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NOVEL EXPERIMENTAL STUDIES FOR COAL LIQUEFACTION 

Research  is being carr ied out in this project iu two .~reas which are of 

in teres t  to ongoing investigations at  the Pittsburgh Energy Technology Ceuter  

(PETC). They are- (a) behavior of slurry reactors  used for  indirect eoal 

l iquefaetiou,  and (b) eoal l iquefaction under supereritieal eonditions. The eurrent  

s ta tus  of eaeh of these tasks is summarized in this report,  
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TASK I: BEHAVIOR OF SLURRY REACTORS USED I~OR INDIRECT COAL 

LIQUEFACTION 

The conversion of synthesis gas to liquid products is usually carried out with 

the reactants  in the gas phase and a solid cata lyst .  Because of relatively poor heat  

t ransfer  from the gas to the solid, the exothermie heat  of reaction is diff icul t  to 

remove,  and care  must be taken to prevent the  ca ta lys t  from overheating with loss 

of select ivi ty and act ivi ty.  Slurry reactors  in which the catalyst  is suspended in a 

liquid medium and the gases are bubbled tl~ough the slurry have intrinsically b e t t e r  

heat  transfer character is t ics  and appear promising for indirect l iquefact ion 

processes. 

1.1 Scope of Work 

Experimental work is 

methanol from CO and H 2 via methyl formate .  

earbonylation of  a molecule of methanol to 

hydrogenation to form two molecules of methanol. 

presently being eoneentra ted  on the synthesis of 

The process eonsists in the 

methyl formate fol lowed by 

The kinetics of the individual 

reactions were first studied and the results have been included in previous progress 

reports. They are also presented in a paper which has been published in Fuel 

Processing Teehnolog~j(1). Subsequently, the two reactions were carried out 

concurrently -- both reactions taking place simultaneously in a single reactor. The 

concurrent react ion is very promising and we are concentrat ing experimental  work 

in Task 1 on fur ther  elucidation of the e f f e c t  of important  design parameters .  A 

paper describing some of these results has been submit ted for  publication. 



A modeling study is also being carried out by Dr. Y, T. Shah at the University 

of Tulsa. He is investigating, the non-isothermal unsteady s ta te  Fischer-Tropsch 

reaction. Experimental work which was begun on a previous project  and which was 

extended on this project demonstra ted that multiple s teady s ta tes  can exist for ~his 

reaction. 

1.2 Results and Hi~hli~hts 

During the quarl~er experimental  studies were concentra ted on the study of 

the concurrent synthesis--specifically the effect  of the ratio of the homogeneous  

t o  the heterogeneous catalyst  and the effect  of using al ternat ive homogeneous 

catalysts.  In addition, a paper describing work done on the concurrent synthesis 

was submitted to Fuel Processing" Technology for publication. A copy is attached as 

an Appendix. Some anomalous experimental data was obtained near the end of the  

quarter, and no explanation has been found as yet. In brief,  the difficulty is tha t  

changing the amount of heterogeneous catalyst seems to have li t t le ef fec t  on 

conversion rate. This is c o n t r a ~  to previous work which has indicated that  the 

controlling reaction is the hydrogenation step. Work is eontinuing to resolve this 

diff icul ty. '  

1.3 Effe~.  of Rat io of Homogeneous to Heterogeneous Cata lys t  

The concurrent synthesis of methanol (MeOH) is a combination of two 

sequential reactions--the earbonylation of a molecule of  MeOH t o  form methyl 

formate  (MeF) followed by the hydrogenolysis of Me~ to two molecules of MECH. 

Both reactions take place in the  same reactor. The carbonylation reaction uses a 

homogeneous catalyst,  and the hydrogenolys/s reaction uses a heterogeneous 

catalyst .  The ef fec t  of changing the ratio of the two catalysts  was investigated.. 

Five runs were made in the 300 cc av.toelave at a t empera ture  of 160 C, a 

pressure of 63.5 bar and a H2/CO rat]iJ of 2. A fixed amount (6 gin) o f  
2 



heterogeneous eatalyst (copper-chromite, United Catalyst G-89) was used with 

varying amounts of homogeneous catalyst (potassium methoxide, KOMe). The 

ratios used were 0.0, 0.0007, 0.0024, 0.0048, and 0.0108 moles of KOMe/gm Cu-Cr. 

In-situ reduction of the catalyst was used. The results are shown in Figure I. For 

the run with no carbonylation catalyst ,  the  conversion rate is very low. The fact 

that  there was any conversion at  all may be due to some residual KOMe le f t  in the 

reactor from previous runs. No deteatable  MeF was found in the liquid. For the 

other four runs the conversion r a t e s  at  30 hours are very similar, and the MeF 

composition in the liquid corresponded to equilibrium. All eonversion ra tes  decreased 

with temperature.  However, the runs using low and high ratios (0.007 and 0.0108) 

decreased more rapidly than the two runs with intermediate value rat ios (0.0024 and 

0.0048). The reason for this is not elear, but it does substantiate the conclusion 

drawn earlier in this work that there is an interaction between the two catalysts.  

The ra te  of change of conversion in the initial transient period is different 

for the five ratios used. The higher the rat io the more rapidly the conversion rate 

increases. This is undoubtedly due to the  fac t  that  more homogeneous catalyst 

produces MeF more rapidly, allowing the Mel ~ composition to a t t a in  equilibrium 

more quickly. 

1.4. Alternate  Homogeneous Catalysts  

The homogeneous catalyst used for the earbonylation react ion is MeOK. The 

source of the cata lyt ic  activity for  the  carbonylation reaction is in dispute. On the 

one hand, it has been attributed to the methoxide ion by Christiansen (3). This is 

supported by the findings of Trimm et al. (4) and others that  the potassium can be 

replaced by other cations. On the o ther  hand Imyanitov et al. (5) have reported 

that  salts other  than methoxides can be used as catalysts.  In the concurrent 

reaction the si tuation is still more complicated.  We have reported previously that 

3 
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there is an interaction between the homogeneous catalyst and the heterogeneous 

catalyst--probably by adsorption of the homogeneous catalyst on the solid.  

heterogeneous catalyst. To evaluate the possibility of using alternative 

homogeneous catalysts we carried out concurrent runs using potassium acetate,  

potassium carbonates and sodium aceta te  instead of potassium methoxide. All runs 

were carried out at the same operating conditions, and the results are summarized 

in Figure 2. Equilibrium MeF coneentrations were found for all catalysts af ter  an 

initial transient period. However, the MeOH formation rates for the three 

alternative salts were much lower than obtained using MeOK. 

A comparison of the performance of NaOMe and KOMe was also made during 

the quarter. The results are shown in Figure 3. In each case equilibrium 

concentrations of MeF were observed af ter  the initial transient period. The rate  of 

MeOH formation with NaOMe is smaller in every case than the rate  for the 

potassium salt. There is also a significant difference in the rate of deactivation 

for the two salts--with the sodium salt deactivating more rapidly. These results 

are being analyzed. 

1.5. Modeling of Non-Isothermal Fischer-Tropseh Slurry. Reactors 

Modeling studies for the Fisehe~Tropseh reaction when carried out 

adiabatiealy in a slurr~ reactor  were concluded by Dr. Y.T. Shah at the University 

of Tulsa. A final report was prepared and will be included with the final report for 

the project. A paper describing the work was completed and submitted for 

publication. It will be included in the next quarterly report. 

1.6 References Cited 

1. Liu, Z.; J.W. Tierney, Y.T. Shah and I. Wender, "Kinetics of Two-Step 

Methanol Synthesis in the Slurry Phase," Fuel Processing Teehpolo~r, 
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TASK 2: COAL LIOUEPACTION UNDER SUPERCRITICAL COb~DITIONS 

Supereritieal fluid:extraction is an attractive process pl;imarily because the 

density and solvent power of a fluid change dramatieally with pressure at near.. 

critical eoadltions. During the extraction of coal, the density of a supereritieal 

fluid should also change the extractability of the coal. Durin~ earlier quarters a 
.,. 

non-reacting supercritica/ fluid, toluene~ was studied to dete'rmine the effect, of 

~ensity on the coal extraction/reaction process, Extrabtions were'c/tried out for 2 

to 60 minutes at reduced densities between 0.5 and 2.0 and at temperatures 

between 647 and 698 K. The data obtained can be. explained by the hypothesis that 

coal dissolution is required preceding liquefaction reactions and that the de~ree of 

dissolution depends upon solvent density and temperature. A kinetic model shows 

that higher solvent densities result in faster eonversion rates and in higher total 

conversions. Two papers have resulted from this study. 

A second faet0r that makes supereritieal ext.-.aetion attractive is high mass 

transfer rates. At high pres.~ures, mass t'ransfer rates in a supercritieal fluid are 

much higher than in a liquid, despit~ the" fact that the supercritieal fluid has liquid- 
8 



like solvent powers. The object ive of  this work is to measure mess t ransfer  ra tes  

for  naphthalene extraet ion by earbon dioxide to enable us to determine how mass 

t ransfer  coeff icients  vary with pressure, flow rate,  and bed height, since these 

parameters  will influence the design of extraction or react ion processes which 

util ize supercrit ical  fluids. Ult imately,  such measurements  will be extended to 

coal/supereri t ieal  fluid systems to help define the flow ra te  and liquid/solvent 

ratios that  would be appropriate for a supereritiea] system. 

2.1 Results and_Highlights 

During this quarter,  we obtained data for equilibrium solubilities and mass 

t ransfer  coefficients  in multiple layers of-~:olid naphthalene pellets at  suberit ical  

conditions (35°C and 10-50 arm). 

Those equilibrium mole fractions of naphalene in CO 2 at 35°  were 4-58x10 -5 

and 7.00x10 -5 at 10 ~tm and 50 a%m, respectively.  The obtained m ~ s  transfer  

coeff ic ient  data were shown in Table O. 

2.2 Future Work 

Next quarter, we will continue experimental studies of  mass transfer  in multi 

layers of solid naphalene pellets at  45°C and 55°C. We will also review the 

implication of these results for  coal liquefaction. 



Table I" MASS TRANSYER COEFFICLENTS AND DIMENSIONLESS GROUPS 17OR TWO 
LAYERS OF NAPHTHALENE PELLETS AT 36°C AND 10 - 50 ATM 

Run Velocity (i/rain) y xl0 2 G x 10 2 
No. at 0 C, 1 a tm (mole-fraction) (gr /em2 see) 

ky I~ 4 . 

(gmole/em2 sac) 

10 -2  1.060 0.00442 
10 - 8  1.134 0.00424 
10-  9 1.840 0.00380 
10 - 4  3.825 0.00342 
50-  6 2.184 0.00649 
50 - 7  4.141 0.00622 

0.373 0.832 
0.399 0.589 
0.047 : 0.557 
1.346 0.836 
0.769 1.144 
1.458 1.698 

Run 
No Re Jd Sh Gr x 10 -6 Sh Se -1/3 Gr S c x  10 -7 

10 - 9 11.450 1.620 23.846 
10 - 9 12.248 ~.071 16.864 
10-  9 19.837 0.625 15.940 
10- 4 41.205 0.451 23.898 
50-  6 21.348 1.520 49.429 
50 -7  40.338 1.189 73.076 

0.00008 
0.00008 
0.00009 
0.00010 
0.01133 
0.01162 

18.555 
13.122 
12.403 
18.595 
32.450 
47.974 

0.00002 
0.00002 
0.00002 
0.0O002 
0.00400 
0.00411 

10 



2.1: NOMENCLATURE 

dp: Average diameter of sphere possessing the same surface area as a piece of packing 
[em]. 

Dr: Moleeular diffusivity [em21see]. 

g: Gravitational acceleration [era/see2]. 

G-- Average superficial mass velocity [g/em 2 see]. 

Gr: Grashof number -- dp 3 ff ¢ ~p/m 2. 

Jd: Mass transfer factor = ShRe -1 Se -1/3. 

ky: Mass transfer coefficient [g mole / em 2 see mole-fraetion]. 

Mav: Average molecular weight [g/g mole]. 

Rm Reynolds number = p d~ Us/M. 

Se: Sehmidt number -- M/¢ D v. 

Sh: Sherwood number =lcy May dp / ~ D v. 

Us: Superficial velocity [em/see]. 

GREEK LETTERS 

p: Average denisty over the bed length [g/em3]. 

oi: Density at solid-solvent interface [g/em3]. 

~D~ Average density d i f ferenee= Pi"  P [g/era3]" 

~: Viseosity [g/em see]. 
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