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SUMMARY 

TECHNICALAPPROACI-ICHANGES 
The technical approach of the contract has been expanded to provide additional economic 
evaluation of related process options. Additional data will be developed in the following 
areas to facilitate these evaluations. The effect of several modified pretreatments on 
gquefaction willbe investigated. These include catalytic and thermal dewaxing of distillate 
solvents, the effect that adding light resid to disti1lat.e solvent has on hydrotreating and 
dewaxing, the liquefaction behavior of dense-media separated low-rank Coats, and methods 
of selectively removing oxygen from low-rank coals. Additional chemical, physical and 
performance information on new-improved 1st-stage catalysts will be developed. Upgrading 
of ash concentrate to recovef catalysts and improve utilization of organic matter will be 
investigated. The liquefaction performance of cleanable low-rank coals will be assessed. 
The conversion of residual fractions to M a t e  by hydropyrolysis will be evaluated. The 
economic impact of these process modifications will be determined. 

TASK 1.1 LABORATORYSUPPORT (CAER) 
The final disposition of the sulfate ion used in impregnating Fe onto coals has been 
uncertain. Depending on the assumption regarding the fate of sulfate, both coal conversion 
and distillate yields can be significantly affected. In order to investigate the fate of sulfate, 
the decomposition of FeSO4-7H2O was studied using TGA in a mixture of H2S, H2 and He. 
In He, ferrous sulfate first loses a portion of its water followed by a transition between 
540 OC and 660 O C  that was associated with the evolution of SO, and some H,S. The final 
product had been previously reported to be hematite. When 50:50H2 and He was used as 
d e r  gas, still only a portion of the water of hydration was lost followed by a transition 
that occurred at a slightly lower temperature range between 48OOC and 530°C. In addition 
to SO2 and H2S being evolved, water was also abserved. Another higher temperature 
transition was also observed in H2 during which H2S was evolved. The weight of the 
resulting product that remained at 900 "C was consistent with formation of metallic Fe. The 

further addition of 1.5 % H,S appeared to trigger complete removal of the H,O of hydration. 
This was followed by a transition that began at -380 "C, which was a lower temperature 
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than obsemed in the other two cases. The mass spec showed evolution of S@ and water; 
H2S is obscured by its high concentration in the flowing gas. This transition terminates 

below 50O0C, which is well Wow the temperature required for evolution of H2S in the 
previous experiments. The final weight was consistent with troilite or pyrrhotite being the 
final phase. These results show that decomposition of ferrous sulfate commences at a 
temperature below 425 *C when H2S is present, suggesting that in our microautoclave 
liquefaction runs that decomposition of the ferrous sulfate to give pyrrhotite is a valid 
assumption. Assuming that the sulfate is removed from cods that were impregnated with 
ferrous sulfate reduces both coal conversion and oi111050 OF- distillate yields by about 2.1 % 

and resid conversion by 1%. 

TASK 1.2 LABORATORYSUPPORT (CONSOL) 
A sample of the dewaxed distillate used in the procesS Simulation Test program was 
hydrotreated by Sandia under more severe conditions than those used in the PST. Although 
this distillate appaxently gained more hydrogen than the earlier dewaxed distillate, the 'H- 
NMR proton distributions of the two hydrotreated distilfates were nearly the same. 

TASK 1.3 LABORATORYSUPFORT (SANDIA) 
A modified calibration technique was developed to more accurately determine small changes 
in hydrogen content for pretreated heavy distillate samples. The method uses a series of 
standards with known hydrogen content to accurately bracket the hydrotreated distillate 
samples. The modified calibration scheme has been shown to improve the accuracy and 
precision of the combustion elemental analysis. Precision of the analysis was improved from 
0.3% to 0.15% absolute for samples which contain approximately 10 wt% elemental 
hydrogen. Knowing the hydrogen content more accurately is crucial in evaluating solvent 
improvements by hydroeeating. 

TASK 2.1.1 COAL PRETREATMENT 
The effect of hydrothermal treatment of Black Thunder coal at temperatures lower than 
used for liquefaction are reported. NaOH addition appears to have a positive impact on 
the removal of oxygen as CO,. At 300 O C  in the absence of water, 16.5 wt % of the total 
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rejected oxygen is removed as CO,. Increasing the reaction temperature to 330 to 340 OC 

increased this value only to 18%. The corresponding oxygen rejected as CO was 2%. 
Adding water to the reaction increased the COz rejection to 20-2296, however, in the 
presence of added base, this value increased to as high as 42 wt % at 340 O C .  Progress has 
been made toward developing a method to quantitatively measure oxygen rejection as CO, 
from coals. This work is motivated by the substantial cost savings associated with the 
rejection of oxygen from the coal as C02 rather than as water. Measuring the amount of 
oxygen rejected from coal as COX is compounded by the presence of CO in the reactant gas 
and CO, produced from the parallel WGS reaction. I4C labelled materials are being used 
to address this problem. Experiments with tagged 14C- sodium formate and 14C tagged CO 
are discussed. 

. 

TASK2.1.2.1 PRETREATMENT/ DEWAXING - (CONSOL) 
Microautoclave tests were made to determine the relative donor solvent quality of a 
dewaxed distillate that had been hydrotreated by Sandia at more severe conditions than 
those used to hydrotreat the distillates that were used in the PST program. In this case, 
hydrotreating the dewaxed distillate under more severe conditions than those used in the 
PST program does not appear to further improve the d conversion, even though more 
hydrogen (0.7% vs 0.4%) was added to this distillate than was added to the same dewaxed 
distillate that was used in the PST program. 

TASK 2.1.3 SOLVENT PRETREATMEN" (SANDIA) 
Pretreatment testing this quarter has involved supported catalyst evaluation, solvent 
hydrotreating and donor solvent coal liquefaction testing. Post-reaction tests on the used 
PST catalysts from the trickle-bed reactor showed that the catalyst bed was insufficiently 
sulfided during the PST solvent hydrogenation testing. A.defective gas mass flow meter was 
replaced and a subsequent hydrogenation test was completed with the "slipstream" sample 
which was to simulate a 25% dewaxed V1074 stream. Two other solvent hydrotreating tests 
were also performed with the trickle-bed reactor this quarter. These solvents were the 
Wilsonville Run 258K distillate and a very aromatic "pasting" solvent from 'Lummus 
liquefaction process. Tests with these solvents were undertaken to evaluate the maximum 



amount of hydrogen uptake for solvents with widely different aromaticitis. Experiments 
in March had shown that the maximum amount of hydrogen increase (as measured during 
batch hydrogenation) for the fully dewaxd heavy distillate was about 0.9 wt%. 

Donor solvent tests with previously hydrotreated V1074 heavy distillate indicated that Black 
Thunder Coal conversion increased from 42 % to 47 % by using a hydrotreated distillate (400 

"C, N2,30min). In addition, the use of hydrotreated distillate gave lower yields of pentane 
insoluble products indicating that the use of unhydrotmted solvent could lead to potentially 
harmful adduction reactions. 

TASK2.3.1 IRON BASED DISPERSED CATALYSTS 
bpregnated cataIy!&. 

Previous results had indicated that the Fe and Mo catalyst contained in the Wilsonville Run 
262E recycle oil is exceptionaUy active. This was observed in higher resid conversions in the 
Run 262E Mocontaining V-131B versus the Mo-free Run 258K V-131B. To see if the Mo- 
free resid from Run 258R would respond to the recycled Fe and Mo catalyst from the Run 
262E resid, a hybrid V-131B recycle oil was prepared. To a V-131B recycle solvent from 
Run 258K from which the Mo-free THF insols were removed by hot filtration, was added 
the Mocontaining ?wF insols from Run 262E V1082 ashy resid that had been isolated by 
exhaustive THF extraction. Liquefaction in this hybrid solvent at 440°C for 22 minutes 
without any added catalysts or sulfur resulted in higher THF conversion and pentane soluble 
oil yields than observed with the starting Run 258 V-131B. The CO+CO2 yields were 
higher for both cases where the Run 262E IOM+ash was used. This suggests that the Mo 
and Fe present in the Run 262E solvent is exhibiting higher activity. Since both the Run 
258K and Run 262E resids gave higher yields in the presence of the Fe-Mo-containing IOM, 
the recycled metals are apparently causing this added conversion. 

Liquefaction experiments were conducted in metals-free solvents cornposited from Run 262E 
V-1074 heavy distillate and V-1082 deashed resid to determine the catalytic activity of 
various additives without the complications of background metals. The thermal conversion 
in the absence of any catalysts, the performance of the base case catalyst, the activity of 
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SFIO in the absence of any added M o  or Ni, and the activity of a small particle sulfhted- 
hematite was determined. Both the SFIO and the sulfated-hematite gave THF conversions 
and oils yields which were higher than observed for either the thermal or base case catalyst 
runs, reconfinning our earlier €indings regarding the activity of the high surface area (270 
m2/g) SHO. The results with the sulfated-hematite indicate that a somewhat lower surface 
area material shows this same activity. These materials will likely be less costly than the 
high surface area SFIO. The trend toward higher activity as a function of surface area is 
evident with these iron oxides, with most of the change being seen in the 10 to 100 m2/g 
range. 

The catalytic effect of Mo alone in which 500 ppmw Mo was added as Molyvan L appeared 
to be significantly lower than runs made in the presence of Fe. In a run to check whether 
insufficient sulfur was the cause of this lower activity, a Coavsolvent slurry containing added 
Mo was pretreated in the presence of excess sulfur at 300OC for 30 minutes, Liquefaction 
was then run at 440°C for 22 minutes. The results were not significantly different than 
observed in the absence of the pretreatment step at lower sulfur addition levels. In a 
separate run, Ni was added as Ni naphthenate along with the M o  in Molyvan L. Oils yields 
and THF conversion increased which demonstrated a very positive effect from a small 
amount of added Ni. 

Because of the excellent liquefaction obtained from SFIO, a more extensive study was made 
on the effect of the concentration of the iron oxide as well as the importance of sulfur for 
activating this material. A series of experiments were conducted in which Fe concentrations 
from 0.3 to 2.3 wt % mf coal were investigated both in the presence and absence of added 
sulfur. At the 0.3 wt % addition level in the absence of any added sulfur, there w a s  a 
sizable increase in the amount of converted coal, namely 81.8% with added SFIO versus 
76.6% in the absence of added SFIO. Addition of more SFIO caused a much smaller 
incremental increase. The addition of sulfur, which was examined only at the higher Fe 
loadings, appeared not to affect the level of conversion. Since addition of very small 
concentrations of SFIO had such a noticeable effect, clearly the effect of added 'Fe is far 
greater than the sensitivity to any Fe already in the coal. Likewise, this big jump in 
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conversion that occurs in the absence of added sulfur suggests that the oxide has significant 
catalytic activity. The catalytic activity that the SFIO had on coal dissolution was not 
observed in oil yield. Across the range of Fe concentrations, the oil yield remained 
essentially the same as observed in the absence of added Fe. Addition of sulfur, however, 
to the higher Fe-addition levels did increase oils yield, which suggests that catalyst sulfiding 
is necessary for molecular weight reduction but not for coal dissolution. The presence of 
sulfur added at the higher Fe concentrations increased the hydrocarbon gas yield from 0.5 
to l.O%,indicating that the sulfided catalyst has better hydrogenation activity. Miissbauer 
analyses of liquefaction residues were determined. In the absence of any added sulfur, the 
Fe in the residue was present predominantly as oxide. However, with added S, the Fe was 
present mainly as pyrrhotite. Even at high S/Fe ratios, 25% of the Fe surprisingly remained 
as the oxide. 

Further work has been completed on determining the liquefaction of coals on which catalyst 
was impregnated onto only a portion of the mal. In one series of experiments, a portion 
of the coal was impregnated with ferrous sulfate by the incipient wetness procedure and 
then treated with base to form FeOOH. Comparable samples were prepared on which the 
catalyst was deposited on cartran substrates. Coal liquefaction with Fe impregnated onto 
tk carbon substrates was not quite as good as Fe dispersed on a fraction of the coal itself. 
However, the dispersion within the reactor when using Fe deposited on the carbon 
substrates was apparently commensurate with the level of dispersion obtained when the 
metal was deposited on the coals. A further study was completed in which coal was 
impregnated with both Fe and Mo but the base precipitation step was omitted. In addition, 
runs with Ni were also included. Compared with IW-1 with 500 ppm Mo and 0.77 wt % Fe, 
total THF conversion with the Fe-Mo-Ni impregnated coal was 4.4% higher. This work is 
continuing. 

TASK 3.4 PRELIMINARY TECHNICAL ASSESSMENT (LDP ASSOCIATES) 
The Process Simulation Testing results were analyzed. Full dewaxing and hydrotreating gave 
the expected results. The hydrogen uptake in the hydrotreating step was much lower than 
expected. Subsequent analysis of the catalyst at Sandia indicated that the catalysts were not 
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sufficiently sulfided causing a lower than expected hydrogen uptake. Slipstream dewaxing 
and hydrotreating results are surprisingly poor possibly being related to one spurious result, 
PST #5. As expected, oil agglomeration had no effect on either resid or coal conversion. 
As expected, the recycle of molybdenum containing ashy resid from Wilsonville Run 262E 
gave much better results than the use of moly-free ashy resid from Run 258K. The P2 
catalyst that was loaded at 1 wt% on dry coal and contained 900 ppm Mo gave the highest 
conversion of any of the tests in the series. The Nv-1 catalyst gave good results and may 
have a cost advantage versus the particulate P2 catalyst. 

A preliminary study on the cost of manufacturing the particulate Mocontaining hematite 
catalyst was begun. This catalyst showed resid and COQl conversion activity slightly better 
tfraa the base case Wilsonville iron and moly catalysts in the PST program. Using CAER’s 

iab procedure for producing the catalyst, a possible commercial scheme was developed. At 
a siven catalyst usage rate the cost of production was determined as a function of estimated 
catalyst plant capital cost. Variations from the reference case P2 catalyst production costs 

were evaluated. A significant reduction occurs when the iron dosage on coal is reduced by 
50%. 

Mobil R&D was confacted regarding their lub oil catalytic dewaxing process. The capital 
cost of a catalytic unit is usually about 60% of the capital cost of a solvent dewaxing unit. 
However, the highly aromatic and high nitrogen content in our feedstock is different than 
any they have processed, and may cause rapid deactivation of their catalyst. The upstream 
removal of the aromatics may make the catalytic process feasible. Use of an upstream 
solvent extraction step would reduce the capital cost for large feedrates, possibly remove the 
nitrogen from the feed, increase the wax content in the feed to the dewaxing step and enrich 
the aromatics in the stream for hydrotreating. CONSOL will be conducting some batch 
solvent extraction tests. 
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TASK 1.2 LABORATORYSUPPORT (UK/CAER) 

Fate of sulfate in impregnated coals 
The final disposition of the s a t e  ion used in the impregnation of coals has been uncertain. 
Some of the calculations that have been reported in the past assumed that the sulfate 
remained with the coal after liquefaction, although in other cases the assumption was made 
in calculating the material balance data that it was decomposed in hydrogen, presumably to 
H2S and water. The final form of the Fe in the residual product was always assumed to be 
pyrrhotite due to the excess of sulfur added to the reaction mixture at the start of the 
reaction. Recently Artok, et al.,'reported the decomposition of ferrous sulfate after 1 hour 
at 425 "C in hydrogen, as well as in hydrogen containing 5% €I#. The product in H2 was 

determined to contain troilite and pyrrhotite while the product in H2!H2S was pyrrhotite 
During this reporting period, TGA was used to investigate the decomposition of 
FeSO4*7H2O in a mixture of 1.5% H2S,48.5% H2 and 50% He. Although both the H2S and 
hydrogen partial pressures in the instrument were considerably less than exist in our reactor 
during liquefaction, this data could provide indication of the fate of sulfate under these 
reaction conditions. Measurements were made with a Seiko TWDTA320, coupled to a VG 
Micromass quadqx.de mass spectrometer via a heated, fused silica capillary transfer line. 
Comparative ms were made in 50% H2 in He as well as with helium alone. In these 
studies 50 mg samples were used at a gas flow rate of 200 ml/ min. The samples were first 
treated to a thermal soak at 12OOC after which the temperature was increased at a uniform 
rate to 900°C. 

The TGA pattern in flowing He along with the mass spec analysis of the effluent gas stream 

is shown in Figure 1. The thermal scan indicates a two step loss of water, the second being 

complete at 270 "C. Since the weight loss was only 33 % .versus a theoretical value of 45% 
for the decahydrate, presumably some of the water chemically combines with the substrate 
during the thermal treatment. A major transition occurred between 540OC and 660°C that 
was associated with the evolution of SO,, although a blip 

1-2 

http://quadqx.de


. 

Figure 1 

Ferrous Sulfate Decomposition 
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in the H2S plot indicates its presence in the effluent gas. During this transition no water 
was observed. The absence of any fiuther weight change in the product up to 900 "C is 
consistent with hematite, which was reported by Artok et al.' 

The thermal decomposition of ferrous sulfate in a H2 and He gas mixture is shown in 
Figure 2. The loss of water is essentially the same as in He alone being complete at 270 O C .  

The next transition occurred between 480 O C  and 530 "C and is associated with evolution of 
SO2, water and H2S. In the presence of hydrogen this transition starts at a lower 
temperature than in He alone and occws over a more narrow temperature window. 

Likewise, unlike h He done, water is evolved in the presence of H2 at this higher 
temperature. A subsequent slower transition then appears to occur starting at approximately 
600 O C .  This appears related to reduction of the sample to elemental Fe, as suggested by 
the final weight of 2356, versus 20 wt% Fe in the onginaI ferrous sulfate sample. Since H2S 
was being evolved during this latter transition, this suggests that Fe momo-sulfides are the 
products from the initial reduction of the ferrous sulfate in H2 that occurs between 48OOC 
and 530°C, as reported by Artok et ai.' 

The thermal behavior of ferrous sulfate in 1.5% H2S in 5050 H,/He is shown in Figure 3. 
The loss in weight due to removal of H20, which ends at a slightly higher temperature than 
in the previous two cases, i.e.,300 O C ,  is equivalent to essentially all of the hydration water. 
The next transition that begins at -380 OC occurs at a lower temperature than for the above 
two cases. The mass spec shows evolution of SO2 and water; H2S is obscured by its high 
concentration in the flowing gas. This transition terminates below 500 "C, and well below 
the temperatures required for evolution of sulfur species in the previous experiments. The 
lineout of the baseline above this temperature indicates the absence of any further 
transitions. The final weight is consistent with troilite or pyrrhotite being the final phase 
as identified by Artok et al.' 

This transitions for each of these cases above 200 O C  are shown in Figure 4. The transitions 
in hydrogen occurs at a lower temperature than in an inert gas while H,S further decreases 
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Figure 2 
Ferrous Sulfate Decomposition 
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Figure 3 

Ferrous Sulfate Decomposition 
in 1.5%H2S/ 48.5% 32/  50% He 
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Figure 4 

Decomposition of Ferrous Sulfate 
Effect of Reducing Gases on Evolution of SO2 
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this temperature. In contrast to the results of Arbk et al, the decomposition of anhydrous 
ferrous sulfate actually commences at a much lower temperature than 425OC when H2S is 
present, suggesting that in our microautoclave liquefaction runs that decomposition of the 

ferrous sulfate giving pyrrhotite is a valid assumption. 

Assuming that the sulfate is removed from coals that were impregnated with ferrous sulfate, 
both coal conversion and W1050 '93- distillate yields are reduced by about 2.1%. When 
the anion was assumed to remain unaltered on the coaI residue, the Fe portion of the salt 
was assumed to combine with hydrogen sulfide producing a product having the stoichiometry 
of FQ-$. Sulfur was derived from the added dimethyIdisulfide. In this case for a known 
weight of THF insoluble residue from a liquefaction run, the weights of SO,-free coal ash, 

SG-free process recycle oil ash, process recycle oil IOM, pyrrhotite, and sulfate were 
subtracted from the TiIF insolubles to determine the IOM attributable to coal, and thus the 
coal conversion. 

When sulfate is assumed to decompose and not be present in the THF insoluble residue, 
a higher weight of IOM attributable to coal is calculated. Both, and coal Conversion and 
oil or distillate yield decreases accordingly. Table 1 shows an example liquefaction yield 
determination calculated based upon including sulfate in the IOM and assuming it was 
removed. This example is for liquefaction of coal preparation IW-1 in R-25% V-131B. As 

shown in the table, coal conversion is reduced by 2.1% and resid conversion is decreased 
by 1% when sulfate was assumed to be removed during liquefaction. 
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Table 1. -ExamDle of Revision in Coal Gnversion Calculations.* I 

less V-131B IOM, g -0.8308 -0.8308 - 
less final Fe weight (as FQ-~S), g -0.0349 -0.0349 - 

less inerts in ferric sulfate salt, g -0.0029 -0.0029 - 
less final Mo weight (as M a d ,  g -0.0023 -0.0023 - 

less sulfate added with Fe, g -0.0550 -0- 0,0550 

Net coal IOM, g -0.0942 -0.0392 0.0550 

I Coal conversion. wt% m a f d  . I 103.6 I 101.5 I -2.1 1 
1050 OF- distillate, wt% maf coal 40.4 38.3 -2.1 
Resid conversion, % mafresid 25.4 24.4 -1 .o 
a. Based on run number 4039-4, which used 3.0007 g d t  impregnated 
coal feed (IW-1), with 5.4877 g R-258K V-131B process recycle oil. 
Metal loadings were 0.77 wt% Fe and 500 ppmw Mo (mf coal basis). 
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TASK2.1.1 COAL PRETREATMENT 

Introduction 
Additional results on the effect of hydrothermal treatment on Black Thunder coal at 
temperatures lower than typically used in liquefaction are reported. Corresponding 
experiments in the absence of water, as well as hydrothermal treatment with the addition 
of NaOH, are reported. NaOH addition appears to have a positive impact on the removal 
of oxygen as COP In addition, hydrothermal treatment of BT coal in the presence of CO 
have been extended up to 340 OC. 

Dwing the last quarter, progress has also been made toward developing a method to 
quantitatively measure oxygen rejection as CQ from coals. This work is motivated by the 
substantial cost savings associated with the rejection of oxygen from the coal as CO, rather 
than as water? The earlier economic study had shown that by increasing the amount of 
oxygen rejected as CO, from 4% to 8%, in lieu of water, a savings of $l,OO/barrel COE 
could be attained. Based on our earlier results, this selectivity for oxygen removal is easily 
attained through hydrothermal treatment in the presence of CO. Based upon this premise, 
the objective of this experimental program is to establish conditions under which this 
rejection level can be attained economically. 

TRF Solubility of Pretreated Products 
For the hydrothermal treatment of coal in the presence of CO, we showed that there is a 
good correlation between the THF solubility of the recovered products and the reaction 
ternperat~re.~ This was true regardless of whether base was present during the reaction. 
A previous parametric study had indicated that both reaction temperature and the presence 
of base had some impact on the solubility of the coal during hydrothermal treatment, 
particularly at temperatures greater than 300 0C.4 In Figure 5, the effect of thermally 
heating the coal in N2 in the absence of water is compared with hydrothermal treatment in 
the presence and absence of NaOH. At all temperatures the THF solubility was greater in 
the presence of CO, except for one case at 250 OC at low NaOH 
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concentration where no apparent effect was seen. 

In the absence of water the maximum amount of material that was soluble in THF was 6 
wt 96 (maf coal) at 330 OC. The texture of the product was powdery and showed no 
physical evidence of agglomeration or charring. Adding NaOH (5 mi., 0.33M) to the 
hydrothermal treatment improved the THF solubility of the recovered material by 67% from 
6 to 10 wt % (maf coal) at 33OOC. Similar improvements were observed at 300 "C. 
However, this improvement in THF solubility is primarily due to the production of more 
humic acid material which is alkaline soluble and acid insoluble. 

A comparative run with H, present during hydrothermal treatment with NaOH appears to 
provide a slight advantage over hydrothermal treatment alone, but signifiatiy less than 

observed in the presence of CO. The THF solubility reached a high of ca. 18% at 330 OC, 

part of which was the humic acids (ca. 4%wt. maf coal) produced in these reactions. The 
absence of equivalent product solubility in the presence of the hydrogen compared to 
reactions in CO suggests that hydrogen generated via the water-gas-shift reaction is not 
responsible for developing the improved THF solubility of the resulting product fiom the 
reaction. However, hydrogen probably assists to some degree in stabilizing some of the coal 
fragments preventing further repolymerization. 

Overall, the data show that the presence of CO has the greatest impact on converting the 
coal to a THF soluble material. The explanation for the improved THF solubility is 
attributed to the in-situ generation of a water-gas-shift intermediate in the presence of CO 
and a base, which catalyzes the coal reaction. This intermediate is presumably a formate 
type structure. Clearly, molecular hydrogen is not effective in promoting the mal reaction. 

COX Yields 
One of the objectives of this study was to determine the amount of oxygen that is rejected 
from coal as carbon oxides in lieu of water under thermal and hydrothermal reaction 
conditions. It has been reported in a non-catalytic liquefaction stud? using a brown coal, 

that contained 71.6 % carbon, 6.1 % hydrogen, and 20 % oxygen on a dry ash-free basis, 
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that the CO, yield reached a maximum at around 340 OC. The rejection of oxygen from this 
coal as C02 was equivalent to 25 % wt of the oxygen present in the coal. They also 
reported that further increasing the reaction severity by increasing temperature, reaction 
time or hydrogen pressure significantly increased the production of water. Under these 
conditions CO yield increased to a lesser extent. 

In the base case economic evaluation, which was based on Wilsonville Run 263J, 
approximately 25% of the rejected oxygen was contained in the CO,, while the remainder 
was water. Therefore, doubling the rejection as CO, to 50% at the expense of water 
formation could be worth $2,0O/bbl COE. The results that are reported below indicate that 
this is a reasonable goal. Our preliminary results on the COX yields from the the& and 
hydrothermal treatment of Wyodak Black Thunder coal at various reaction temperatures 
in the presence of N2 and H, are presented in Table 2. 

Tn the t h e d  treatment of €3" coal at 300 "C in the absence of water with N2, 4.3 wt % 
60, is produced afkr 60 min, which is equivalent to 16.5 wt % of the total rejected oxygen. 
Increasing the reaction temperature to 330 to 340 "C increased the CO, yield to 4.7wt %. 

The corresponding oxygen rejected as CO was less than 0.5 wt % maf coal in the 
tempemture range studied. Adding water to the reaction appears to have a small positive 
effect on the CO, yield. At 340 OC, the oxygen rejected as CO, increased from 18 96 to 

22%. However, adding NaOH to the aqueous system significantly magnified the increase 
in the CO, yield (see Runs VI, VII and IX). The run in H2 appeared not to be different 
from runs in N2 These results suggest that the alkaline media promotes the production of 
C02. The effect of treating coal at temperatures below the critical temperature of water 
is known to cause significant changes to the coal structure particularly with regard to oxygen 
removal and the oxygen functional groups in the In the dry thermal reactions, 
oxygen rejection as water appears to be more dominant (Run VIII is exception), assuming 
that comparable amounts of oxygen are being rejected in both thermal and hydrothermal 
reactions. Currently elemental balances are being performed to determine the actual 
amounts of oxygen being rejected. 
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Table 2. Oxygen Rejection from BT coal as COX Gases, 

Run Reaction Condition 
No. . ., 

I Dry, NO base, N2 

11 

II -9 wet' No base' N2 

Vm Wet, Nobase, H2 

VI Wet, NaOH, N2 

VII 

Temp (T) -1 . % Wt. maf coal -Ip- Oxygen I 
rejected as 
co,, wt % 

330 0.1 4.7 18.0 

340 I 0.1 4.7 I 18.0 

320 0.1 5.2 20.0 
340 0.1 5.7 22.0 

330 I 0.2 I ' 4.6 1 17.5 I 
320 0.1 6.4 I 25.0 
340 0.2 10.9 42.0 

330 I 0.2 1 10.8 I 41.0 I 

I Reaction Conditions: 2g maf coal, 3 ml. water/g maf coal, 800 psig gas, 1 hr. reaction 
time in 25 ml. micro-reactors. Concentration of NaOH used = 4.4 wt% maf coal. 

Reactions in Presence of Carbon Monoxide 
Reactions of BT coal with CO reported earlier indicated that the THF solubility of the 
recovered products is very sensitive to both the CO conversion and hydrogen consumption 
from the water-gas-shift (WGS) reaction? This reaction has now been examined at slightly 
higher temperatures, namely 320, 330 and 340 OC. We reported earlier that the CO 

conversion in our micro-reactor system was only approximately 20% after 60 min at 300 OC 
in the presence of NaOH. In the absence of coal in the presence of a base CO conversions 
as high as 40% were achieved at 35OOC after 60 min. Under these conditions the reaction 
is not thermodynamically limited since with a catalyst conversions of approximately 90% can 
be attained. This limited conversion of CO suggests that the reaction with CO appears to 
be highly efficient resulting in significant depolymerization of the coal. 

The hydrothermal reactivity of BT coal with CO in the presence and absence of NaOH at 
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reaction temperatures greater than 300 O C  was evaluated further. The results are presented 
in Table 3. 

In the absence of both NaOH and water, the reaction of BT coal with CO at 330 and 340 
OC gave very similar product yields and distribution (Run XI and XII). Consistent with 
previous experiments, the mass recovery is high. Of the recovered solid material, the 
amount that would dissolve in THF was 20 wt % (maf coal) while 72 wt % was insoluble. 
The CO conversions for these reactions, which are not shown, was about 10%. These 

results are very similar to the hydrothermal reaction of BT coal with CO at significantly 
lower tempemtuns (Run X). 

I Table 3. Reactions of BT Coal with CO and Water 

Recovery of 

91 I -1 
94 

I Reaction Conditions: 2g maf' coal, 3 ml. water/g maf coal, 800 psig CO, 1 hr. reaction time in I 25 ml. micro-reactors. Concentration of NaOH used = 4.4 wt% maf coal. N.A= not available 

In the presence of NaOH, the proportion of recovered solids that are insoluble in THF 
decreases with temperature (see Runs XI11 to XVI) .  Correspondingly, the quality of the 

products improved with reaction temperature as evidenced by the proportion of recovered 
material that is soluble in THF. Although there is some scatter in the CO convekion and 

hydrogen consumption numbers in these reactions (see Table 4), they appear to be 
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consistent with our earlier findings., 

Table 4. CO Conversion and Hydrogen Consumption in the Reaction of BT Coal I 
Run Temp Reaction THF solubility CO conv H2 Cons wt% 
No (“C) wt% mafcoal mmol/g maf rnaf cod 

X 300 Wet, No base 22 2.0 0.33 

MI 340 Dry,Nobase 20 2.5 0.29 
xm 300 Wet, NaOH 28 4.0 0.68 

coal 

XIV 320 Wet, NaOH 1 36 I 5.5 0.77 
xv 330 Wet, NaOH 32 I 6.5 0.75 

Oxygen rejection as CO, 
Measuring the amount of oxygen rejected from coal as COX during the treatment reaction 
is compounded by the presenw of CO in the reactant gas and CO, produced from the 
parallel WGS reaction. 14C labelled sodium formate was used as the source of tagged GO 
in our first attempt to measure the CO, yields. ‘It was presumed that 14C would readily 
attain equilibrium in the system by decomposing in the reverse reaction to CU and H20 as 
well as forming CO, and H2 in the forward reaction. The forward reaction forming H2 and 
CO, is favored. At equilibrium, the specific activity of both the CO and CO, should be the 
same, within experimental emr, since the water-gas-shift reaction is reversible. If complete 
scrambling occurred, the analysis is simplified since the CO and CO, would have the same 
activity. Thus, when coal is added to the reaction, both CO and CO, rejected from the cod 
should decrease their corresponding specific activity. Since CO is not a major product from 
the coal reaction, it should not significantly affect the specific activity of the CO source. 
Therefore, in theory, the dilution factor should enable us to calcuiate the amount of CO, 

produced from the mal. 

In these experiments the solution of NaOH of the required concentration was spiked with 
the tagged I4C- sodium formate. An aliquot of this solution (6 ml.) was pipetted into a 25 
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d. dcro-reactor, sealed and charged with CO (4oesoO pig). After the reaction, which was 

run between 300 and 35OoC, the gas mixture was collected and analyzed. A Carle AGC 400 
series gas chromatograph was used for analyzing CO, CG, H2 and C,+ hydrocarbon gases. 

The outlet of the Carle GC w a ~ c o ~ e ~ t e d  d d y  to a GCR radiochromatography detector 
to measure the radioactivity associated with the CO and CO,. For radioactivity 
measurements in the aqueous phase, a solution of known volume from the washings of the 
reactor was prepared. From the standard solution, a 2 ml. aliquot sample was mixed with 
a scintillation cocktail ( No-Scint III) in a 50 ml. vial prior to radioactivity measurements. 
Measurements were carried out with a Packard 1500 Tri-cart> Liquid Scintillation analyzer. 

In our preliminary investigation, we reacted CO with the C-14 tagged solutions in the 
absence of coal as a baseline reaction. The CO conversions for these reactions are relatively 
low. At 300 OC, the amount of CO conversion at 800 and 400 psig initial CO pressure is 6 
and 3.4 mmol, respectively. Using this system described above, the ratio of the specific 
activity of CO, relative to CO is 9 and 4 in the 800 and 400 psig reactions, respectively. It 
appears that under these reaction conditions, an equilibrium has not been established such 
that the decomposition of the C-14 tagged sodium formate leads primarily to the C-14 
enrichment in CO,. Radioactivity in the CO comes from partial dehydration of the formate 
anion to form CO and H20. In theory, the reaction should reach equilibrium at infinite 
time. Within the constraint of our work, tests carried out at longer reaction times (2 hr.) 
did not result in establishing an equilibrium. 

In order to determine whether the reaction could be driven to equilibrium, a catalyst, known 

to be active for promoting the WGS reaction was added to the system. Amestica and Wolf 
had reported that CoMoS catalyzed the WGS reaction giving nearly complete conversion 
at temperatures as low as 240 '(2.' Reaction in the presence of CoMoS, which was added 
to a solution of distilled deionized water with tagged C-14 sodium formate, resulted in CO 
conversion of only 55% after 60 min at 300 "C. The ratio of the specific activity of CO, to 
CO was significantly higher (32 to 1) than the NaOH promoted reactions. Reactions 
periods of 2 hrs still did not completely scramble the 14C in the presence of the CoMoS 
catalyst. 
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These results suggest that it is very unlikely that an equilibrium will be established withii 
a reasonable period of time so that a simple method of calculating the COX yield from cod 
is not available. However, work is continuing to establish ifa good fecovery of radioactivity 
from both the gaseous and aqueous phases (and including ultimately the coal derived solids) 
can &e obtained withii experimental emr. If so, it is still possible to determine the COX 
yields from coal using thii method. 

Another approach for quantifying the CO, yields involves the use of tagged carbon 
monoxide. In this case the activity of the CO, formed via the WGS reaction should be the 
same as the CO. We have encountered difficulties asmated with C-14 CO, present as a 
contaminant in the C-14 CO primary gas cylinder. This problem was recently solved by 
soaking the C-14 C02/C0 gas mixture over ascarite (NaOH) to remove the radioactive CO, 
prior to charging the gas into the reactor. The investigation has also required replacing 
columns in the GC and cleaning the proportional counter detector and related contaminated 
transfer lines. Work is continuing in this area. 
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TASK 2.3.1 IRON BASED DISPERSED CATALYSTS 

Activity of Recycle Mo-Fe Catalysts 
Previous results had indicated that the Fe and Mo catalyst contained in the Wilsonville Run 
262E recycle oil used in this program was exceptionally active. The resid conversion for 
runs made in the Run 262E Mmntaining V-131B were typically higher than for Mo-free 
Run 25% V-131B. In an effort to further explore this question, a liquefaction run was 

made to see if the Mo-fiee resid from Run 258K would respond to the recycled Fe and M o  
catalyst in the same fashion as Run 262E resid responded to the presence of these metals. 
To a hybrid V-13lB recycle oil from Run 258K in which the Mo-free THF insols were 
removed by hot filtration was added the Mo-containing THF insols h r n  Run 262E V1082 
ashy resid that had been isolated by exhaustive THF extraction. 

Solvent separation of the hot-filtered Run 258K V-131B is shown in Table 5. The hot 
filtered V-131B still contained 7.1 wt !% IOM versus 15.6 wt % IOM on an maf basis in the 
starting V-131B. The hybrid slurry oil was prepared by mixing the hot-filtered Run 258K 
V-131B oil with IOM from THF extracted Run 262E ashy resid. The final 
concentration of IOM in the hybrid oil equaled the IOM contained in the starting Run 258K 
V-131B. The concentrations of Fe and Mo in the hybrid solvent are shown in Table 6 

I Table 5. Solvent Characterization of Hot-Filtered I Run 258K V-131B 

Solvent Separation yields Hot-filtered 
(wt% maf solvent) R-258K V-131B 

Oils 60.5 % 1 

PA+A 32.4 % 

IOM 7.1% 

Total 100.0% 

ash, wt% solvent 0.25 

Fe, wt% solvent 0.009 
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where they are compared with the Run 258 V-131B and the Run 262E V-131B. The 
results using the hybrid oil and the two original oils as solvents for liquefyins BT coal are 

shown in Table 6. A g d  match was attained for the Fe and Mo concentrationS on a mf 
coal basis for the hybrid slurry oil (“hybrid”) and the R-262E V-131B (“WRO”). The 
experiments were conducted at 440°C for 22 minutes without any added catalysts or sulfur. 
THF conversion and pentane soluble oil yields in the hybrid solvent were considerably 
hGher than observed with the full-range WRO. The CO+CO2 yields were higher for both 
cases where the IOM+ash from R 262E was used suggesting that the Mo and Fe present 
h the WRO is exhibiting high activity. Since both the Run 258K and Run 262E resids give 
higher yields in the presence of the Fe-Mo-containing IOM, we conclude that €he recycled 
metah are cause this added conversion rather than some inherent property of the resid. 

Table 6. Results of Liquefaction Experiments using Hot-Filtered V-131B. 
Hybrid, Hot- Full mge Full range 262E 

filkd V-131B V-131B V-131B 
Fe in solvent, wt% mf 
coal 
Mo in solvent, ppmw mf 
Coal 

Products, wt% maf Coal 

3.6 

326 

2.7 

7 

3.8 

350 

€IC Gases 
c o + c 0 2  
Oils 
PA+A 

IOM 

Total 

2.5 2.3 2.5 
6.6 5.7 6.8 
51.3 33.0 45.6 
47.1 55.3 44.1 
-7.5 3.7 1 .o 
100.0 100.0 100.0 

THF Conv 107.5 96.3 99.0 

Run number 4199-3 3 118-1 
3 148-1 

J-181 

a. Liquefaction at 44OOC for 22 minutes. No catalyst or sulfur added. 
b. Concentrations are calculated, not by measurement. 
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Liquefaction in Fe-free Recycle Solvents 
Liquefaction experiments were conducted using solvents composited from Run 262E V-1074 
heavy distillate and V-1082 deashed resid in order to determine a better measure of the 
catalytic activity of various additives. In this reeomposited solvent, the amount of heavy 
distillate remained the same with added deashed resid being equal to the combined amounts 
of deashed resid plus ashy resid contained in the Run 262E V-131B. Using this approach 
allowed the examination of catalysts without interference from the large amounts of Fe and 
Mo present in the process solvent. The effect on Mo and Fe concentrations in the recycle 
oil is shown in Table 7. The net effect of substituting the deashed resid into the mixture 
was to significantly reduce the concentration of active metals in the liquefaction reaction. 
However, it should ais0 be noted that the solvent quality and donatable hydrogen content 
of the modified composite recycle oil are different. 

Table 7. M o  and Fe Concentration in Deashed Resid Containing I Recycle Solvent 
~ 

afterdeashed resid 
substituted for ashy 

resid 

Metal concentrations R-26% full-range 
(mf coal basis) V-131B 

Mo, PPm 350 73 

Fe, wt% (mf coal 3.8 not determined, 
basis) - 0.15 

Liquefaction experiments were conducted using this deashed solvent at 440 OC for 22 
minutes. The reaction mixtures were the same as used previously, namely 3 g coal and 5.4 
g of the solvent with various concentrations of catalyst precursors added in concentrations 
that were used previously. Sulfur was added as dimethyl disulfide at a rate of 1.2mol S/mol 
Fe or mol Ni, and 2.4 mol S/mol Mo. Products were solvent separated using THF to 
determine total conversion, while separating the THF solubles further into pentane-soluble 
oils and pentane-insoluble PA+A fractions. Results from experiments with added 
particulate Fe oxides, with Mo added as Molyvan E, and with catalyst precursors 
impregnated on the coal. 
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Results from the following four sets of experiments are shown in Table 8: 
1. thermal only (without any added eatalyysts), 
2. base case concentrations of 1% WIO and 100 ppm Mo added in Molyvan L, 
3. SFIO added without any added Mo of Ni, and 
4. Po added alone. 

Table 8. Liquefaction in Ash-free Process Derived Oils  with Particulate Fe oxides. 

Thermal Base case SFIO PO 
WO/ MvL 

Added Fey wt% mf Coal . 0 0.64 0.70 0.72 

Added Mo, ppmw mf Coal 0 104 0 0 

Added Ni, ppmw mf Coal 0 0 0 0 

Products, wt% mafcoal U U U U 

HC Gases 2.7 0.0 3.3 0.2 2.7 0.4 3.0 0.0 
co+co, 5.9 0.0 6.5 0.5 5.8 0.3 5.8 0.1 

oils -13.2 2.4 -0.5 5.1 18.5 5.3 15.6 4.0 

PA+A 80.7 1.8 75.8 2.4 67.7 4.4' 69.6 3.7 
IOM 23.8 0.6 14.9 3.4 5.3 1.6 6.0 0.4 

Total 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 

THF Conv 76.2 0.6 85.1 3.4 94.7 1.1 94.0 0.4 

Run number 4 159-3 4 164-3 4 159-2 4195-2 

4164-2 4166-2 4164-1 4195-3 

4166-4 

Each of these materials has been described previously except for Po, which was a sulfated 
hematite prepared at CAER without any dopant co-metals. It had a BET surface area of 
95 m2/g, indicating a small particle size typical of sulfated hematites. Both of the small 
particle iron oxides, SFIO and Po, showed gave THF conversions and oils yields which were 
much higher than in observed for either the thermal or base case catalyst runs. They were, 
in fact, the highest in this series of experiments, reconfirming our earlier findings regarding 
the activity of the high surface area (270 m2/g) SFIO. The Po runs indicate that a somewhat 
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lower surface area material shows this good activity. These materials will likely be less 
costly than the high surface area SFIO, However, the 9 m2/g WIO does not. The trend 
toward higher activity as a bction ofsurface area is evident with these iron oxides, with 

most of the change being seen in the 10 to 100 m2/g range. 

The catalytk effect of M o  alone in the absence of added iron was determined using the ash- 
free Run 262 process oil. In these runs 500 ppmw Mo was added as Molyvan L as shown 
in Table 9. In the first column is shown the average of three separate runs to which 
nominally 500 ppmw Mo was added (mf coal basis) along with a very small amount of 
DMDS. In one of these runs, 4178-1, the MoIyvan L was first diluted with hexadecane to 

better control the addition rate. Since this method of catalyst addition had no effect, it was 

logically included with the other two runs. Interestingly, the Mo did not show much activity 
in the absence of Fe. One of the reasons for this low activity could have been possibly the 
presence of insufficient sulfur to completely sulfide the Mo. In the Fe experiments that 
have been done in the past, the excess sulfur that was present, relative to the amount of Mo, 
was quite large since it was based upon the Fe present in the reaction mixture. 

Because of this low activity, a follow-up two-step experiment was performed using a much 
higher s u l k  addition rate of 40 mol =mol Mo. In the first step of this experiment the 
d s o l v e n t  slurry containing the added Mo was pretreated at 30O0C for 30 minutes. 
Liquefaction was performed in the second step at 440°C for 22 minutes by immediately 
moving to a second sandbath. The results were not significantly different than observed in 

the absence of a pretreatment step at lower sulfur addition levels, as shown in column 2 of 
Table 9. In this run oil loss increased from 7.7 to 13% while THF conversion improved 
from 82% to 88%. This improvement was well below the change seen by adding SFIO to 

the solids-free reaction system. 

In the third run shown in Table 9, Ni was added as Ni naphthenate (5.66% Ni, balance 
undetermined organics) along with the Mo in Molyvan L. Oils yields increased to +4%, 

and THF conversion increased to 91 % which demonstrated a very positive effect from a 
small amount of added Ni. In both of the repeat runs with Ni and Mo, they were added 
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Table 9. Results of Liquefaction Experiments in Ash-free Process Derived Oils with 
Freshly Added Mo in Molyvan L. 

Molyvan L pretreat 
Molyvan L 

Added Fe, wt% mf Coal * 0 0 

Added Mo, ppmw mf Coal I 471 I 516 
Added Ni, ppmw mf Coal 0 0 

Products, wt% ma€ Coal U Q 

HC Gases 2.9 0.10 3.2 - 
co+co, 
oils 

PA+A 

IOM 

5.7 
-7.7 
80.7 

0.5 5.4 - 
7.3 -13.0 - 
4.1 1 92.1 
3.8 I 12.3 18.4 - I 

Total 100.0 0.0 100.0 0.0 

THF Conv 81.6 3.8 87.7 - 
Run number 4171-1 

4173-2 
4178-1 

4193-2 

~olyvan  WNi 
naphthenate 

0 
5 15 
116 

Q 

3.0 0.1 
5.6 0.1 
4.1 7.5 
78.1 6.8 
9.2 2.4 

100.0 0.0 

90.8 2.4 

4179-1 
4196-1 
4216-1 

together as a solution in hexadecane which was prepared to increase the weight of cataIyst 
added by 10 fold. 

Results from liquefaction of catalyst-impregnated d s  are shown in Table 10. In the first 
set shown in the second column, ammonium molybdate was impregnated on 5% of the coal 
feed using the incipient wetness technique. Again, nearly stoichiometric amounts of sulfur 
were added, and in view of the poor performance of the catalyst, it is possible the small 
amount may have been scavenged other minerals present in the liquefaction feed. In the 

second set of experiments shown in the third column, IW-1 was used as feed. In the 

preparation of this coal, which was described previously, the coal feed was prepared by 
impregnating the ferric sulfate and ammonium molybdate onto all of the coal using two 
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separate water fractions. Higher total conversion and oil yields were obtained, but the 
yields were not as high as for the small particle iron oxides shown in Table 8. 

Added Fe, wt% mf Coal 
Added Mo, ppmw mf Coal 
Added Ni, ppmw mf Coal 

Products, wt% maf Coal 
HC Gases 
co+co* 
oils 
PA+A 

IOM 
Total 

THF Conv 

In the third set of experiments shown in the fowth column of Table 10, using a mixed feed 

IW Mo only IW-1 1 Iw-3 
0 0.77 0.80 

593 500 518 
0 0 130 

d Q Q 

3.2 0.1 3 .O 0.0 3.0 0.1 
6.2 0.1 6.7 0.2 5.9 0.1 
-9.1 8.5 -0.3 0.3 17.2 3.2 
86.0 4.1 80.8 0.4 68.1 2.8 

13.6 4.2 9.8 0.5 5.8 0.2 

100.0 0.0 100.0 0.0 100.0 0.0 
86.4 4.2 90.2 0.5 94.2 0.2 

coal labeled Iw-3, ferrous sulfate was impregnated on 10% of the mal feed using an 
incipient wetness impregnation procedure, with ammonium molybdate and ammonium nickel 
sulfate impregnated on a separate 5%. The balance (85%) of the coal in W - 3  was as- 
received. IW-3 gave the best liquefaction yields for this series of experiments, and was near 
the small particle iron oxides. 

Run number 42 16-2 4168-1 4200-3 
4216-3 4168-2 4201-2 

Effect of sulfur on activity of SFIO 
Because of the excellent liquefaction obtained from sulfided small particle SFIO, a more 
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extensive study was made on the effect of the concentration of the iron oxide as well as the 
importance of sulfur for activating this material. A series of experiments were conducted 
in which Fe concentrations up to 2.3wt 96 mf coal was investigate both in the presen~e and 
absence of added sulfur. Runs, in which sulfur was added as DMDS at a constant 3 mol 
S/mol Fe, were made in tetralin for 30 minutes at 415 OC with 6.9 MPa cold hydrogen 
charge. Products were solvent separated. Results from this series of runs are shown in 
Table 11. 

The amount of Fe present upon addition of 0.3 wt % SFIO was approximately equivalent 
to the amount of Fe already in the coal, which was 0.26~ 95. Most of the Fe in the coal 
was present as pyrite which accounted for only a small part of the 0.6wt 46 sulfur present 
in the coal, which was bound mostly as organic sulfur. The higher levels of Fe addition up 
to 2.3% Fe would not be influenced significantly by the Fe native to the coal. 

At the 0.3 wt % addition level in the absence of any added sulfur, there was a sizable 
increase in the amount of converted coal, namely 81.8% with added SFIO versus 76.6% in 
the absence of added SFIO. Addition of more SFIO caused a much smaller incremental 
increase. The addition of sulfur, which was examined only at the higher Fe loadings, 
appeared not to affmt the level of conversion. Since addition of very small concentrations 
of SFIO had such a noticable effect, clearly the effect of added Fe is far greater than the 
sensitivity to any Fe already in the coal. Likewise, this big jump in conversion that occurs 
in the absence of added sulfur suggests that the oxide has significant catalytic activity. The 
catalytic activity that the SFIO has on coal dissolution was not observed in oil yield. Across 
the range of Fe concentrations, the oil yield remained essentially the same as observed in 
the absence of added Fe. Addition of sulfur, however, to the higher Fe-addition levels did 
increase oils yield, which suggests that catalyst sulfiding is necessary for molecular weight 
reduction but not for coal dissolution. The presence of sulfur added at the higher Fe 
concentrations increased the hydrocarbon gas yield from 0.5 to 1.0%, indicating that the 

sulfided catalyst has better hydrogenation activity. 
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Table 12. Approximate Fe Phases Present in Coal 
Liquefaction Residues.' 

Sulfur added, mol -0- 3.0 
S h o l  Fe 

Fe oxide, % 80 25 

Pyrrhotite, % .. 75 

Magnetite, % 10 - 
Fe sulfide, % 10 - 

Total 100 100 

Run No. 4144-3 4153-1 

a. THF insols from reactions of Black Thunder coal in 
ktralin at 415 *C for 30 minutes. 

carry the catalyst was referred as the "vector". Studies were reported in which the coal was 

impregnated with ferrous sulfate by the incipient wetness procedure and then treated with 
base to form FeOOH. The liquefaction of these coals were then studied using tetdin as 
solvent. The effect on liquefaction of coal to which was added carbon substrates onto which 
had been deposited FeOOH by the same technique was also reported." These carbon 
substrates included carbon black and petroleum-derived coke. The conclusion of that work 
was that Fe impregnated onto the carbon substrates not quite as good as Fe dispersed on 
a fraction of the coal itself. However, the dispersion within the reactor when using Fe 
deposited on the carbon substrates were apparently commensurate with the level of 
dispersion obtained when the metal was deposited on the coals. The slightly better yield 
when the Fe is deposited on the coal suggests that the Fe is better dispersed in the reactor 
as the mal dissolves or disintegrates. 

A further study has been completed in which coal was impregnated with both Fe and Mo 
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Table 11. Results of Liquefaction Experiments with and without Added Sulfur. 

Added Fe, wt% mf 0 0.3 0.6 1.2 2.3 1.2 2.3 
coal 
S/Added Fe moVmol 0 0 0 0 0 I 3.0 3.1 

Products, wt% maf Coal 

€IC Gases 

co+co* 
Oils 
PA+A 
IOM 

Total 

0.7 0.7 0.8 0.7 0.7 

4.7 5.0 4.9 4.9 4.7 

32.4 32.5 32.0 30.2 33.2 

38.9 43.6 44.6 47.6 48.3 
23.3 18.2 17.6 16.6 13.1 
100.0 100.0 100.0 100.0 100.0 

~ 

THF Conv 76.7 81.8 82.4 83.4 86.9 
Coal moisture, wt % 21.1 21.8 21.7 21.7 21.3 

Run numbers 2154-1 4153-2 4143-3 4143-1 4138-3 
3291-3 4157-3 4143-4 4144-1 4138-4 
3341-1 4144-3 
4151-2 

1.3 1.7 
4.7 4.7 
37.2 35.5 
42.2 43.8 
14.6 14.3 
100,o 100.0 

85.4 85.7 

21.7 21.6 

3208-3 4138-1 
3346-2 4138-2 
4151-3 4153-1 
4130-1 

M6ssbauer analysis of liquefaction residues from two of these experiments, one without any 
added sulfur (4144-3) and the other with a high concentration of added sulhr (4153-1) are 
summarized in Table 12. In both these runs the concentration of added Fe was 2.3%. In 
the absence of any added sulfur, the Fe in the residue was present predominantly as oxide. 
However, with added S, the Fe was present mainly as pyrrhotite. Note, however, that even 

at a high S/Fe ratio, 25% of the Fe remained as the oxide. Because of the different 
functionalities of the oxide and sulfide forms of the catalyst, the significance of the different 
forms suggests that both forms are present in the added sulfur cases. However, no 
conclusions can be reached concerning the rate at which these materials are formed. 

Reducing the cost of impregnated coals . 

In an earlier report,' we explored the possibility of improving the economics of impregnating 
catalyst onto coal by treating only a portion of the coal. The portion of the coal that would 
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but the base precipitation step was omitted. In addition, based on the success of runs with 

Ni above, this was further extended to include Ni. The objective was to produce vector coals 

containing Fe, Ni and M o  to provide a final catalyst concentration in the reactor equal to 
that obtained with IW-1, which was 0.77% Fe, from ferric sulfite, and 500 ppmw Mo, from 
ammonium molybdate. The final ad that was prepared, IW-3, is compared with IW-1 in 
Table 13. The actual IW-3 coal preparation included two different impregnated samples, 
vectors CB-31 and CB-32, as described in Table 14. 

The advantages of using the vector approach as compared to impregnating all the coal are 

as follows: 
1. Coal handling costs will be reduced. 
2. Water used in the impregnation will be reduced by 285%. 
3. Costs of drying the coal due to the added IW water will be reduced 285%.  
4. Impregnating salts are low-cost readily available chemicals, 
5. Catalysts precursors can simply be added using aqueous solutions. 
6. Rexible, low cost, and simple techniques are amenable to sde-up. 

Certahly this approach is not new. In 1963, Hawk and co-workers reported that" 
"impregnation as a general procedure, is the most effective method known in the Bureau 
for dispersing [catalysts to be tested] in the coal...",This summarizes the motivation for the 
considerable effort that has been devoted to developing this method. They went on to 
observe that "aqueous impregnation would probably not be economical for large-scale coal 

hydrogenation". Perhaps some of the obstacles that have prevented impregnation from 

becoming a viable alternative in the past can now be overcome with the approach presented 
here. 

The liquefaction performance of IW-3 was evaluated using Run 258K V-131b as solvent at 
440°C and a residence time of 22 minutes. Products were analyzed using the distillation 
technique. IW-1 was evaluated under the same conditions. The results, which are 
Compared with IW-1 in Table 15, show very similar product yields and 25 % resid conversion 
for these two coals. The yield of distillate is higher for IW-3 possibly due overdrying of the 
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Table 13. Comparison of IW-1 and IW-3 Impregnated Coal Preparations. 

Preparation name Iw- 1 Iw-3 
Fe, wt % on total mf coal 
feed sulfate suEate 
(% on vector/ total feed) 

Mo, ppmw on total mf coal 
feed (96 on vector/ total ammonium molybdate ammonium molybdate 
feed) 
Ni, ppmw total mf coal 0 113 (on 5%), in 
feed (% on vectorltotal 
feed) sulfate 

0.77% (on 100%), ferric ~ 0.77% (on lo%), ferrous 

500 (on loo%), in 500 (on 5%), in 

ammonium nickel (11) 

As-received coal, % on 
totaI coal feed 

0 85 

Table 14. Vectors used in Iw-3 coal memiration I 
Coal vector preparation CB-31 (for Fe) CB-32 (for NVMo) 

Coal sample, g 4.0014 4 . m  

(s used) (1.8702) (0.0661) 

(0.0498) 

Salts impregnated, FeS04*7H20 (NH, )ZMoo4 

=(so4 )2*6H,O 

I Wt % m e w  mfcoal 1 11.72% Fe 1 1.03 % Mo 
0.23 % Ni 

Approximate w t %  
vector/total coal feed 

Impregnation water 2.42" 
(deionized, distilled), g 

10% produces 0.77% Fe 

I 
I 

Base precipitated or water No 
washed? 

Drying conditions 40 "C, 22" vacuum, 1 ?4 hrs 

5 %  produces 500ppmw 
Mo and 113 ppmw Ni 

1.65 (Mo, %water) 
followed by 0.83 (Ni, 

water) 

No 

40 "C, 22" vacuum, 1 ?A hrs 

Moisture, wt % laden ' 16.6 11.3 
mixture 

a, Water is warmed to facilitate solubility of the ferrous sulfate. 
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IW-1 sample. This deviation results from changes in the moisture content of the three 

coals used in that mix. Total THF conversion is 4.4% higher for IW-3 (it was 4% higher 
in the ash-free process oil liquefaction studies reported above), and this again indicates the 
positive effect that Ni bas on promoting dissolution. 

Table 15. Results of Liquefaction Experiments Comparing IW-1 and 
IW-3 in Run 258K V-131B Process Recycle 

Iw-l w - 3  

Fe added, wt% m€ Coal 

M o  added, pprnw mf Coal 

Ni added, ppmw mf Coal 

S added, mol S/mol Fe 

0.77 0.80 
500 580 
0 130 

1.31 1.34 . 

Products. wt% maf Coal 

HC Gases 
co+co* 
1050°F- 
1050°F 3- 
Total 

THF conv 
Resid Conversion, wt% mafresid 
Hydrogen consumed, mg/g maf 
coal 
Coal moisture, wt % Coal 

Run number 

3.0 2.8 
6.4 6.2 

41.1 43.9 
49.5 47.1 
100.0 100.0 

102.3 106.7 
25.9 24.6 
36 34 

4.9 20.7 
4039-4 4097-2 
4041-1 4201-1 
404 1-2 

a. Liquefaction at 440 "C for 22 minutes, using 6.89 MPa hydrogen 
(cold). Analysis by distillation. 
b. Distillation calculations updated for allocated head weight: %resid 
and distillate, and a forced Ni gas composition to account for 
incomplete mixing in the gas sample system. 
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Particulate Catalysts: The Effect of Recycle Ash on Activity 

It was reported previously that promoted sulfated hematite catalysts provide a significant 
increase in conversion of Black Thunder coal. An increase was observed in both THF 
solubility and distillate yield obtained by vacuum distillation. These increases were 
obtained in recycle solvents from both Wilsonville Runs 258K and 262B. Run 258K 
solvent was obtained from a rn made at WilsonvilIe when 1% iron oxide catalyst was 
being added to the feed while Run 262 solvent were generated when adding 1% iron 
oxide in combination with 100 ppm molybdenum as Molyvan L. Therefore, these 

solvents contained small amounts of both these catalysts. In previously reported results, 
no attempt was made to determine the activity of the recycled catalysts reIative to the 
freshly added catalyst. In order to isolate these effects, a deashed solvent which 
contained We or no recycle catalyst was prepared in order to obtain a better indication 
of theit intrinsic activity. Comparison of the activity in the deashed and ashy solvents 
should give an indication of the activity of the recycled catalyst. 

Ash Free Materials 
Recycle solvents fiom Runs 258K and 262E at Wilsonville have been utilized in this 
study. The material from recycle material from Run 262E consists of a mixture of ashy 
resid, deashed resid, and heavy distillate. The ashy resid was feed to the Rose-SR unit 
while the deashed resid was the product from the unit. The ash-free Run 262E solvent 
was prepared by eliminating the ashy resid from the mixture and replacing it with a 

calculated amount of deashed resid. 

The recycle stream from Run 258, denoted as V-l31B, was utilized in an as-received 
form as in the previous studies. The separated streams were not available for this run. 

In order to determine the effect of recycled iron on the conversion, a hot vacuum 
filtration method was employed to remove the ash. The V-131B was heated in a beaker 
to reduce the viscosity. The hot solvent was then poured through Whatman GF/D glass 
fiber fdter paper in a heated Buchner funnel. This paper has been reported to re.tain 
particles larger than 2.7pm. Although the external temperature of the funnel was 
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maintained at > 170 C for the duration of the filtration, the paper fouled fairly rapidly 
aliowing only small quantities of sample to be filtered during each run. 

96 Ash 

% Iron 

% IOM 

96 Distillate 

The products of the filtrations were ground and mixed prior to analysis. The results of 
the anaIySis, shown in Table 16, indicate that the NtratiOn was successful in removing 
over 95% of the ash and over 99% of the iron. A substantial portion of the IOM was 

also removed, however the residldistillate ratios remain similar. This is due to the loss 
of some light dismate during the heated filtration process. The importance of this loss 
is unclear at this time. 

As-ReceiVed Filtered 

11 0.25 

1.39 0.009 

15.5 6.4 

51.2 52.3 

I Table 16. Analyses of as-received and filtered Run 258K V-131B. I 

- 
96 Distillate Bottoms in feed to still, 48.8 47.7 
THF solubles 

f 

Experimental 

The liquefaction experiments were cantied out as previously described. The amount of 
solvent added for each run was adjusted to reflect the ash-free amounts added in 
previous runs. The ash free solvent from Run 2628 consisted of 2.06g dashed resid 
with 2.32g heavy distillate while the ash free solvent from Run 25% consisted of 4.48g 
filtered V-131B. The runs were carried out.for 22 minutes at 440 "C with 3 g of as 
received coal. 

Two catalysts were studied during this peGod. The catalyst designated P2 had been 
reported earlier and was utilized at a concentration of 1 wt% catalyst on maf coai. Since 
the concentration of molybdenum in the P-2 catalyst is 10 wt% molybdenum on iron, it 
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was necessary to determine the activity of a similar concentration of molybdenum and 
iron loaded as Molyvan L and Wilsonville iron oxide (WIO), respectively. 

The use of the recycle solvent from Run 262E resulted in higher resid'conversion than 
that obtained with the Run 258K recycle solvent, i.e. 31.5% vs. 27.5%, respectively. The 
corresponding 1050 O F  yields were 58.5 and 49.196, respectively. The removal of the ash 
from these solvents did not appear to have a significant effect on this trend. The ash 
free Run 262E solvent resulted in a slightly higher THF conversion (89%) than the 
filtered Run 258K V-131B solvent (87%), in the presence of 1 wt% P-2 catalyst. The use 
of 1 wt% WIO and lo00 ppm MO as Molyvan L showed a slightly higher THF 
conversion in the filtered 'Run 258K V-131B solvent (92.4) than in the ash free Run 
262E solvent (91.7%), however these numbers are not statistically different given the 
error in the experiments. The relative activities of the catalysts are clear with the 

WIO/Molyvan L yielding a THF conversion 5.4% higher than the P-2 catalyst in the 
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An investigation of the effect P2 concentration on total conversion and resid conversion 
was also undertaken during this reporting period. These experiments were conducted 
utilizing the filtered Run 258K recycle solvent to minimize the effects of recycled 
catalyst. Also, based on the results from the Process Simulation Test (PST) series, the 
use of the recycle solvent from Run 258K appears to yield more significant variation with 
reaction conditions and catalyst addition, 

Results 
The results of the liquehction testing are summarized in Table 17. It can be seen that 
&he use of the P2 catalyst results in a slightly higher rejection of oxygen as COX 

compared to the WIOIMVL catalyst. A slight decrease in HC gas make was observed 
for the P2 versus WIO/MVL catalysts in Ntered Run 258K, however the opposite 'trend 
was observed in the ash free Run 262E solvent run. In both cases, the trend was just 
outside experimental error. Removal of the ash from the Run 262E recycle solvent 
resulted in a dramatic decrease in HC gas production while significantly increasing 
1050 OF- production. 



filtered Run 258K solvent. In the ash free Run 262E solvent a similar trend was 
observed, with the WIO/Molyvan L being 2.7% higher than the €2 catalyst case. Both 
cases indicate a higher sensitivity of the filtered Run 258K recycle solvent to catalyst 

addition. 

Table 17. Summary of Liquefaction Data for Ashy and Ash Free Recycle Streams 

Catalyst Solvent" Resid THF 1050 1050 %COX % H C  

P-2 V-131B 1 27.5% 103.2% 42.2% I 49.1% 5.91% 2.83% 

P-2 25.5% 87.0% 50.0% 41.3% 5.96% 2.89% 

Conv. Conv. OF+ OF+ gas 

I 
P-2 

P-2 

W O f  

W O f  
MVL 

MVL 

Whie the difference in the THF conversion was small, the effect of recycle solvent on 
resid conversion and 1050 O F -  distillate yield was significant. Substantially higher values 
were obtained with the addition the P-2 catalyst for the ash-free Run 262E solvent as 
compared to the filtered Run 258K solvent. This same trend was seen with the addition 
of the WIO/Molyvan L catalyst. The relative activities of the catalysts is also clearly 
indicated. The WIO/Molyvan L catalyst gave a 3.8% higher resid and 7.2% higher 
1050 OF- distillate yield than P2 in the fdtered Run 258K recycle solvent. For the ash 
free Run 262E recycle solvent, the P2 and WIO/Molyvan L catalysts were nearly 

WRO 31.5% 107.72 ' 31.8% ' 58.8% 5.58% 3.95% 

Ash free 37.4% 89.0% 34.4% 57.4% 5.32% ~ 2.98% 
WRO 

Filtered 29.3% 92.4% 42.5% 48.5% 5.88% 3.15% 

Ash free 36.9% 91.7% 35.3% 57.0% 5.04% 2.76% 

V-131B 

WRO 

identical. The lack of response in the Run 262E recycle solvent to different catalysts 
was also observed for the Run 262E solvents containing ashy materials during the PST 

runs. 
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The effect of filtration or deashing of the recycle solvent on conversion is complex. The 
THF conversions reported for the PST runs were generally greater than 100% indicating 
conversion of a portion of the IOM in the recycle solvent. The filtration process reduced 
the IOM concentration of the Run 258K recycle solvent from 15.5% to 6.4%. SimiIarly, 
the ash free Run 262E solvent contained only 3.3 96 IOM compared to 14% for the 
Wilsonville recycle oil (WRO). This reduction in IOM is most likely a major factor in 
the reduction in THF conversion. The reduction of catalyst in the recycle solvents 
probably also plays a role in the reduction in THF conversion. The relative 
contributions of these two factors has not been determined at this time. 

The filtration of the Run 258K V-131B solvent resulted in a decrease in "HF conversion 
of 16.2% when used with the P-2 catalyst. Similarly, the use of ash free Run 262E 
resulted in a decrease of 15.2% in THF conversion with the same catalyst. The possible 
reasons for these decreases have been given earlier, however the similarity of the 
differences between these two solvents is probably coincidental given that the deashing 
was achieved by different methods which may exclude different portions of the solvent. 

Deashhg of the solvents clearly had an effect on both resid Conversion and 1050 OF- 
distillate yield. The use of the filtered Run 258K recycle solvent With P2 resulted in a 
decrease of 2.0% in resid conversion and 7.8% distillate yield. This follows the same 
trend as the THF conversion and may be due to reduced recycle catalyst or loss of 
reactive resid in the filtration process. In contrast, the ash free Run 262E recycle solvent 
with P-2 catalyst displays a 5.9% increase in resid conversion and, surprisingly, a 1.4% 
drop in distillate yield. Why this directional change occurs isn't known at this time. 
These results are generally opposite to the THF conversion trends for the Run 262E 
recycle solvent and the Run 258K recycle solvent. The explanation may lie in the 

different method of ash removal. The ash was removed by a critical solvent deashing 
method which may produce a different product than the hot filtration process. In order 
to determine the effect of deashing process on resid reactivity, samples of an ash free 
Run 258 recycle solvent produced from the Rose-SR unit have been requested from 
Amoco and will be compared to the filtered Run 258K recycle solvent. 
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The results from this study indicate that the sohen, from Run 2628 exhibits hi1 ier 
activity than the solvent from Run 258K regardless of the recycle ash content. The ash 
free Run 262E solvent yielded higher resid conversions than the filtered Run 258K 
solvent with both P2 and WIO/Molyvan L catalysts. However, the filtered Run 258K 
solvent showed higher sensitivity to catalyst addition. In addition to the removal of 
recycled catalyst, the method of de-ashing a p p s  to play a role in the activity of the ash 
free solvent. 
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QUARTERLY PROGRESS REPORT 
FOR THE PERIOD APRIL 1 THROUGH JUNE 30, 1994 

SUBCONTRACT NO. UKRF-4-25582-92-76 

TASK 1.2 - LABORATORY SUPPORT (CONSOL1 

Swrraary 
A sample of the dewaxed distillated used in the Process Simulation Test (PST) 
program was hydrotreated by Sandia under more severe conditions than those used 
in the PST. Although this distillate apparently gained more hydrogen than the 
earlier dewaxed distillate, the 'H-NMR proton distributions o f  the two hydro- 
treated distillates were nearly the same. 

Discussion 
Sample No. 1621-22-518 is an aliquot o f  -5 'C dewaxed V-I074 (1621-22-51) from 
Wilsonville Run 262E that was hydrotreated by Sandia under more severe conditions 
than those used to hydrotreat the same dewaxed distillate that was used in the 
Process Simulation Test (PST) program. The conditions used to hydrotreat this 
distillate (396 'C, 60 min, 1400 psig H,, sulfided Shell 324 catalyst, 3:l 
so1vent:catalyst) were those determined by Sandia' to produce the highest degree 
of hydrogen addition to this dewaxed distillate. The elemental composition and 
'H-NMR proton distribution for this distillate are compared in Table I with those 
of the hydrotreated dewaxed distillate used i n  the PST program (1621-22-HA) and 
with those of the source V-1074 from Wilsonville Run 262E and the dewaxed V-1074 
distillate (1621-22-51) that was derived from it. The proton distributions of 
the dewaxed and hydrogenated dewaxed distillates are the averages of three 
determinations and the NMR analysis reported for the untreated V-1074 distillate 
(1621-22-5) is the mean of two determinations. 

Elemental analysis indicates that about twice as much hydrogen was added to the 
more severely hydrotreated sample than to the PST distillate (0.7 wt X vs. 
0.4 wt %); however, the difference (0.3 wt %] is only about two times greater 
than the 0.16% repeatability of our analytical method. The proton distributions 
of the two hydrotreated distillates are similar. The total aromatic proton 
concentrations in these two samples are 17.2% for 1621-22-51A and 16.6% for 
1621-2-5IB). The total paraffinic proton concentrations in thesessame two sample 

- 1 -  



are 36.8% and 37.3%, respectively. A comparison o f  the absolute proton 
concentrations (as w t  %) i n  these samples i s  shown in Figure 1. Most o f  the 
increased hydrogen i n  the more severely hydrotreated sample results i n  a net 
increase i n  beta protons (the cyclic beta and alkyl beta proton concentrations 
increase by 0.15 w t  X each). The other proton concentrations i n  the two 
d i s t i l l a t e s  are w i t h i n  0.05 w t  % o f  each other. 

#e are using GC-#S t o  characterize the dewaxed and hydrogenated dewaxed d i s t i l -  
lates used i n  the PST and t o  compare them wi th  the dewaxed d i s t i l l a te  t h a t  was 
hydrotreated by Sandia under more severe conditions. 'H-NMR proton distributions 
o f  the hydrotreated d i s t i l l a t e s  were nearly the same. GC-MS analysis may better 
show the fate o f  the extra hydrogen (0.3 w t  %) t h a t  was added t o  the dewaxed 
d i s t i  11 ate under the more severe treatment. 

Task 2.1.2.1 - Pretreatment Work at CONSOL - Dewaxing 
S m a r y  
Microautoclave tests were made t o  determine the relative donor solvent quality 
of a dewaxed dis t i l la te  tha t  had been hydrotreated by Sandia a t  more severe 
conditions than  those used t o  hydrotreat the d is t i l l a tes  t h a t  were used i n  the 
PST program. In t h i s  case, hydrotreating the dewaxed d i s t i l l a t e  under more 
severe conditions than those used i n  the PSJ program does not appear t o  further 
improve the coal conversion, even though more hydrogen (0.7% vs 0.4%) was added 
t o  th i s  d i s t i l l a t e  than  was added t o  the same dewaxed d i s t i l l a t e  t h a t  was used 
in the PST program. 

Discussion 
Three microautoclave tests, Table 2, were made t o  evaluate the donor solvent 
quality of this d i s t i l l a t e .  The f i r s t  t e s t ,  Run 122, was Run 1 o f  the PST 
program and i t  used the untreated V-1074 d i s t i l l a t e  from Wilsonville Run 262E. 
The coal conversion obtained i n  th is  tes t ,  72.2, w t  %, agrees well with tha t  
obtained in October 1993 w i t h  a different coal a l iquo t  and no microautoclave pre- 
heat, 71.2 w t  %. Run 121 was made a t  the conditions of PST Run 2 but  w i t h  
1621-22-518 used as the d i s t i l l a t e  .portion o f  the recycle solvent. The coal 
conversion was increased from 72.2 w t  % (Run 122) t o  75.3 w t  % by substituting 
the hydrotreated dewaxed d i s t i l l a t e  for the original V-1074 i n  the Mo-free 
solvent. T h i s  i s  slightly greater t h a n  the mean increase t h a t  was observed when 
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1621-22-51A was substituted for V-1074 in five cases in the PST program (3.1 wt X 
vs. 2.4 wt %). The third test, Run 123, was a replicate o f  PST Run 19 but with 
1621-22-516 substituted for 1621-22-51A in the solvent blend; The coal conver- 
sion measured in this test was lower than the mean o f  the coal conversions 
measured in two replicate tests made during the PST program with 1621-22-51A 
(90.1 wt % vs. 91.9 wt %). However, the observed difference is near the 
experimental precision 1 imits. Hydrotreating the dewaxed distillate used in 
these tests (1621-22-51) beyond the degree used in the PST program does not 
appear to improve the Black Thunder coal conversion. 

The measured coal conversions in the original PST Run 19 replicates and in 
Run 123, with 1621-22-518 distillate, are all lower than the coal conversion 
measured in PST Run 18 with untreated V-1074 used as the distillate under 
identical conditions. This is the only case in the PST program in which the coal 
conversion was not improved by the use of hydrotreated dewaxed distillate. These 
results suggest that the coal conversion determined in PST Run 18 (92.4 wt %) may 
be in error and that this run should be repeated. This run will be repeated upon 
resumption o f  the experimental program. 

Task 2.1.2.2 - Pretreatment Work at CONSOL - Awlomeration 
No work was performed on this task. 

Jask 2.3.2 - Catalyst Studies {CONSOLZ 
No work was performed on this task. 

Task 2.4.2 - Solids SeDaration (CONSOL) 
No work was performed on this task. 

Task 2.6.2 - Coker Overhead characterization (CONSOL) 
No work was performed on this task. 

Task 3.2 - Economic Evaluation tCONSOLl 
No work was performed on this task. 
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TABLE 1 

PROTON 0 ISTRIBUTIONS IN W I  LSONVI LLE-DERIVED 01 STILLATES 

Sample Number 

Ultimate Anabsis. drv wt % 

Cartx#1 

Hydrogen' 

Nitrogen 

S u h  

1621 -22-5 1621 -22-51' 1621 -22-5JA2 1621-22-5IB3 

88-86 

9.91 

0.44 

cO.03 

11.1 

3.8 

14.5 

8.0 

15.0 

34.1 

13.6 

89.50 

8.80 

O S 3  

0.04 

13.9 

6.4 

16.8 

9.7 

16.7 

220 

14.5 

90.91 

9.1 6 

0.34 

40.03 

11.2 

6.0 

18.2 

9.9 

18.1 

22.5 

14.3 

89.93 

9.52 

ND5 

0.01 

11.2 

5.4 

17.7 

9.6 

18.9 

23.0 

14.3 

1 
2 

3 

4 

5 Not determined. 
6 

-5 "C Acetone dewaxed V-I074 used in PST program. 
-5 "C Acetone dewaxed V-1074 hydrotreated by Sandia at 368 "C for -1 hr, Shell 324, 1437 psig, 

-5 "C Acetone dewaxed V-1074 hydrotreated by Sandia at 396 "C for -1 hr, Shell 324, 1400 psig, 

CONSOL values; Sandia determined H contents of 9.79, 9.09, 9.41 and 9.70 wt % for 1621-22-5, 
1621 -Z-51, 1621 -22-5lA and 1621 -22-518, respectively, References 1 and 2. 

Averages of several determinations made since March 1994, c.f. text. 

H2 

H2 
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TABLE 2 

MICROAUTOCLAVE TESTS FOR SECOND QUARTER 1994 

Run 
NO, Distillate Resid 

122 

121 

123 

V-1074 

162l-224iB 

1621-22-5JE 

V-1318 m‘ 
V-131B 0‘ 

v130+v*1082 -2 

Conversion, wt % 
(S03-free) 

IOM - coaf 

722 62.2 

75.3 62.9 

90.1 75.5 

Comments 

PST Run 1 

PST Run 23 

PST Run 1 8  

Ail rrricroaUtodavetests made at 824 “F, 5 min, SlC = 1.5,1500 psig W, (cdd), 10 min preheat at400 OF. 

1 
2 

MMee asby resid from distillation of V-131s sample from VVhonville Run 258K 
MoaMaMg deashed residandashyresidfrom W M e  Run 262E. 

3 1621-2251B s~bstikned fa 1621-22-51k 
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Absolute Proton Distribution 
Hydrotreated Dewaxed Distillate 

5 = 1621-22-5 (V-1074 ftom W M l l e  Run 262E) 

5lA= 1821-22-5lA (hydrotreated dewaxed V-1074 used in PST program) 
51B = 1621-22518 (more severely hydrotreated dewaxed V-1074) 

51 1621-22-51 (-5 .C dewaxed V-1074) 

Figure 1. 'H-NMR Proton Distributions for Various Distillates. 
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Subtask 1.3 Laboratory Support 

a Hydrogen Analysis of Heavy Distillate Samples 

Previous tests in our laboratory (PST distillate hydrogenation) showed heavy distillate 
samples acquired less than 1 wt% additional hydrogen during catalytic hydrogenation even 
under the most favorable of conditions. Therefore, determining hydrogen concentration 
changes on the order of 0.3 to I .O wt% has become necessary. Analyses for hydrogen in our 
laboratory (using the CHN analyzer) have been deemed acceptable if the precision of the 
analysis was f 0.3wt%. This was not acceptable when trying to detect the small hydrogen 
increases in the hydrotreated distillates. 

Figure 1 shows a linearity plot of area (detector response) vs. absolute hydrogen content of a 
wide variety of model compounds and a heavy distillate with a known hydrogen value. The 
data in Figure 1 shows the calibration curve constrained through the origin. This cunie 
illustrates that a one-point calibration (such as is commonly used in automated CHN analyses) 
would underestimate the hydrogen in samples such as acetanilide (6.71 % H) and 
overestimate the amount of hydrogen in paraffin oil (1 3.63% H). A one point calibration 
becomes especially inaccurate if the standard has a hydrogen content much different than the 
sample to be analyzed. Since the recommended sample weight for the combustion analysis 
should fall in the narrow range between one and three milligrams (that is for the Perkin Elmer 
Analyzer), the difficulty in establishing a linear calibration curve is compounded. One solution 
to this dilemma is to plot the raw data against a wide range of standards with known hydrogen 
amounts. This is the method illustrated in Figure 2, in which the calibration curve is not 
constrained through the origin. This linear regression curve-fit has a correlation coefficient of 
0.994 and provides a more reliable basis for analysis of samples within the range of the 
cafibration curve (hydrogen content between 6.71 % and 13.63%). In addition, the precision of 
the analysis improved to 0.1 5% from the previous 0.3%. Future distillate hydrogen 
determinations will use the modified calibration technique. 

Subtask 2.1.3 Solvent Pretreatment 

Coal Liquefaction Tests 

The January-March 1 994 Quarterly Status Report gave the results from batch microautoclave 
tests using the Process Simulation Test (PST) distiltate samples hydrotreated at Sandia. 
These experiments were performed using both 1:l and 2:l solvent to coal ratios, at 4OO0C, 
with nitrogen overpressure. This quarter's experiments were performed under the same 
conditions with the original run 262E, V I  074 heavy distillate, and hydrotreated V I  074. Table 



1 shows the results of the previous experiments (tests using the PST solvents) and this 
quarter% experiments performed with the original V1074 heavy distillate and hydrotreated 
V1074 heavy distillate. The results in Table 1 are inclusive of fully dewaxed heavy distillate 
(Sample 1621-22-51), the 25% dewaxed slipstream sample (Sample 1621-22-5K) and the 
original run 262E heavy distillate from the V1074 stream at Wilsonville (Sample 1621-22-5). 
This quarter's results with the V1074 are shown in the bottom of the table and are highlighted 
in bold. In general, the liquefaction conversions are lower than the conversions for the PST 
samples and it appears that hydrotreating improves the conversion slightly. As was noted in 
the case of the PST samples, raising the solvent to coal ratio from 1 : 1 to 2: 1 increased the 
coal conversion for both the unhydrotreated and the hydrotreated tests. The most noticeable 
change in this set of data is the increased amount of pentane insolubles in the tests that used 
unhydrogenated distillates. As can be seen in Table 1 this mimics previous results with the 
PST samples and indicates possible solvent adduction reactions leading to higher yields of 
pentane insoluble material for the unhydrogenated solvents. Jhe pentane insoluble material 
was weighed and a subsample was dissolved in pyridine to be evaluated with a vapor 
pressure osmometer for molecular weight. 

Vapor Pressure Osmometer Results of Pentane Jnsoluble Material 

A Knauer vapor pressure osmometer was used to estimate the molecular weight of the 
pentane insoluble materials (often referred to as preasphaltenes plus asphaltenes, PA+A) 
from the donor solvent tests described in Table 1. Pyridine was used as the solvent, the 
analysis temperature was W C ,  and the osmometer was calibrated with pyrene (MW = 202, 
four point calibration). Table 1 also indudes the results of molecular weight determinations of 
the pentane insoluble material from the coal liquefaction tests with the heavy distillate 
samples. The number average molecular weights (Mn) are reported in the last column of 
Table 1. Results from the liquefaction tests indicate that the pentane insoluble materials from 
the liquefaction tests using a 2 1  Solvent to coal ratio have a Mn of approximately 450-480 
glmol. The pentane insoluble material from the liquefaction tests performed at solvent to coal 
ratios of 1:l have a Mn of approximately 600..620 glmol. The decreased molecular weight of 
the PA+A fraction for the 2 1  solvent to coal tests indicate that these materials could have 
incorporated more of the lower molecular weight solvent into them during liquefaction. It does 
not appear that the increased yields of PA+A in tests that used unhydrogenated solvent 
necessarily correlates with a higher molecular weight "asphaltene" since the molecular weight 
of the PA+A produced from hydrotreated solvents is nearly the same as for that produced with 
the unhydrotreated solvent. However, the PA+A samples from the unhydrogenated tests are 
noticeably darker in color and are somewhat glassy in texture (especially at solvent to coal 
ratios of 1 A). further characterization by field ionization mass spectrometry could possibly 
help interpretation of these results. 

~ 

I 
Trickle-Bed Reactor Catalyst Sulfiding 

Elemental analyses of the trickle-bed catalysts from the PST solvent hydrogenation 
experiments included nitrogen and carbon analyses to determine the effects of the distillate 
upon coke formation and catalyst deactivation. Results of carbon and nitrogen analyses for 
the used catalysts were reported in the January-March 1994 quarterly report. Sulfur contents 
of the catalysts were not measured at that time since it was calculated that complete 
sulfidation had occurred in the catalyst pretreatment step (based on gas flow measurements). 
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Subsequent sulfur analyses were performed on the used catalysts from the PST experiments 
to ascertain catalyst activity relative to sulfur content. 

Four reador tubes were connected in series for each of the PST tests. Catalyst samples were 
removed from the top, middle, and bottom of the reactor tubes and analyzed for carbon, 
nitrogen and sulfur content Table 2 shows the sulfur content of the used catalysts (previously 
determined carbon and nitrogen contents are also presented). Although the carbon and 
nitrogen content of the catalyst samples showed only small differences, the sulfur content of 
the samples varied significantly. Results in Table 2 show that the sulfur content of the catalyst 
decreased dramatically from the top of the first bed to the middle of the first bed. It is clear 
that the catalyst beds were insufficiently sulfided and this could have contributed to only a 
moderate (0.2-0.4 wt%) hydrogen increase in the PST product distillates. The source of the 
insufficient sulfiding was found to be a defective gas mass flow meter. None the less, the 
batch hydrotreating experiments performed in March (with fully sulfided catalysts) showed the 
practical upper limit of hydrogen increase for the dewaxed heavy distillate (1621-22-51) was 
approximately 0.9 wt% (396OC, 1400 psi H2, 60 minutes). A distillate hydrotreating test has 
been performed on the 1621 -22JK "slipstream" sample after the faulty flow controller was 
replaced. This test is reported below. 

Trickle-Bed Reactor Tests 

A series of three flow reactor tests were performed this quarter. Ail three tests used a 
supported nickel molybdenum catalyst (Shell 324), at the following conditions, 1400 psig H2, 
36!5-380%, at liquid hourly space velocities (LHSV) approximately equal to 1 hi'. The trickle- 
bed reador consisted of two 0.9 OD reactor tubes fastened together in series. Fresh catalyst 
was crushed to -20+40 mesh and packed in the reactor tubes which were subsequently 
installed in a convedively heated oven where the catalyst beds were sulfied in-situ with a 10% 
H$ in H2 mixture. Table 3 shows some selected samples and operating conditions for the 
trickle-bed reactor tests. The three different feedstocks were chosen to give a variety of feed 
aromaticities and hydrogenation tests were designed to evaluate a range of hydrogenated 
samples for donor solvent potential. Sample 1621 -22-5K was chosen to repeat one of the 
earlier PST runs, since the catalyst in the PST tests were inadequately sulfided. Post-run 
analyses of the catalysts from these experiments showed > 8% sulfur for all of the used 
catalyst samples indicating that the catalyst beds were adequately sulfided. 

Table 4 shows some preliminary results of nitrogen and sulfur content of the hydrogenated 
258k distillate. These numbers indicate to a first approximation, the degree of hydrogenation 
for these samples. As has been shown previously the samples indicate a lessening of 
catalyst activity with time on stream. Sample 60210 shows the effect of raising the 
temperature from 365OC to 380%. Further analyses of the samples will be performed in July. 

New Trickle-Bed Hydrotreating Unit 

This quarter, work was begun on the new continuously operated trickle-bed hydrotreating unit 
at Sandia. Stephen Lott of the Process Research Department has completed the design and 
unit fabrication started in June. The reactor is being built to support ongoing catalyst 
development work at Sandia and will be used in the Advanced Concepts project to evaluate 
the effects of different feed and processing conditions for distillatePlight SRC" hydrotreating 

3 .  Sandia National Laboratories AprilJune 1994 Quarterly Report 



tests. The reactor employs an extensive series of interlocking safety features including 
automatic shutdown and cooldown features. The reactor will be operated continuously and 
unattended to approximate a more 'lined-out" treatment regime than possible with the current 
reactor, which can only be operated while an attendant is present. This reactor will be 
versatile enough to pump low viscosity gas oil fractions as well as high viscosity residuum 
feedstocks. Operating conditions can be adjusted between ambient temperature and 600% 
and from ambient presswe to 2400 psig. To accomodate the construction the current trickle- 
bed reactor has been dismantled, the new unit should be operational in late September. 

Sandia National Laboratories April-June 1994 Quarterly Report 
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Figure 1. Calibration Curve for Combustion Elemental Hydrogen Analysis 
(forced through zero, r2=.97l) 
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Figure 2. Calibration Curve for Combustion Elemental Hydrogen Analysis 
(r2 = 0.994) 
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Table 1. Coal Liquefaction Results for PST Samples. (8lack Thunder Coal, 400°C, 
30 min., N2) 

Solvent 

Previous PST 
Tests 
Dewaxed 
oewaxed 
Dewaxed Hyd 
W a x e d  Hyd 

%H Solvl %IOM %PA+A %Oil %Gas %Conv** Mn 
(disty Coal (PA+A) 

9.09 1:l , 41.9 , 69.3 -16.2 5.0 58.1 1 600 
9.09 2: 1 31.2 76.8 -12.9 4.9 68.8 460 
9.41 1:l 36.0 57.7 1.3 5.0 64.0 600 
9.41 2: 1 31.9 62.8 0.1 5.2 68.1 450 

I 

Tabte 2. Post Reaction Catalyst Anafysis for Hydrotreating Tests 

Slipstream 1 9.53 I:I J 44.3 1 60.0 -9.2 , 4.9 55.7 600 

Sandia National Laboratories April-June 1994 Quarterly Report 

Slipstream 9.53 
Slipstream Hyd 9.74 
Slipstream Hyd 9.74 

2:l 1 34.9 I 80.9 -20.8 1 5.0 1 65.1 470 
1:l 39.5 ] 53.0 2.6 I 4.9 60.5 600 
2: 1 35.8 57.9 1.4 4.9 64.2 460 

This Quarter's I 
Tests 
V1074 9.79 1 1:l I 57.5 47.5 

VI074 Hyd 10.20 1:l 1 52.8 42.7 
VI074 9.79 2:l I 45.1 65.7 

1 
-1 3.1 8.1 1 42.5 610 
-18.0 7.1 54.9 480 
-1.6 6.1 47.2 620 

V1074 Hyd 10.20 , 2:l 1 43.4 , 51.2 I -1 .o 6.4 56.6 480 

PST Feed Bed Position % Carbon Nitrogen % Sulfur* 

1621 -22-51 Reactor 1 (top) 7.1 2620 5.0 
(ppm) 

1621 -22-51 Reactor 1 (mid) 7.0 3200 2.4 
1621 -22-51 Reactor 4 (bot) 6.6 3460 0.1 

1621-22JK I Reactor 1 (top) 7.2 2670 5.3 
1621 -22-5K Reactor I (mid) 7.q 3500 2.0 
1 62 1 -22-5K Reactor 4 (bot) 6.7 3420 0. A 

1 



Table 3. Selected Trickle-bed Hydrogenation Samples and Related Reaction Conditions 

Sample 

60207 
60210 

Feed Temperature H2 Pressure VHSV (h i ' )  
("c) (psig) 

Run 258k dist 365 1400 1.1 
Run 258k dist 380 1400 1.1 

I I I 

60805 Lummus Paste 365 
60809 Lummus Paste 380 

1400 0.9 
1400 1 .o 

Table 4. Selected Trickle-bed Hydrogenation Samples and Related Reaction Conditions 

62205 
62208 

1 
1 62 1 -22-5K 365 1400 1.2 
1621-22-5K 380 1400 1.2 

7 

Sample 

Feed 
60202 
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VHSV Temperature Pressure Time on Nitrogen Sulfur 
(hr-') ("C) (psig) stream (min) (ppm) (ppm) - - - - 5850 390 
1.3 365 1400 100 2160 31 0 

60204 1 .o 365 
60207 1.1 365 
6021 0 t 1.1 380 

1 400 1 160 2550 21 0 
1400 300 2950 280 
1400 390 2370 70 
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Michael Peluso, Proprietor 
609-737-712 1 Trenton. N.J. 08628 

August 3,1994 
Dt Ed Givens- 
Center for Applied Energy Research 
3572 Iron Works Pike 
Lexington, Kentucky 40511-8433 

1581 Reed Rd. 

Dear Ed: 

Subject: OUARTERLY PROGRESS REPORT FOR APRIL THRU JUNE 1994 
For the quarter ending June 30, 1994 the following subcontract services 
(UKRF425582-92-75) were performed in support of the DOE Advanced 
Concepts Program @E-AC22-91PC91040): 

BASELINE ECONOMIC ASSESSMENT 
No activity. 

PROCESS SIMULATION TESTING (PST) 
A total of 19 tests were made to simulate the first stage reactor 
performance under various operating parameters. The tests measured 
the effect on resid and coal conversion of: (1) full dewaxing and 
hydrotreating of the distillate portion of the recycle solvent, (2) partial 
dewaxing &d hydrotreating of the distillate solvent, (3) use of two 
incipient wetness catalysts(IW#l&#2), (4) use of two sulfated-hematite 
catalysts (P1 & P2), (5) use of oil agglomeration and (6) a moly-free 
recycle solvent. A summary of the single variable results is given below: 

Comparison Of Pairs Resid Conv'n(CAER) Coal Conv'n (CONSOL) 
Full DW & €€I' vs None 6 + 1.0 + 2.4 

Slipstream DW & HT vs None 2 - 1.0 + 0.4 

# of Test Average Percentage Point Difference 

Oil Agglomeration vs None 4 - 0.4 - 0.5 

Recycle Moly vs None * 3 + 7.6 

IW #2 vs As Rec'd Coal 1 (+ 9.1)"" 

IW #1 vs As Rec'd Coal 3 (+ 8.3)** 

p2 vs As Rec'd Coal 3 + 11.8 (+ 10.0)** 

€2 vs P1 1 - 1.0 (+ 2.1)** 

P2vsIw#l  3 - 0.4 (+ 2.1)** 

P2 vs Base Case Catalysts*** 2 + 0.7 

* Wvil le  Run #%2E Ashy Recyclc vs WR #258K Ashy Reeycle 
** CAER Coal Conversion Data 

1 0 0  ppm Fresh Molyvan L & 1 0 wt % WiO a la WR #263J *** 

+ 8.1 

+ 3.0 

+ 8.3 

+ 10.4 

+ 2.1 

+ 2.2 

+ 0.7 



It is noted from the above that: 
Full Dewaxing & Hydrotreating gave the expected results although 
some test results were questionable (i-e. #'s 18 & 19). However, 
the hydrogen uptake in the Hydrotreating step was much lower 
than expected, indicating that better results might be possible. 

Slipstream DW & HT results are surprisingly poor and may be due 
to one poor test result (#5)- 

As expected oil agglomeration had v'irtualy no effect on either 
resid or coal conversion. 

As expected the recycle of moly containing ashy resid gave much 
better results than the use of a moly-free ashy resid. 

P2 catalyst gave the best results. Tests at moly dosages comparable 
to the Molyvan L case are recommended. 

The IW# 1 catalyst gave good results and may have a production 
cost advantage versus the €2 catalyst. 

Discussions were held with both CONSOL and CAER concerning the 
results themselves, the need to repeat certain tests because of inconsistent 
results and the need to conduct additional tests (e.g. effect of Hydrotreating 
without Dewaxing) to enable comparisons to be made between key 
variables not covered by the original series of 19 tests. 

DEWAXED OIL HYDROTREATING 
Sandia's data from the recommended liquefaction tests with the as-is 
V-1074 distillate solvent and hydrotreated V-1074 were reviewed. The 
effect of hydrotreating was approximately the same as it was for the fully 
dewaxed and partially dewaxed materials. Coal conversion improved 
approximately 5 percentage points at the 1/1 solvent to coal ratio and 1.7 
percentage points at the 2/1 solvent to coal ratio. Increasing the solvent to 
coal ratio improved coal conversion significantly for both the as-is and 
hydrotreated V-1074 distillate. However, the best coal conversion result 
with the V-1074 material ( 2/1 S/C plus HT) was 7.4 percentage points 
poorer than the result with fully dewaxed and hydrotreated distillate at a 
111 solvent to coal ratio. Oil yield was significantly improved by 
hydrotreating the V-1074 distillate at both solvent to coal ratios. 

COST OF P2 CATALYST MANUFACTURE 
A study was begun to determine a preliminary cost for commercial 
manufacture of the p2 catalyst developed in the lab by CAER and to 
identify key cost items. The P2 catalyst has shown resid and coal 
conversion activity slightly better than the Base Case Wilsonville iron and 



. -. 
. .  

moly catalysts in the PST program. The P2 catalyst is a fine particle iron 
oxide material doped with 900 ppm of moly. Using CAER's lab procedure 
for producing the catalyst a possible commercial processing scheme was 
developed. Raw material quantities were determined and projected raw 
materials costs were estimated with assistance firom potential major 
suppliers.' At a given catalyst usage rate the cost of catalyst production 
was determined as a function of estimated catalyst plant capital cost. 
While the latter is a factor in determining catalyst production cost, it is not 
as important as raw material costs. P2 catalyst cost was compared 
against the Base Case Wilsonville catalysts costs on a dollars-per-barrel of 
liquefaction plant gasoline product basis. Variations from the reference 
case P2 catalyst production cost were evaluated. A significant reduction in 
€2 type catalyst costs occurs when the iron dosage on coal to liquefaction 
is reduced from 1.0% to 0.5%. The preliminary findings of this evaluation 
were discussed with CAER personnel. During this meeting it was learned 
that CAER had already begun investigating the effect of reduced P2 type 
loadings on resid and coal conversion. 

CATALYTIC DEWAXING OF THE DISTILLATE SOLVENT 
Mobil Research and Development was contacted concerning the possible 
application of their licensed lube oil catalytic dewaxing process. The use of 
catalytic rather than solvent dewaxing was thought to offer significantly 
lower capital cost. Mobil confirmed that the capital cost of a catalytic 
dewaxing (CDW) unit is usually about 60% of the capital cost of a solvent 
dewaxing (SDW) unit. However, the highly aromatic and high nitrogen 
content of our distillate solvent feedstock is very different than any 
material Mobil has tested with their process. Mobil believes that the high 
aromatics and nitrogen content of our feedstock would cause rapid 
deactivation of their catalyst, making the use of their CDW process 
impractical. Mobil offered to do pilot plant testing to make a definitive 
determination concerning catalyst deactivation but such testing is expensive 
and not likely to produce a favorable result. It was suggested that upstream 
removal of aromatics by a solvent extraction process (same scheme as in 
lube oil processing) would make the use of CDW feasible. The solvents 
typically used for solvent extraction of aromatics include furfural and n- 
methyl-2-pyrrolidone (Texaco licensed processes). The use of an upstream 
solvent extraction step has several potential advantages including; (1) 
relatively low capital cost for large feedrates, (2) simultaneous removal of 
nitrogen along with the aromatics, (3) a substantial reduction in feedrate 
and an enrichment in wax content of the resulting feed to a CDW or SDW 
unit, thereby substantially reducing dewaxing unit capital cost, and (4) 
isolating an aromatics enriched stream for hydrotreating. Texaco was 
contacted concerning the possible application of one of their solvent 
extraction processes. The above was discussed in detail at my meeting with 
CONSOL who intend to make soine batch solvent extraction tests. 



MISCELLANEOUS 
A preprint of a paper entitled, "Technueconomic Assessment of Dewaxing 
and Hydrotreating Recycle Distillate Solvent in Sub-bituminous Coal 
Liquefaction" was p~pared and submitted to the American Chemical 
Society. It will be presented at their August 1994 meeting in Washmgton, 
D. C.. 

Very truly yours, - 

cc: F. Derbyshire @ CAER 
G. Kimber @ CAER 
R. Winschela CONSOL 
R. Kottenstette @ SANDIA 

rnAd Michael Peluso f2-r 
LDP Associates 
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