiation o f  -7 ns duration from a Nd:YAG laser (Continuum 
Surelite) are focussed onto the sample probe resulting in power 
densities of 109-1010 wfcm2. The power density is calculated by visual 
estimation of the laser spot diameter on the sample probe tip and by 
measuring the unfocussed laser power with a pyroelectric joulemeter 
(Molectron). For ultraviolet laser desorption, fourth harmonic 
generation of the Nd:YAG fundamental wavelength gives 266 nm pulses in 
the lo6-lO7 wfcm2 power density range. 

coal in pyridine and allowing the samples to equilibrate for three 
days at room temperature, then filtering out the insoluble portion 
which remains. Experiments were performed using Pocahontas No. 3 and 
Illinois No. 6 coal from the Argonne Premium Coal Sample Program and 
Herrin No. 6 (IBC 101) coal from the Illinois Basin Coal Sample 
Program. 

The mass range of the ion trap is extended via the application of 
, 

solvent extracts from coal are prepared by dissolving powdered 

RESULTS AND DISCUSSION 

Laser desorption MS using infrared radiation has been used for 
the analysis of Various nonvolatile organic molecules, biomolecules, 
and synthetic polymers [14]. The technique usual1 involves 
irradiating the sample at power densities from 10y-i~lo wfcm2. In many 
cases the sample is doped with an inorganic salt to assist the 
formation of cation-attached molecular ions. Here, infrared laser 
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desorption was used to generate spectra from a series of 
poly(ethyleneglyco1) standards of known molecular weight (American 
Polymer Standards) doped with KC1. Cation-attached molecular ions up 
to -10,000 m/z were successfully formed and detected using this 
method. 

desorb and ionize either,disbursed solid coal or solvent extracts of 
same have been unsuccessful in generating any meaningful information 
regarding the macromolecular structure of coal. The only observable 
peaks above -300 m/z in these spectra were due to the presence of 
carbon cluster ions, as verified by comparison with similar clusters 
formed in laser desorption of graphite samples. Attempts to dope the 
coal samples with KC1, NaC1, and CsCl to enhance the formation of 
cation attached ions have all failed to produce intact molecular ions 
It is concluded that regardless of the sample preparation method, 
infrared laser desorption of coal and coal extracts is not a useful 
method for generating the desired high molecular weight ions, in 
agreement with previous experiments along these lines 110-121. 

Laser desorption experiments utilizing infrared radiation to 

Ultraviolet matrix assisted laser desorption/ionization (UVMALDI) 
has recently emerged as.a useful tool for forming intact molecular 
ions up to 300,000 m/z of various biopolymers including proteins and 
carbohydrates as well as synthetic polymers [15-171. The technique 
requires that the analyte molecule, usually exhibiting only moderate 
optical absorption at the desorption wavelength, be sparsely dispersed 
in a strongl. absorbing matrix [15]. Much lower power densities (i.e. 
106-107 wfcm ) are used in a typical UVMALDI experiment than with 
infrared laser desorption [la], but the former method is capable of 
desorbing intact far larger and more labile species than the latter. 
Although time-of-flight mass spectrometers are most often employed in 
such experiments, ion traps have been used to detect ions formed by 
UVMALDI [19-211. 

The matrix which was used for both test compounds and for coal 
extract samples is 2,5-dihydroxybenzoic acid (DHB). For the first test 
sample, gramicidin S was dissolved in a waterlethano1 solution in a 
1OOO:l molar mixture of matrixlanalyte. A second test sample of bovine 
insulin was similarly prepared in a 5000:5000:1 DHB/d-fructose/bovine 
insulin mixture. Intact molecular ion peaks from gramicidin S 
(1140 m/z) and bovine insulin (5733 m/z) have been formed and detected 
with UVMALDI and the spectra for the later is shown in Figure 2; The 
intact molecular ion and the ionized chain B portion of the molecule 
are present, but no other fragments are observed. 

from the pyridine soluble portion of various coals using the UVMALDI 
technique have not yet been successful. Detection of sample molecules 
using UVMALDI requires that the analyte molecule be capable of forming 
a stable ion in the gas phase, presumably by accepting or donating a 
proton or other cation. The various proposed structures of coal all 
contain numerous ionizable groups such as S or N-containing 
heterocyclic rings, hydroxides, or sulfides [22]. Therefore, it should 
be possible to produce intact molecular ions from coal using UVMALDI. 

ions from coal polymers derives from improper sample preparation. 
Preparing a proper Sample of a new compound for UVMALDI is at present 

Unfortunately, attempts to generate intact macromolecular ions 

It is postulated that the failure of WMALDI to generate intact 
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a trial and error process in which matrix type, matrix-to-analyte 
ratio, and concentration of cation donating dopants are all varied 
[15,23]. Furthermore, while some samples produce positive ions, others 
generate only negative ions. To date, only positive ions have been 
sought in these experiments. New sample preparations and negative ion 
formation are presently under exploration. Therefore, a final 
conclusion cannot yet be drawn regarding the applicability of laser 
desorption ion trap mass spectrometry to the study of polymers from 
coal. 
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F i g u r e  1: Schematic diagram o f  the l a s e r  desorp t ion  i o n  t r a p  
mass spec t rometer .  
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Figure 2 :  W M A L D I  spectrum of a t r i a l  compound, bov ine  
i n s u l i n ,  demonstrating the f e a s i b i l i t y  of  t h e  method f o r  
l a b i l e  h igh  molecular weight compounds such a s  coal  
poi ymers . 
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MEASUREMENT OF THE ADSORPTION AND CRACKING OF MODEL COMPOUNDS 
OVER PROCESSED OIL SHALE PARTICLES 

Darrell N. Taulbee, 
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A parallel reactor system has been constructed to monitor adsorption, desorption, andor 
crackingfcoking of vapor phase model compounds over solid substrates at elevated temperatures. In 
this study, selected hydrocarbons ranging from benzene to n-decane were passed across pyrolyzed, 
gasified, or combusted oil shale particles at temperatures between 270 OC and 650 'C. A vapor phase 
hydrocarbon, Ar tracer gas, and N2 carrier are combined and routed through a heated switching valve 
to a sand-packed tube reactor positioned within a tube furnace. A parallel line routes N2 gas through 
a second tube reactor packed with substrate. After exiting the tube reactors, the two lines are 
combined and sampled by a heated capillary connected to the inlet of a quadrupole mass specmmeter 
(QMS). A typical run entails establishing a QMS baseline with the model compound passing through 
the sand-packed reactor, switching the valve so the model compound passes through the substrate bed, 
then returning to the sand-packed reactor to re-establish the QMS baseline. 

Introduction. The utilization of fluidzed bed retorting technology for the processing of the 
Eastern US oil shale deposits has been under investigation at the CAER since about 1982. 
Development has progressed from small independent grams/hours pyrolysis, combustion, and 
gasification reactors, through operation of an integrated, 3-stage, 5-lbhr unit and currently, construction 
of an integrated 50-lbhr pilot plant representing the most recent effort to provide proof of concept for 
KENTORT 11. KENTORT I1 is designed to maximize oil and gas production and to fully utilize the 
carbon contained in Eastern US oil shales without resorting to exotic or high pressure atmospheres13 
and to do so in an environmentally acceptable manner. 

In the KENTORT I1 reactor, pyrolysis heat is provided by recycling hot gasified or combusted 
particles to the pyrolysis zone. Thus, of particular interest are those reactions that can be attributed 
to the recycling of hot solids and which impact oil yield, i.e., cracking and coking reactions. Within 
limits. the demmental effect of recycling hot solids to the retort can be minimized by varying the 
relative proportion of gasified versus combusted particles or by selecting the optimum recycle 
rate/particle temperature i.e , fewer high temperature vs. more low temperature particles. 

A previous stud$4 focused on the kinetics of shale oil coking as a function of substrate type 
and temperature using gasified, combusted, and pyrolyzed shales. In a similar manner, the current 
study will focus on product adsorption and cracking. However, unlike the coking study which utilized 
freshly generated shale oil, the measurement of adsorption and cracking kinetics in the system 
described here dictated the use of model compounds. 

Experimental. Reactor Svstem. A simplified schematic of the reactor system is shown in 
Figure 1. High punty N2 is introduced to a heated valve oven (275 OC) at 100 psig, split into parallel 
carrier lines and routed through a pair of metering valves. From the metering valves to the reactor, 
all canier/transfer lines are constructed of 1/16 x 0.03" 304 ss. 

One of the carrier lines, termed the bypass line, is routed through a switching valve, an 18" heat 
traced transfer line, a 48" preheater coil, and into one of the parallel tube reactors positioned in a 2" 
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x 15" Lindberg tube. furnace. In the initial "bypass" mode, this line is routed through the substrate- 
packed reactor (substrate reactor). 

High purity Ar is introduced at 100 psig and metered to the parallel HC carrier line just 
downstream from the N2 metering valve. A Waters model 6OOOA LC pump is used to dispense the 
liquid hydrocarbon (HC) which first passes through a restriction coil to maintain pump back pressure 
(and thus constant flow), then into the valve oven where it passes through a downward spiraling 
volatilization/surge suppressor coil before connecting to the HC carrier line. The HC line parallels the 
bypass line to the reactor furnace where, in the initial valve position, it passes through the sand-packed 
bypass reactor. 

After passing through the parallel reactors, both lines are combined and continuously sampled 
just inside the reactor furnace by a heated capillary connected to the inlet of a VGFisons Sensorlab 
300D quadrupole mass spectrometer (QMS). The QMS may be operated in either a log histogram 
mode which monitors all mass intensities at 1-amu resolution from zero to a selected upper limit 
(usually just above the molecular ion of the model compound) or in a selected ion monitoring (SIM) 
mode which records up to 16 selected ion intensities at approximately 1 second intervals. The latter 
is the preferred operating mode due to a more rapid sampling rate but with the trade-off that not all 
ion intensities are monitored. 

The tube reactors are constructed of 9" x 3/8" -0.d. (1/4" i.d.1 316 ss. One of the reactors, the 
bypass, is packed with 6-gm of sand while the second, the substrate reactor, is packed with 4-gm of 
one of the substrates listed in Table 1. Quartz wool is used to hold the solids in place. Substrates are 
centered in the reactor tubes with an approximate 2 void on each end. A type. K thermocouple is 
placed into each reactor tube, 2.5" from the entrance to the bypass tube and 4" from the eney to the 
substrate tube. The substrate was removed following each run, crushed, and submitted for elemental 
analysis. The bypass sand was replaced after each 650 OC run (or when the model compound or study 
substrate was changed). 

Studv Substrates. The three substrates examined in this study (Table 1) originated from the 
CLE-003 master sample taken from Fleming County, KY.'-~ These materials represent the three types 
of solids present in the pyrolysis section of the KENTORT I1 reactor to which the vapor phase shale 
oil is exposed. All three substrates were prepared in a fluid-bed reactor using N2, steam, or air as the 
fluidizing media (Table 1). All three substrates were screened to 20 x 60 mesh. The Ottawa sand was 
screened to 20 x 30 mesh. 

Run Conditions and Procedure. A nominal model compound flow of either 0.1 or 0.2-mumin 
was used for all runs. A total gas flow of 150 mL/min (ambient temperature) was maintained through 
each reactor. This flow was comprised solely of N2 in the bypass line. For the HC carrier line, Ar 
tracer gas flow was set to 50 mL/min; the volume of the gas phase model compound was calculated 
assuming ideal gas behavior; and the cumulative flow adjusted to 150 mumin with high purity N2 

Run preparation entailed packing 4-gm of substrate to the substrate reactor and 6-gm of sand 
to the bypass reactor, setting the Lyndberg furnace controller to the target temperature with the reactors 
in place, and initiating carrier gas and model compound flow. QMS data collection was initiated 
following a minimum 2-minute equilibration at temperature. The substrate thermocouple reading was 
manually maintained within +2 OC of the target temperature for the duration of the run. After a 
minimum of 100 data points were collected in the SIM mode (or at least 2 minutes in the log 
histogram mode), the valve was rotated so that the HC camer passed through the substrate reactor 
(make-up line is simultaneously switched to the bypass reactor). Following the selected exposure time, 
the valve was returned to the initial position and the QMS baseline reestablished. Control runs were 
made by packing both the bypass and substrate reactor tubes with sand to ensure acceptable system 
operation. 

Data Management. Following data collection, the QMS data files are imported to a spreadsheet 
where the model compound's molecular ion (andlor selected cracking product) intensity is r a t i d  to 
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the Ar intensity. These ratios are then exported to a curve-fitting software routine (Sigma Plot) where. 
a linear equation was fitted to the data points collected in the bypass mode (before and after 
HChubstrate exposure). A function containing both linear and decaying exponential terms (eq. 1) was 
fitted to the molecular ion/Ar ratio obtained during substrate exposure: 

Eq. I y = - a * e ~ p ( - ~ ' )  + P t  + d 

The difference in the integrated area between the linear and exponential equations over the 
substrate exposure interval represents either product loss due to cracking/coking reactions for the high 
temperature runs (->500 OC), to HC adsorption for low temperature runs (-<400 OC), or to a 
combination of these at the mid temperature (-400-500 OC). Further, since the HC flow is known, HC 
loss can be expressed on an absolute basis, Le.. gms HC/gm substrate. 

RESULTS AND DISCUSSION: A typical run sequence in which cyclohexene was passed 
through gasified shale at 500 OC is shown graphically in Figure 2a. The response as plotted shows 
the ion intensity for the molecular ion of cyclohexene ratioed to the Ar ion intensity. Data are 
displayed as ratios instead of absolute intensities in order to correct for changing conditions during a 
run, e.g., QMS drift, pressure fluctuations, etc. The first segment represents QMS response. in the 
initial valve position (bypass mode) in which the model compound is flowing through the sand-packed 
bypass bed. The second segment shows QMS response with the valve switched so that the model 
compound passes through the substrate reactor. The third segment shows the return to bypass mode 
at which time the QMS baseline is reestablished. 

There is no measurable desorption in the data of Figure 2a following return to bypass 
suggesting that all product loss is attributable to cracking or coking losses. Evidence that this loss is 
due in large pan to cracking reactions can be found in Figure 2b, which shows a substantial increase 
in the mass 42 (largely propene) to mass 82 (cyclohexene) ratio during exposure. 

The high initial HC loss followed by a gradual decline to constant response was characteristic 
of the high temperature runs (Figure 4). Generally, substrate reactivity followed the order of gasified 
> combusted 2 pyrolyzed. Also, cyclic aliphatics were found to be more susceptible to induced 
reaction than were straight chain aliphatics with aromatics generally exhibiting the greatest stability. 
As of this writing, carbon analysis of the substrates is incomplete and thus product loss due to coking 
versus cracking cannot yet be differentiated. However, it is believed that cracking reactions (i.e., 
thermalcleavage with little or no coke deposition) are much mox prevalent for aliphatics (particularly 
cyclic aliphatics) than aromatics which more likely undergo a higher proportion of coking reactions 
in the initial interaction. To help differentiate between cracking and coking losses, future runs are 
planned in which the total product stream will be combusted with the resulting C 0 2  and H 2 0  products 
monitored with the QMS. It is anticipated that this approach will unambiguously determine coking 
losses with cracking losses determined by difference. 

Figure 3 shows a similar cyclohexene/Ar ion intensity plot at a lower temperature of 300 OC. 
HC loss in this run is attributed solely to adsorption since 1) the QMS response during the bypass 
mode and the latter portion of the expose mode are equivalent and 2) the desorption curve following 
return to bypass is equal in magnitude to the HC loss observed in the initial stages of substrate 
exposure. Generally, adsorption capacity followed the order of gasified >> combusted 2 pyrolyzed 
shale. Adsorption was so extensive for many of the low temperature gasified shale runs that QMS 
response dropped off-scale resulting in a delay in data collection of up to 2 minutes in some instances. 

SUMMARY. The reactor system described in this manuscript provides a rapid means of 
measuring HC reaction kinetics. The system is flexible in  that direct comparisons of solid substrate 
reactivities may be compared over a wide temperature range with a variety of hydrocarbons. Though 
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not discussed, fixed gases are also amenable to adsorption/desorption studies by this technique. Future 
plans include: 1) examination of the liquid products and ultimate analysis of the solid substrates 
following exposure in order to help elucidate reaction mechanisms and differentiate between 
predominantly cracking versus predominantly coking reactions and 2) examining mixtures of two or 
more hydrocarbons to determine differential adsorptioddesorption kinetics. 
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Table 1. Study Substrates. Substrates dry screened to 20x60 mesh. 

Substrate Oriain Reactor Load (a) PreDaration/comment 

prOlY=d Cleveland 4% 530C in N2/10 min 
Shale oil shale 

Gasified Cleveland 4% 800C in Steam/20 min 
Shale oil shale 

Combusted Cleveland 4% 700C in aid10 min 
Shale oil shale 

Sand Ottawa, Canada 6-g 20x30 mesh 
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Figure 2. Gasified shale, 500 OC, 10 min exposure, -10 VOHO cyclohexene in 
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INTRODUCTION 

Coal gasification activity is generally atmbuted to the metal components of 
catalyst precursors. However, there is evidence that the anion of the catalytic salt plays a 
significant role in the performance of the catalyst. It has been reported (1) that for the 
same metal, the chlorides, acetates, or hydroxides of sodium, potassium, magnesium, and 
calcium exhibited different char reactivities. The catalysts were loaded from aqueous 
solution. For example, at 12233, the order of reactivity for the sodium compounds was 
NaOH>NaAcNaCl. These finding were rationalized in terms of the influence of the 
various anions on the diffusivities of the cations (Na+, K+, Mg2+, and Caz+ produced by 
dissociation of the metal precursors at gasification temperatures) through the pores of the 
chars. The variations in the activities of the catalysts were also ascribed to differences in 
the extent of deactivation as a result of the catalyst reaction with inorganic materials in 
the coal, and to the presence or absence of coal surface metal-oxygen complexes which 
have been hypothesized as prerequisites for coal char reactivity (2-7). It has also been 
suggested that the metal ion of the catalyst salt reacts with the carbon in the char to form 
active intermediates for gasification and that the anion of the salt favorably modifies the 
structure of the active species. However, the composition and structure of the active 
intermediates are unknown (8). 

Since coal is normally impregnated with catalyst from solution, the variations in 
the activities of different catalyst precursors may be due to the influence of different 
anions during the adsorption of the metal ions onto the coal. The surface charge 
propemes of aqueous suspensions of coal is well known. The electrical potential on a 
coal panicle decreases rapidly with distance from the charged coal surface. The effective 
thickness is the distance from the charged surface into the solution within which most of 
the elecmcal interactions with the surface occur (9,lO). The effective thickness, 1K, (or 
the Debye length) is given by the expression (9,lO): 
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where. = E / E ~  = the relative static permittivity or dielecmc constant of the 
solution (E = the static permittivity of the solution and = the permittivity of a vacuum), 
R = the gas constant, T = the absolute temperature, F = the Faraday constant, Ci = the 
molar concentration of any ion in solution. The above equation shows that In< is 
inversely proportional to both the valence (Z) of the ions in solution and to the square 
mot of their ionic concentrations. Also, in the presence of an electrolyte, the elecmcal 
effects are experienced over shorter distances (due to the compression of the elecmcal 
double layer) than in the absence of an electrolyte. Thus, the Debye length decreases 
rapidly with increasing ionic strength, given by 1/2ZCiZi2 (10). 

i 

In relation to catalyzed coal gasification, it is apparent from the above discussion 
that when different catalyst precursor electrolytes containing the same metal (e.g. KC1 
and K2CO3) are dissolved in aqueous solution and separately introduced into coal, the 
degree of coal-metal ion contact will be different for the various catalyst precursors due 
to differences in the double layer thickness. This will produce different metal adsorption 
densities and possibly different catalyst dispersion and gasification activities. Variations 
in catalyst uptake by coals can also occur as a result of differences in the pHs of the 
impregnating metal solutions. This work reports on the effects of catalyst precursor 
anions and pH on coal electrokinetic properties and catalyst adsorption by various 
calcium and potassium catalyst precursors. 

EXPERIMENTAL 

' The surface electrokinetic properties of the raw coal (North Dakota Hagel lignite, 
PSOC 1482) in the presence or absence of acetate (CH3COO-), chloride (Cl-), nitrate 
(N03-), carbonate (Cq2-)  or sulfate (S042-) anion was investigated by dispersing 300 
mg of the coal (-200 mesh sieve size) in a liter of distilled water containing 10-1. 10-2 or 
10-3 mom of each anion. The pdtassium compound of each anion was used as the source 
of the anion while the acetate, chloride or nitrate of calcium was applied. The slunies 
were divided into 50.0 mL portions and the pHs were adjusted with a few drops of dilute 
nimc acid or ammonium hydroxide solution. The slurries were mechanically agitated for 
3h to attain equilibrium followed by determination of the pHs and the zeta potentials 
using "Pen Kern model 501 Lazer Zee Meter." 

The effects of the surface charge properties of the coal on the adsorption of 
potassium from CH3COOK, KCl, KN03, KzCO3 or K2so4 solution has been 
ascertained by agitation (for 24h) of 4.0 g of the coal with 100 mL of solution containing 
10-1 mouL potassium metal. The catalyst precursors were used separately. Following the 
adsorptions, the coal particles were filtered and the potassium content in the coal samples 
was determined by Galbraith Laboratories, Inc. 

RESULTS AND DISCUSSION 

The effects of chloride anion concentration on the zeta potentials of the coal 
particles are shown in Figures 1 and 2, respectively, for CaCl, and KCl catalyst 
precursors. As can be observed from Figure 1, the charge density on the coal particles 
becomes progressively more negative, in the absence of added chloride anions, as the pH 
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of the slurry was raised from acidic to basic. However, addition of m o m  
chloride anion significantly reduced the net negative surface charge on the coal panicles, 
especially at the higher chloride anion concentration. At - pH 10, for instance, the zeta 
potential of the coal is about -78 mV in the absence of chloride anion, but decreased to 
-15 and -40 mV, for the 10-2 and 10-3 m o l n  C1- concentrations, respectively. Since the 
original coal particles are negatively charged, chloride anion adsorption will be hindered 
as a result of electrostatic repulsion between the coal surface and the chloride anion. 
Thus, the reduction in surface charge density must arise from the adsorption of calcium 
ions produced from the dissociation of calcium chloride, the driving force for the 
adsorption being coulombic attraction between the anionic coal surface and the calcium 
cations. 

As in the case of the CaC12 precursor, Figure 2 shows that the zeta potentials of 
the coal particles decrease with increase in pH when KCl is used as the Cl- source. It is 
also observed that, within experimental error, addition of KC1 produces a less negative 
zeta potential compared to that on the coal without KCl addition. The development of 
surface charge on coal particles in aqueous media has been attributed to the dissociation 
of coal surface carboxylic and hydroxyl groups as discussed by several investigators 
(9,ll-13). Comparison of Figures 1 and 2 shows that the reduction in the negative zeta 
potentials is more prominent, at similar chloride concentrations, for CaC12 than KC1. 
This behavior is consistent with equation (1) which predicts that the Debye length should 
be shortex in the presence of CaC12 than for KC1 due to the higher ionic charge on Caz+ 
compared to that on K+. This compression of the double layer promotes higher Caz+ than 
K+ uptake and results in a greater reduction in the net negative surface charge density in 
the presence of CaC12. Similar uends were observed for the other corresponding calcium 
and potassium salts. To maintain a constant double layer thickness in studies involving 
interfacial phenomena, an excess of a 1:l suppomng electrolyte is normally added to the 
system. However, a suppomng electrolyte was not applied in the current study in order 
to determine the influence of the various catalyst precursor anions or cations on coal 
surface chemistry. 

The dependence of zeta potentials on pH and carbonate anion concentration, when 
using K2C03 as C q z -  source, is provided in Figure 3. Similar zeta potentials were 
obtained in the presence or absence of C q 2 - ,  particularly around - pH 2 - 4.5, for the 

m o m  C e 2 -  concentration. However, significant reductions in the negative 
zeta potentials occurred at lo-' m o m  C032-. The influence of the surface elecuical 
properties of the coal on potassium adsorption from aqueous solutions of the potassium 
compounds is presented in Figure 4. The potassium uptake shows two distinct features: 
(1) a strong dependence on coal slurry pH, and (2) a dependence on the potassium salt 
used. For all the compounds, potassium adsorption was minimum around pH 2, it was 
maximum at - pH 10 and intermediate at pHs between 5 and 6. From Figure 4, it appears 
that at a given pH, the metal uptake can be classified into three groups according to the 
potassium precursor used: KC1, KNQ and K2S04 fall into one group, while KOOCCH3 
and K2C03 belong to separate groups. It is evident from Figure 4 that the highest 
potassium loading was obtained at all pHs when adsorption was effected using potassium 
carbonate solution. The second highest metal uptake occurred when potassium acetate 
was used and approximately the same level of potassium was adsorbed from potassium 
chloride, potassium nitrate and potassium acetate solutions. As can be seen from Figure 
3, the net negative surface charge density on the coal is significantly reduced in 10-1 
m o m  C032- solution when KzC03 was used as the carbonate anion precursor. The 
observed potassium loadings from this salt is in agreement with the zeta potential results. 
Thus, the surface charge on the coal clearly plays a role in potassium uptake. However, 

or 

or 
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the reasons for the variations in metal adsorption as a function of anion type are not 
known at this time and are the subjects of continuing research. 

In conclusion, it has been shown that the negative charge density on a North 
Dakota lignite is reduced in the presence of CH3COOK. KC1, KNO3, K2C03 or &so4 
solutions. For each compound, the reduction becomes more prominent as the salt 
concentration is increased, the phenomenon being particularly distinct for K2C03. 
Adsorption studies show that the highest potassium adsorption occurs from aqueous 
KzC03 solution, thus confirming the zeta potential results which were least negative at 
lo-’ mom CO+ when using KzCO3 salt. The reported superior activity of K2co3 in 
char reactivity may reside in its stronger interaction with the coal surface during catalyst 
loading from solution. Fourier uansform infrared studies are also in progress to gain 
insight into the interaction between the coal surface and the various ions. 
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INTRODUcnON 

In recent years, there has been considerable progress in the development of catalysts 
for the conversion of natural gas to more useful chemicals and fuels. Oxidative coupling of 
methane to ethane and ethylene, and subsequent conversion of these chemicals to liquid fuel, 
is one approach that has attracted great interest in recent years (Liu et al., 1984; Yates and 
Zlotin, 1988; Otsuka et al., 1986). We have shown that by proper cation substitution h 
pervoskite-type oxides, active and selective catalysts for the oxidative coupling of methane to 
higher hydrocarbons can be obtained (France et al., 1988 (a and b); Shamsi and zahir, 1989; 
Siriwardane and Shamsi, 1990). Recent studies have shown that gas-phase reactions, 
especially at higher pressures, play a significant role in the partial oxidation of 
methane (Labinger and Ott, 1987; Lane and Wolf, 1988; Shamsi and Zahir, 1989). 

Despite intensive research on oxidative coupling of methane, no one has yet achieved 
a single pass yield large enough for a process to be economical. McCarty (1992) has evalu- 
ated several approaches for achieving higher yield in methane conversion processes. He has 
concluded that oxidative coupling of methane into desirable products is limited by two types 
of side reactions: "1) direct oxidation of reactive intermediates, and 2) the parallel conversion 
of desired metastable products into deep oxidation by-products." 

Mazanec et al. (1992) studied methane conversion to higher hydrocarbons using 
elearocatalytic cells. They have concluded that "there is a fundamental mechanistic 
limitation to the conversion of methane to higher hydrocarbons." Olsbye et al. (1992) studied 
the effects of adding ethane and ethylene to an oxidative coupling reaction and found that 
methane is formed from the C2 products. They suggested that the C2 products are more 
reactive to form methane than the reverse methane coupling reaction. Mazanec et al. (1992) 
and Labinger (1992) have proposed a simple two-step "ABC" model. In this model, A is the 
reactants, B is the desired products, and C is the by-products. In this simplified model where 

A --------> B ---------> C, the %/kl ratio i s  used to estimate the desired C2 yield. 
k l  k2 
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The challenging problem in converting methane to ethane and ethylene is the reactivity 
of methane relative to its products. There are at least three vital points in converting methane 
to ethane and ethylene using oxidative coupling. Pirst, at high temperature and pressure, both 
homogeneous and heterogeneous reactions occur during oxidative coupling of methane, and 
the major precursors are produced in the gas phase (Shamsi and Zahir, 1989; Liu et al., 
1984). Consequently, under these conditions it is difficult to change the product distribution 
entirely by tailoring the catalyst. Second, methane is much less reactive than its products, 
ethane and ethylene. Therefore, high conversion with high selectivity is very difficult to 
obtain. Third, complete oxidation of intermediates to carbon dioxide becomes increasingly 
important at higher pressure, which is required for a commercial process. The first and third 
problems could be overcome by developing a catalyst to activate methane at temperatures 
below 600OC and by designing a process that operates at 1 atm pressure. However, neither 
the catalyst nor the process design can solve the second problem. Ethane and ethylene, 
depending on their partial pressures, will compete for active species in the gas phase and for 
active centers on the catalyst surfaces as will be discussed later. 

mEmMEmTAL 

See publication by S k i ,  A. and Zahir, K., ( 1989) for details. 

RESULTS AND D l s m s s l o N  

Earlier studies on oxidative coupljng of methane indicated that the activation of 
methane occurs both in the gas phase and on the surfaces of the catalyst (Shamsi and Zahir, 
1989). The results also showed that contact time, temperature, pressure, and methane-to- 
oxygen ratio are the major factors affecting conversion and selectivity in the presence and 
absence of the catalyst. Before investigating the catalytic oxidation, the effects of pressure, 
temperature, and contact time on partial oxidation of ethane and ethylene in an empty reactor 
were studied. This will determine the extent of gas-phase contribution to the overall reactions 
at various experimental conditions. 

Ethane was partially oxidized by co-feeding ethane, helium, and oxigen into the 
reactor. The dependence of conversion and selectivity on temperature, pressure, and contact 
time is shown in Tables 1, 2, and 3. Ethane oxidation commenced at temperatures higher 
than 550'C. Higher ethane and oxygen conversions were obtained at higher temperatures, 
pressures, and contact times. Ethylene is the major product at low ethane conversion, and its 
concentration decreased with increasing temperature, pressun, and contact time. The amounts 
of CO and COP carbon monoxide being predominant, also increased with increasing 
conversion. Methane, higher hydrocarbons, and formaldehyde were also detected at higher 
temperatures, pressures, and contact times, indicating that ethylene further reacts with oxygen 
to form formaldehyde and carbon oxides. 

Ethylene was mixed with helium and oxygen and co-feed into the reactor. The 
dependence of conversion and selectivity on temperature, pressure, and contact time is shown 
in Tables 4, 5 ,  and 6. Ethylene oxidation commences at temperatures higher than 50O0C, 
about 50°C lower than required for ethane activation. Higher ethylene and oxygen conver- 
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sions were observed at higher temperatures, pressures, and contact times. Furthermore, at low 
ethylene conversion, ethylene oxide and formaldehyde are the major products, and their 
concentrations decreased with increasing conversion. The amount of CO increased with 
increasing conversion. This indicates that formaldehyde and ethylene oxide underwent further 
reactions to form carbon monoxide. Methane and higher hydrocarbons were also detected at 
higher temperatures, pressures, and contact times. Comparison with ethane shows that 
ethylene in an empty reactor, mainly gas-phase reactions, is oxidized more easily than ethane. 
These results are in good agreement with those repoxted by Burch and Tsang (1990). 
However, they have reponed neither formaldehyde nor ethylene oxide. 

Temperature-programmed partial oxidation of ethane, ethylene, and 'T labeled 
methane was studied separately. Results are shown in Figures 1. The temperature was raised 
from 400 to 700°C at 4OoC/min. Abundance of 'TO,, 'TO,, and oxygen were monitored 
using a GC with an MSD. The temperature at which 50% of the oxygen converted during 
oxidation of ethane and ethylene is significantly less than the temperature at which 50% of 
the oxygen convened during oxidation of methane. The rates of activation of these hydro- 
carbons on sodium promoted S-0, decrease in the order of ethane> ethylene>> methane. 
Using these. results and those in the literature to compare the reactivity of ethane and ethylene 
with methane would be misleading. According to the results shown in this graph, ethane and 
ethylene are activated at significantly lower temperatures than that required for methane 
activation. Therefore, any ethane or ethylene formed during oxidative coupling of methane 
would be consumed before any methane could be activated. The earlier results in this 
laboratory and elsewhere showed that this is not correct. Therefore. the relative reactivity of 
ethane and ethylene are different in the presence of methane and the catalyst as will be 
discussed later. 

A mixture of ethylene in I3C labele methane were co-fed with oxygen and helium 
into the reactor (total flow rate of 17.5 an 4 .  /nun; hydrocarb0n:oxygen ratio=2l) containing 
0.5 grams of 1.4 wt% sodium promoted S90,. The temperature of the catalyst bed was 
raised from 400 to 700'C at 40°C/min and held for 7.5 min at 720'C. The abundance 
(concentration, a.u.) of ' T O ,  and 13C0, was monitored using GC with an MSD. The concen- 
trations of ethylene varied from 5 to 50 ~01%. When the ethylene concentration was about 
5 vol%, 1TO, was slightly more abundant than 'TO,. However, increasing the 
concentrations of ethylene to 10 and 50 vol% formed more COz from ethylene than from 
methane. No significant amount of carbon dioxide was detected at temperatures of less than 
400°C and ethylene concentration of less than 10 ~01%. However, when the concentration 
increased to more than 10 ~0196, ethylene was activated at t e m p e r a m  less than 400OC. 

, 

A plot of '2C02 to "CO, ratios versus ethylene concentrations is shown in Figure 2. 
These data were obtained at steady state conditions of 720OC and 1 atm pressure. At a lower 
ethylene concentration of 5 ~0196, ethylene was 7.8 times more reactive than methane. How- 
ever, as the concentrations of ethylene increased to 10 and 50 ~01%. the reactivity of ethylene 
decreased to 7.5 and 3.6, respectively. The relative reactivity was calculated based on the 
assumption that at equal reactivity and replacing 5, 10, and 50 ~01% of I3C labeled methane 
by 12C ethylene, the ' T O ,  to ' T O ,  ratios will increase to 0.105, 0.222, and 2.0, 
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respectively. In all cases, when a mixture of methane and ethylene partially oxidized over 
quartz or the catalyst, higher ratios of lzCO, to WO, were obtained. 

Temperature-programmed partial oxidation of mixtures of ethane in I3C labeled 
methane over 1.4 wt% sodium promoted SmZO 'were also studied. The temperature of the 
catalyst bed was raised from 400 to 700OC at 4d°C/min and held for 7.5 min at 730°C. The 
abundance of 'TO,  and 'TO2 was monitored using GC with an MSD. The concentrations of 
ethane varied from 5 to 50 ~01%. When the ethane concentration was about 5 vol%, the 
"CO, was slightly more abundant than the 'TOz, indicating that more than two moles of 
methane were converted to carbon dioxide per one mole of ethane. Increasing the concen- 
trations of ethane to 10 and 50 vol% formed more carbon dioxide from ethane than from 
methane. 

A plot of T O z  to '3C0, ratios versus ethane concentrations is shown in Figure 3. 
These data were obtained at steady state conditions of 730°C and 1 atm pressure. At a lower 
ethane concentration of 5 vol%, ethane was about 5.5 times more reactive than methane. 
However, as the concentrations of ethane increased to 10 and 50 ~01%. the relative reactivity 
of ethane decreased to 4.7 and 3.5, respectively. Comparing with ethylene mixtures, ethane at 
concentrations less than 10 ~01% is about 1.5 times less reactive than ethylene. However, at 
concentrations of more than 10 vol%, ethane and ethylene show a similar reactivity and were 
about 3.5 times more reactive than methane. 

Mazanec et al.(1992) have proposed that at the relative rates of methane and ethylene 
activation, k2/kl, in equations (1) and (2) determine the upper limit of C2 yield, considering 
ethane can be converted to ethylene readily by "non-oxidative pyrolysis". 

Rate "CH, = -kl ['3CH,l [Ox] 
Rate GH6 = -% [C&] [ox] 
Rate GH, = 43 [C2H41 [Ox] 

They have also reported that "ethylene is more stable than ethane and the rate of ethylene 
activation is considered to be the linliting feature." However, the results obtained by passing 
a mixture of methane (34.7%), ethane (19.4%), ethylene (13.1%), and oxygen (32.8%) over a 
catalyst containing reducible oxides of transition metals (Ca/Nii= 2l:O.l) show that almost 
all the ethylene was consumed while the concentration of ethane was reduced to 13.3% at 
600T  and 1 a m  pressure. When this similar mixture was passed over quartz chips at the 
same conditions, the concentrations of methane and ethylene increased to 42.7 and 19.1%, 
respectively. Therefore, rate equation (3) was added to explain the relative reactivity of 
methane and ethylene as the ratio of k3/kl. 

CONCLUSION 

(1) 
(2)  
(3) 

This study was conducted to understand the relative reactivity of ethane and ethylene 
compand to methane and to determine whether a catalyst could be designed to overcome the 
limitation in yield requind for an economical process to convert natural gas to liquid fuels. 
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The most widely acceptable mechanism for activation of methane appears to be the reaction 
of methane from the gas phase with surface oxygen, which abstracts hydrogen from methane 
to form methyl radicals (Ahmed and Moffat, 1990). The methyl radicals are released into the 
gas phase and form ethane. However, the reaction pathways for activation of ethane and 
ethylene are not well established. The relative H-abstraction rates for hydroxyl radicals in 
the gas phase for C2H&H4 and H4/CH4 are reponed by McCarty (1992). From these 

methane, the relative gas-phase reactivity can be estimated to be in the order of C2H6 > 
CH4 > C2H4. However, this order was not observed in this study, and it has been reported 
only for LiC1/MnOx catalyst (Burch and Tsang, 1990). indicating that the H-abstraction is not 
the only pathway for ethane and ethylene activation. Likewise, depending on the catalyst and 
the experimental conditions, C-C and C=C bonds are also attacked by the active centers on 
the catalyst and by the active species in the gas phase. Therefore, the relative reactivity of 
ethane and ethylene compared to methane appears to strongly depend on the partial pressures 
of reactants and the type of catalysts used. 

data and suggestion from Lunsford “k t at the C-H bond strength in ethylene is greater than 

The relative reactivities are in the order of ethylene > ethane >> methane for reactions 
in the gas phase and on the catalysts containing reducible oxides of transition metals such as 
Ca/Ni/K. However, this order changed to ethane > ethylene >> methane for a non-reducible 
catalyst such as sodium promoted S%03. Oxidation of ethane and ethylene in the presence 
of methane and catalyst show that methane and ethylene, depending on their partial pressures, 
compete for active centers, and neither formaldehyde nor ethylene oxide were detected in the 
presence of methane and the catalyst. 
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Table 1. Effect of Temperature. on Ethane Conversion and 
Selectivity in an Empty Alumina Reactor at 
1 atm Pressure, C,H@e/Oz=2OR0/1O cm3/min 
NPT Flow Rates, Contact Time = 2.4 s 

~ ~~ 

Temperature ("C) 

550 580 610 

\l 

Conversion, Mol% 
Ethane 
Oxygen 

C*H4 
CH4 

coz 
e,+ 

Product Distribution, Carbon Mol% 

co 

HCHO 

2.1 23.1 58.6 
1.4 26.4 99.3 

100 84.9 54.2 
0.0 2.1 8.3 
0.0 7.3 26.3 
0.0 0.6 1.2 
0.0 2.9 7.4 
0.0 2.3 2.6 

Table 2. Effect of Pressure on Ethane Conversion and 
Selectivity in an Empty Alumina Reactor at 
55OoC, CJ-l@e/O2=20/2O/10 cm3/min 
NPT Plow Rates, Contact Time = 2.4 s 

Pressure (am) 

1.0 1.7 2.4 

Conversion, Mol% 
Ethane 2.1 8.1 57.4 
Oxygen 1.4 7.5 9Y.4 

GH4 100 92.5 49.8 
0.0 1.2 10.2 
0.0 1.9 27.2 
0.0 0.9 1.4 

c3+ 0.0 2.1 7.2 
HCHO 0.0 1.5 4.3 

Product Disuibution, Carbon Mol% 

3 
co, 
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Table 3. Effect of Contact Time on Ethane Conversion 
and Selectivity in an Empty Alumina 
Reactor at 55OoC, 1 atm Pressure, 
C,H~e/0,=20/20/10 an3/min 
NFT mow Rates 

Contact Time (s) 

2.4 4.8 9.6 

Conversion, Mol% 
Ethane 
Oxygen 

Product Distribution, Carbon Mol% 
C Y 4  
CH, 

CO, 
c3+ 

co 

HCHO 

2.1 10.9 47.8 
1.4 11.5 99.3 

100 92.2 55.5 
0.0 1.4 6.6 
0.0 3.3 23.9 
0.0 0.3 1.3 
0.0 0.0 8.3 
0.0 2.7 4.4 

Table 4. Effect of Temperature on Ethylene Conversion 
and Selectivity in an Empty Alumina Reactor 
at 1 atm Pressure, C,HJHe/O,= 
20/20/10 cm3/min NFT Flow Rates, 
Contact Time = 2.4 s 

Temmrature ("C) 

500 538 546 560 

Conversion, Mol% 
Ethylene 
Oxygen 

GH, 

co, 
c3+ 

GH40 

Product Distribution, Carbon Mol% 

CH4 
co 

HCHO 

2.1 10.0 14.0 46.9 
3.0 19.7 30.2 96.4 

0.0 0.7 0.0 2.4 
0.2 0.7 1.0 14.3 

15.8 39.4 46.2 70.5 
3.8 2.2 2.3 4.4 
2.2 5.9 5.8 2.6 

26.0 19.4 14.8 2.4 
52.0 31.7 29.9 3.4 
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Table 5. Effect of Pressure on Ethylene Conversion and 
Selectivity in an Empty Alumina Reactor 
at 50O0C, (4HJHe/O2=20/2O/10 m3/min 
N€T Flow Rates, Contact Time = 2.4 s 

Pressure (ahn) 

1.0 1.7 2.4 3.0 

Conversion, Mol% 
Ethylene 
oxygen 

(4% 
CH4 

CO2 
c3+ 

C z W  

Product Distribution, Carbon Mol% 

co 

HCHO 

0.9 5.7 18.1 44.4 
1.3 6.1 37.6 90.2 

0.0 0.0 0.3 2.7 
0.2 0.0 0.5 16.4 

15.8 23.7 37.9 66.3 
3.8 3.1 4.4 5.0 
2.2 3.1 6.1 2.2 

26.0 22.3 14.6 3.6 
52.0 47.8 36.1 3.6 

Table 6. Effect of Contact Time on Ethylene Conversion and 
Selectivity in an Empty Alumina Reactor a~ 50O0C, 
1 atm Pressure, C2H&e/02=20/20/10 cm3/min 
NPT Flow Rates 

Contact Time (s) 

2.4 3.2 4.8 9.6 

Conversion, Mol% 
Ethylene 
Oxygen 

Product Distribution, Carbon Mol% 
(4H6 
CH4 

CO, 
c3+ 
(4w 

co 

HCHO 

343 

4.2 5.3 7.8 21.1 
2.7 4.7 10.6 51.0 

0.0 0.0 0.0 0.6 
0.2 0.3 0.5 1.0 

15.8 24.6 31.2 46.0 
3.8 2.4 2.5 3.3 
2.2 2.8 4.1 5.7 

26.0 21.5 18.1 10.3 
52.0 48.4 43.6 33.2 
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PHOTODECOMPOSlTION OF HYDRAZINE FUELS 

Ghanshyam L. Vaghjiani 
University of Dayton Research Institute 

Phillips Laboratory, PURKFA 
Edwards AFB, CA 92523 

UV photometric measurement at 253.65 nm of hydrazine (N2Hq) concentration in the gas phase has 
been used to study its 248.3-nm laser-photodissociation at 296 K. H-atoms, the major product in the 

1 
\ 

photolysis, were directly detected by cw-resonance fluorescence. The primary quantum yield of HPS) 
formation was measured to be 0.85 f 0.15. The d o n ,  H + N2H4 --t products; (kl). that is initiated 
by the laser-flash was studied in the temperature range 296-222 K. The Anhenius temperature 
dependence was determined to be kl = (7.57 f 1.55) x 1 0 l 2  exp[-(l150 f 50)m cm3 molec-1 s-I. 

INTRODUCTION 

Hydrazine (N2H4), methylhydrazine (CH3NNHz). and unsymmetrical dimethylhydrazine 
((CH3)zNNHz). are an important class of nitrogen-based compounds that have positive standard 
enthalpies of formation. Decomposition of these compounds offer a wide variety of industrial 
applications such as in electrical power cells, fuels for thruster engines aboard the Space Shuttle and 
the Titan launch vehicles, as a mono-propellant, and in explosives. In addition to the above . 
immediately practical reasons of studying hydrazine chemisuy, the understanding of its laboratory 
photochemical decomposition is relevant to combustion because both processes can involve common 
reaction In this study we report the nature of the near ultraviolet absorption spectrum 
of N 2 h  in the region 191-291 nm, the dissociation modes in the laser-photolysis at 248.3 nm, and the 
kinetics of the elementary reaction, H + N2Hq + products, which is an important reaction in the 
pyrolysis of hydrazine fuels. Several previous studies on this reaction have all reported a different 
t e m p t u r e  dependence for this atom-molecule reaction. Our carefully chosen experimental conditions 
indicate that all but one previous study had interference from secondary reactions. Using our data and 
that of Stief and Paynes, it is now possible, for the first time, to make a recommendation for the 
Arrhenius activation energy and the pre-exponential factor for this reaction. 

EXPERIMENTAL TECHNIQUE 

The apparatus used to measure the ultraviolet absorption spectrum of N2Hq vapor is similar to that 
previously employed by Vaghjiani and Ravishnnkara,6 and the present experimental procedures are 
fully described el sew he^.^ The relative W absorbance spectrum of a column of slowly flowing 
mixture of NZHq/helium was monitored in a 100cm-long Pyrex absorption cell using a diode-my 
spectrometer. The relative absorbance data was converted to absolute m s s  sections by using the 
253.65 nm absorption m s s  section value determined in a separate experiment. In this experiment, as 
before, the 253.65 nm absorbance was monitored in a column of NZH&e, and the hydrazine 
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concentration in the experiment quantified by passing the eluting mixture through a series of Pyrex 
traps maintained at 77 K, and titrating the collected N2& with standard KI@ solution in 6 M HCI acid 
solution. The Beer-Lamben law, A253.65 = lo253,6s[Nfi]. where Az3.65 is the measured 
absorbance at 253.65 nm, and 1 the cell path length, was used to calculate the absorption cross 
section, 0253.65, from the volumetrically determined hydrazine concenmtion, [Nz&]. The spectrum 
determined in this work together with data from previous work is shown in Figure 1. 

The photodissociation of N2Hq was studied in a flash-photolysis apparatus of a design similar to that 
of Vaghjiani and Ravishankara.8 The formation of HPS) in the pulsed-laser photolysis (under 
optically thin conditions) of Nz& was directly monitod by cw-resonance fluorescence detection of 
the (2 2PO -+ 1 2s) transition in H-atoms at 121.6 nm All experiments were carried out under slow- 
flow conditions, and under pseudo-fmt-order conditions in [HI with the photolyte in an excess such 
that the temporal protile of Nt immediately after photolysis followed an exponential relationship: 

[HI1 = Moe-ld (1) 

and [HI, are the concentrations of H-atoms at time t and zero, respectively. k = kl[N2&] + h + 
&ki[i], and is the pseudo-first-order rate coefficient for loss of [HI in the gas mixture. kl is the. 
second-order rate coefficient for the reaction H + N2&, k,j is the fist-order rate coefficient for 
diffusion of N out of the detection zone, and ki is the second-order rate coefficient for the reaction of 
H with minute impurities, i, in the gas mixture. Typical @] temporal profiles obtained are shown in 
Figure 2. The slopes of the decays give values for the pseudo-first-order rate coefficient, k, and the 
intercepts, S a  (at time zero), a measure for the initial amount of H-atoms produced in the photolyses. 
The intercept in a given hydrazine photolysis is compared to the intercepL S a .  obtained in a back-te 
back photolysis of a known amount of CH3SH under similar experimental conditions. The [CH3SH] 
is determined from the measured flow rates and the measured cell pressure. The [Nz&] was directly 
determined by photometry at 253.65 nm The observed initial signals,  so^ and S,,R need to be 
corrected for the attenuation of the detected 121.6 nm resonance fluorescence by the presence of the 
excess photolyte, and normalized by the photolytic energies, EN and ER. employed, respectively, in 
the two  experiment^.^?^^ The plots in Figure 3 show how the observed signals, when normalized for 
the amount of photolyte present and photolysis energy employed, vary with the concentration 
employed. It can be shown that the primary HPS) quantum yield, @N, in hydrazine photolysis is 
given by: 

ON, dQ, ON, OR, IN. and IR are the primary quantum yields for H(2S) production, the absorption 
moss sections at 248.3 nm, and the intercepts in Figure 3, respectively, for each of the photolytes, 
NzHq and CH3SH. The values of the absorption cross sections used in this work are summarized in 
Table 1. Any revision in these values will directly affect the H(2S) quantum yield computed in this 
study. 

i 
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The kinetics of the reaction, H + N2H4 --f products; (kl), was studied by measuring the pseudo-first- 
order rate coefficient, k, as a function of [N2&]. A typical result at 296 K is shown in Figure 4. The 
straight line is a linear-least-squares fit to the data points whose slope yields a value for k1(2% K). ki 
was also measured at 273,250,232,230, and 222 K.11112 The Arrhenius temperature dependence 
of kl is shown in Figure 5. The straight line is a linear-least-squares fit to the data points. The 
temperature dependences obtained in previous studies are also shown in Figure 5. 

RESULTS AND DISCUSSION 

The absorption cross section at 253.65 nm, oU3.65, was calculated to be (2.86 f 0.17) x lWm c d  
molecl at 296 K. The normalized absorption spechum in the region 191-291 nm is shown in Figure 
1. The relative shape and the absolute values of this work and that of Biehl and S a u  are in 
reasonable agreement to within f u)% in the wavelength region 195-230 n m  Becker and Welge’s, 
discrete values in the vacuum-UV are also in good agreement.14 We are therefore confident that our 
photometric measurements at 253.65 nrn give accurate absolute Nfi number densities, to within f 6 
% (where the error is 1-sigma, precision plus systematic), in the photodissociation and kinetics 
experiments. 

\ 

The continuous spechum observed is indicative of absorption to one or more dissociative states. A 
variety of possible primary products can result on absorption of UV light.7 H + N g 3 .  NH2 + NH2, 
NH + NH3, NH2(AzA1) + NH2, and N2H2 + H2 can energetically form for photolysis wavelengths, 
h, < 248.3 nm. We have measwed directly, for the fmt  time, an H-atom quantum yield, @N, of 0.85 
f 0.15 (where the e m  is 1-sigma, precision plus systematic) at 248.3 nm (@N in CH3SH is unity).lS 
The quantum yield was independent of laser fluences of up to 1.25 ml pulse-1 employed, and of 
the linear flow rate of the gas mixture (2-8 cm s-l) through the reaction zone. ’Ihis indicates that 2- 
photon processes or subsequent photolyses of the reaction products formed in previous laser pulses, 
that may produce secondary H-atoms, is unimportant in our experiments. Our result is in excellent 
agreement with the indirect studies of Schurath and Schindler,l6 who reported a yield of 0.97 f 0.10 
at W . 2  nm. Ramsay’s,17 and Husain and Nomsh’sl* suggestion that NH + NH3 and NH2 + NHz 
are the major primary products in their flash-photolyses experiments is not consistent with our 1 
m e a s u r e d  H-atom quantum yield These latter intermediates are thought to be formed in subsequent 
secondary reactions afta the initial flash. Within our experimental uncertainties, unit dissociation of 
hydrazine is suggested for absorption of 248.3 nm radiation due to a weak elecmnic transition to the 
lowest dissociative singlet, A ~ A ,  state. *c’-c, 

The Arrhenius temperature dependence of the reaction, H + N2H4 --f products; (kl), is shown in 
Figure 5, and is given by kl = (7.57 f 1.55) x 1Wl2 exp[-(l150 f 50)m cm3 molec-1 s-1. This is in 
excellent agreement with (9.87 f 1.17) x 1@12 exp[-(1200 f 50)m cm3 molec-1 s-1 reported by Stief 
and Payne? However, the other three studies of Gehring et al.>9 Francis and Jones.20 and 
Schiavello i d  Volpi21 all give different temperature dependences. These are also shown in Figure 5. 
The interference frmn secondary reactions at high radical concentrations, and or errors in estimating 
[ N f i ]  employed in these later studies may be responsible for the differences in the reported values. 
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In this kinetic investigation of kl, we have miniized the importance of secondary chemistry by 
keeping [ N 2 H 4 m  ratio high, typically 5 x l@, and N low, typically 1 x 10" molec 
have used excess He bufFe.r gas to thermalize the initially prcduced uansnationally hot H-atoms in the 
photodissociation of N2H4. Using our data and that of Stief and Payne,s the recommended Arrhenius 
temperature dependence is derived to be kl = (10.28 f 1.22) x exp[-(12U) f 30)m cm3 molec-I 
s-1. An activation energy of (2.4 f 0.1) kcal mol-1 is obtained for this metathesis reaction in which the 
products are thought to be H2 + N2H3. 

We are currently looking at the temperature dependence of kl for T > 296 K, and the photodissociation 
of N2H4 at h < 248.3 nm to get a through undmtanding of the dissociation mechanism(s) involved in 
hydrazine photolysis by UV tight. 

and 

J 
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Table I: Absorption cross sectio n values used in this work 
o(10-m cm2 mlec-1) 

X o w  
253.65 ..... 2.86 
248.3 30.0 5.88 

1 

110 15s 200 1 4 5  290 

mrrlcngIh (nm) 

Figure 1. W absorption cross sections of N W .  Solid l i e  is this work, dashed line is from 
ref. 13, and squares are from ref. 14. 
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Figure 2. Typical [HI temporal profiles at 296 K. Each data point is the signal collected in 
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Figure 4. Plot of k versus [Nza] .  The slope yields a value for ki(296 K). 
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Figure 5. Arrhenius temperature dependences of kl. Data points are from this study. 
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Katsuki Kusakabe, Takeyuki Yamaki, Hideaki Maeda and Shigeharu Morooka 
Department of Chemical Science and Technology, 

Kyushu University, Fukuoka 812 Japan 

Keywords: Gas separation, Inorganic membrane, Reversed micelles 

INTRODUCTION 

Inorganic membranes have great potential as gas separation devices at elevated 
temperatures, but they have been little used to date. A major reason is that selectivity and 
permeability of inorganic membranes are not simultaneously achieved at an acceptable 
cost. If a high selectivity is requested in gas separation process, micropores in the 
membrane should be close to the size of gas molecules. This often reduces the 
permeability of that membrane. Porous inorganic membranes obtainable commercially 
have pore diameters ranging from 4 to 50 nm, where permselectivity is fundamentally 
controlled by Knudsen diffusion mechanism. Thus it is essential to develop a new 
membrane that shows an enough selectivity among small molecule gases without 
sacrificing the permeability. 

In the present study, the outer surface of an a-alumina support membrane is coated with a 
thin layer of y-alumina particles prepared by a sol-gel method. Further, micropores of the y- 
alumina are narrowed with ultrafine ZrOp particles formed by a reversed micelles 
technique. The membrane obtained is evaluated with gas separation tests. 

FORMATION OF ULTRAFINE ZIRCONIA PARTICLES 

Zirconium tetrabutoxide (Zr(OCqHg)4, Tri-chemicals) was used as zirconia source. The 
surfactant was dioleyl phosphoric acid (DOLPA), which was synthesized according to the 
method of Goto et at. (1989). Water content in reversed micelles formed with DOLPA was 
decreased by two orders of magnitude when the pH value was decreased from 6 to 3.5 
(Goto et al. 1990). This implies the reversed micelles can be destroyed by acidification. 

Figure 1 shows the flow chart for the production of ultrafine zirconia particles by the 
reversed micelles technique. Ammonia and KCI was dissolved in a part of water to 
optimize ionic strength and pH. The same part of isooctane, i n  which DOLPA was 
dissolved, was placed on the top of the aqueous solution, and the aqueous phase was 
gently stirred at 303 K for 24 h. Stable reversed micelles were formed in the isooctane 
phase, which was recovered with a separation funnel. A butanol solution of zirconium 
tetrabutoxide was mixed to the isooctane solution. Zirconium tetrabutoxide was 
transferred to micro water pool in reversed micelles and then hydrolyzed to zirconia. After 
stirred at 303 K for 24 h, the reversed micelles were destroyed by adding an aqueous nitric 
acid solution, and finally the organic and aqueous phases were separated. 

The concentration of zirconium in the aqueous phase was tried to determine with ICP-AES 
(SEIKO I. SPS-l200VR), but no zirconium was detected. It was also impossible to recover 
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zirconia particles into the aqueous solution by adding copper or nickel ions forming strong 
coordination bond with normal surfactants. The presence of zirconium in the organic 
phase, on the other hand, was confirmed by x-ray luminescence analysis. These results 
mean that ultrafine zirconia particles were stabilized in the organic phase with DOLPA 
molecules coordinated to hydroxyl group of zirconia. 

The average size of water pools formed in the organic phase was 5 nm from the results of 
the dynamic laser scattering measurement (Photal DLS-7000). If one zirconia particle is 
formed in each micelle, the particle size, calculated from the number of micelles formed, is 
on the order of 0.1 nm. Since the zirconia concentration in the organic phase is as low as 
3.OxlC5 mo1.L-1, the size of the particles formed in the reversed micelles is estimated to be 
less than 1 nm. This was assured from the observation of zirconia particles with a TEM 
(JOEL JEM-200CX). 

PREPARATION OF COMPOSITE MEMBRANE 

Porous a-alumina hollow fibers supplied by NOK Corp. were used as the support. The 
outer surface of the support was coated with a thin layer of y-alumina by the following 
procedure: A boehmite (y-AIOOH) sol was formed by adding aluminium isopropoxide into 
water and peptizing the suspension with hydrochloric acid (Yoldas, 1975). The 
concentration of the sol was 0.6 AI-mo1.L-1. The hollow fiber, whose lower end was 
closed, was dipped in the sol for several minutes, dried overnight in the atmosphere and 
heated to 1023 K at 50 K.h-1 in an air stream. This dipping-firing procedure was repeated 
4 times. 

The concept of modifying the y-alumina membrane with zirconia particles is illustrated in 
Fig. 2. The y-alumina-coated hollow fiber support, one end was plugged and the other 
was connected to a vacuum line, was dipped in the organic phase where zirconia particles 
were suspended. Ultrafine zirconia particles were trapped in the y-alumina layer by 
suction for 1 h. The treated hollow fiber was heated at 50 K.h-l and kept at 673 or 873.K in 
an air stream. This procedure was repeated 6 times. 

GAS PERMEATION 

Gas permeation experiments were performed at 373-673 K using hydrogen, nitrogen and 
methane. The unnecessary surface of the support fiber except for the test part was coated 
with a Si02-B203-Na20 sealant. The permeating gas from the outside to the inside of the 
membrane was carried with argon. The flow rate was measured with a soap-film flow 
meter, and gas compositions were analyzed by gas chromatography. The total pressure in 
the both side of the membrane was kept at atmosphere pressure. 

The gas permeability largely decreased with increasing number of dipping-firing cycle 
when the calcination was carried out at 673 K for 2 h. The membrane surface was grayish, 
and it was suspected that micropores were blocked with carbonaceous matters which were 
not removed at this temperature. Then the calcination temperature was raised to 873 K. 
As shown in Flg.3, the gas permeability remained at about 5 % of that of the initial y- 
alumina membrane after six repetitions of the dipping-firing cycle, and was still larger than 
that of Vycor glass membranes (Tsapatsis et a1.,1991). From the observation of a fractured 
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section with an FE-SEM (Hitachi S-900), the thickness of the Zr02/y-A1203 layer hardly 
changed after the six repetitions. The line analysis of Zr across the fractured surface 
indicates that most of Zr02 particles were collected in micropores of the y-alumina layer. 
The top surface of the membrane was gradually smoothed by repeating the impregnation 
cycle. 

Figure 4 shows the effect of the zirconium concentration, based on the volume of the 
organic phase, on the permeability after three or six repetitions of the dipping-firing cycle. 
The permeability decreased with increasing zirconium concentration in the range lower 
than 2x10-5 mo1.L-1. Smaller particles were packed more tightly in micropores, and the 
selectivity for hydrogen became large. In the present experiment, the separation factor of 
hydrogen to nitrogen was about 4.5 after the sixth impregnation cycle at a zirconia 
concentration of 1x10-5 mo1.L-1 as shown in Flg.5. The separation factor obtained 
exceeded the value of the y-alumina membrane, 3.4. The gas permeability was 
independent of the pressure drop across the membrane and the permeation temperature. 

coNcLus IoN 

Ultrafine zirconia particles were formed by hydrolysis of zirconium tetrabutoxide in reversed 
micelles with a novel surfactant, DOLPA. By repeating the dipping-firing cycle, micropores 
of a y-alumina membrane were plugged with the zirconia particles. The permeability of the 
membrane was ca. 5 % of that of the initial y-alumina membrane after the six repetition. 
The permselectivity of hydrogen to nitrogen was increased to 4.5 from the initial value 3.4. 
The membrane was stable at 673 K. 
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I Formation of reversed micelle I [waterl~surfactant] in oil phase = 15 

I Destruction of reversed micelles I 
Jd 

I Recovery of ultrafine zirconia I particles in organic phase 

Fig. 1 Preparation of ultrafine zirconia particles 
by reversed micelles method 

y-alumina layer 

c3 
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Fig.2 Preparation of zirconia&-alumina membrane 
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Fig. 3 Effect of repetition number of dipping-firing cycle on gas 
permeability. Permeation temperature = 373K, Zirconium 
concentration in organic phase = 1.0 x 10-5mol. L-' 

5 -1 
Zr concentration x 10 [mol. L J 

Fig. 4 Effect of zirconia concentration in organic phase on 
gas permeability. Permeation temperature = 373 K 
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