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Task I: Thermal Behavior of Slurry Reactors Used for 7ndirec t Coal 
Liquefaction 

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

with the reactants in the gas phase and a solid catalyst. Because of 

relatively poor heat transfer from the gas to the solid, the exothermlc heat 

of reaction is difficult to remove, and care must be taken to prevent the 

catalyst from overheating with loss of selectivity, and actlvlry. Slurry 

reactors in which the catalyst is suspended in a liquid medium and the gases 

are bubbled through the slurry have intrinsically better heat transfer 

characteristics and appear promising for indirect liquefaction processes. 

Scope of Work 

In Task 1 of this project the thermal behavior of slurry, reactors when 

used for indirect coal liquefaction is being studied. Previous work with a 

ruthenium catalyst has shown that two distinct steady states can be found for 

identical operating conditions. Other catalysts and operating conditions are 

being studied. 

Work is being done using three indirect liquefaction routes involving 

synthes is gas--the Fischer-Tropsch reaction, the one-st ep coverslon to 

methanol, and the two-step conversion ~o methanol. 

R~sul ts and H~hl i~hts 

Experimental work during the last quarter was concentrated on examining 

the second step of the two step process--the hydrogenolys~s of the formate (in 

these experiments methyl formate) using a Cu-Cr (United Catalyst G-89) 

catalyst. Preliminary work indicated that the catalyst activation procedure 

was not producing uniformly active catalyst, and an /reproved control system 

for programming the temperature profile during activation was developed. 
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_ _  

Some t r i a l  t u n s  w e r e  made  t o  d e t e r m ! n e  a p p r o x i m a t e  r e a c t i o n  r a t e s .  

R e s u l t s  a r e  shown i n  T a b l e  [ .  At  100 C and 400 p s i g  t h e  r e a c t i o n  r a t e  i s  

low. Raising the pressure to 800 pslg or the temperature co 120 C gives good 

reaction rates. 

The conversion of methyl formate no methanol should be essentlally 

complete at equilfbrl,m according to  calculaclous based on the equLl~brlum 

c o u s t a n t  f o r  t h e  h y d r o g e n o l y s t s  r e a c t i o n .  Fo r  e x M p l e  a t  315 p s i g  and 120 C 

the equ~l~hrlum liquid composition should be less that 0.01 mole fraction. 

This would imply that in analyzing the kinetics of the reaction, it is only 

necessary to consider the forward reaction. This was checked in the runs 

shown in Table 2. There was no increase in methyl formate over a long period 

whe~ ~he starting solution ¢onta/ned 0.9997 mole fraction methanol and 0.0003 

mole fraction methyl formate at 120 and 140 C. A mlxture conta£nlng 0.9137 

methyl formate was converted to 0.9987 methanol in Ill hours. 

The re  has been some concern than wh~ the hydrogenolysls reaction is 

carried out in the s~e reactor as the carbonylation reaction, the CO present 

may have a deleterious effect on the hydrogenation catalyst. A batch run was 

made to determine if thls effect would significantly reduce the catalyst 

p e r f o r m a n c e .  The  r e s u l t s  a r e  shown in  F i g u r e s  1 and 2. F i g u r e  I shows a p l o t  

o f  t h e  p a r t i a l  p r e s s u r e  o f  h y d r o g e n  v e r s u s  t i m e .  The  p a r t i a l  p r e s s u r e  

d e c r e a s e s  as  t h e  r e a c t i o n  p r o c e e d s  snd t h e  r a t e  o f  d e c r e a s e  I s  a m e a s u r e  o f  

t h e  r a t e  o f  r e a c u i o n  as shown i n  F i g u r e  2 .  F o r  ~he f i r s t  p o r t i o n  o f  t h e  r u n  

(t<85) the reactor was initially pressured with pure hydrogen. At t~85, 

sufficient CO was added to make the CO/H 2 ratio 0.25. Tree total pressure, of 

course increased, but the hydrogen partial pressure did not. At t-165 and 

aga/n at r=330 more CO was added. It c a n  be see from FiEure I that the 

decrease in hydrogen partial pressure chang~ smoothly and does not seem to be 



Table I 

Rate of Hydrogenolysis of Methyl Formate 

(Catalyst Leading: 16.7 g/liter) 

Temp. 

('C) 

P Cm eF l~at e 

(p s ~ ) (rnol el 9.) (too! e/mln. £ ) 

i00 400 14.8 

120 400 14.4 

120 800 9.5 

0.0018 

0.0049 

0.0182 
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T~le2 

Veriflca=ion of F..quilJ.bru:lm Composltlon for Eydrog.,nolysls 
of Methyl Formate 

T~mD. 
i 

(oC) 

120 
140 
140 

Mole Fraccion 
Pressure lultlal F~ual Time 

160 o.o3 99.97 <0.03 >99.97 64 
820 91.37 8.63 0.13 99.87 111 
300 0.03 99.97 <0.03 >99.97 24 



Ltl 

600- 

540- 

4BO" 

,z, 
g 

~ -  4 2 0 -  

360- 

300- 

~" 240- 

1BO- 

u i I 

I # CO/It2 = O Z5 CO/H2 = 04~ CO/lI2 ~ I.O C0,/1~2 == 0 . 0  

I , . ,  ~ • i 
I I i I 111~,,,,._._ I 
! = I ' i ~ ib , , , . .  _ I 
L ~  ~ L ' ~ .  I 
~ ' ' ~ - - = i - - : - - ~ - ~ - ,  - - ;  ~ F -  . . . .  " . . . .  ~ : - ~ - - i  . . . . .  ~ . . . .  I - - - " "  . . . .  i ~ : ~  ~ ' "  . . . .  ~ ' - ' ~  
0 4 0  BO 120  160  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  

REACTION TIMr  (mln3 

Figure 1 

Partial pressure of hydrogen tn batch reactor during hydrogenolysts of 
methy] formate with varying amounts of CO present. 
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affected By the CO present. The reaction rate in Figure 2 shows the same 

trend. I~ seems from these results that the presence of CO does not ~=f~t 

the the conversion of formate to methanol. 

Fu~are Work 

Durin E the next quarter work will be continued on the hydrogenolysis and 

carbonylatlon reactions for the two step ?rocess. " Measurement of the thermal 

effects for the Fischer-Tropsch synthesis will be resumed using an Fe/Cu/K2CO 3 

catalyst which is being obtained. 

Task 2: .Coal Liquefaction under Supercritical Couditious 

Supercrltical fluid extraction is an attractive process primarily because 

the ~enslty and solvent power of a fluid changes dramatically with pressure at 

near critical conditlous, and during the extraction of coal, the density of a 

supercritlcal fluid should also change the extractability of the coal. During 

earlier quarters a non-reacting supercritical fluid, toluene, was studied to 

determine the effe=t of density on the coal extractlon/reaction process. 

Extractions were carried out for 2 to 60 mlnures 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 deEree of dissolution depends upon solvent 

density and temperature. A kinetic model shows that higher solvent densities 

result in faster conversion rates and in h~gher total conversions. Two papers 

have resulted from this study. 

A second factor that makes supercrlnlcal ~tractlon attractive is h~4~h 

mass transfer rates. At h/~h pressures, mass transfer rates in a 

supercrltlcal fluid are much higher than in a liquld, despite  the fact that 



~he s u p e r c r i t i c a l  f l u i d  has  i l q u i d - l i k e  s o l v e n t  p o w e r s .  The  o b j e c t i v e  o f  n h i s  

work i s  to  m e a s u r e  mass t r a n s f e r  r a t e s  f o r  u a p h t h a t e n e  e x t r a c t i o n  by  c a z b o n  

d i o x i d e  to  e n a b l e  us  to  d e t e r m i n e  how mass t r a n s f e r  c o e f f i c i e n t s  v a r y  w i ~ - - ~  

p r e s s u r e ,  f l o w  r a c e ,  and bed  h e / g h c ,  s i n c e  t h e s e  p a r 2 m e t e r s  w i l l  i n f l u e n c e  t h e  

design of extrac tion or reaetiou process es which util Iz e supercrl¢Ical 

fluids. Ulti~ately, such ~easurements wlll he ex~ended to coal/supercritlval 

fluid systems to help deflue the flow rates llquld/solvent ratios tha~ would 

be appropriate for a supercrltlcal sy-ctem. 

2. _R~vlew of ~ass Transfer/Equ/llbr~.U, der SuFercrltlcal Coadltlous 

: Over the past few years, s/gnlflcant in~?res~ has been expressed in a 

separation concept where/n a condensed phase (llquid or solid) is contacted 

with a fluid phase that is supercrltlcal both in a ~elperacure and pressure 

sense. Several ~ndustrlal extraction processes have been developed -- such as 

deasphaltlng petroleum with supercritical propane (I) and decaffelnatirtg 

coffee with supercrltical carbon dioxide (2). Other examples would include 

deashlng coal liquids (3) and regenerating activated carbon with carbon 

d i o x i d e  ( 4 ) .  

S u p e r c r i t i c a l  c a r b o n  d i o x i d e  i s  a p a r t i c u l a r l y  a t t r a c t i v e  s o l v e n t  f o r  

p r a c ~ I c a l  a p p l i c a t i o n s  b e c ~ , s e  i t  i s  non| :ox ic ,  n o u f l a e e a a b l e ,  e n v i r o n m ~ t a l l y  

acceptable, and relatively inexpensive. The critical t e m p e r a t u r e  of carbon 

dioxide is only 304 K and thus extractions can he accomplished at moderate 

~emperatures where thecmal degradatlou of heat-labile exnraccs is minimal. 

One of the ci~ed advantages for using supercrltlcal fluids as exeractants 

is that the diffusion coefflc£ents are slgnlflcanrly h~her than for liqu~d 

systems while the vlscosity more closely approximates that of a gas. Such 

trends would lead one Do conclude that mass transfer characneris~ics of 



s u p e = c r f t i c a l  ~ u ! d s  may b e  b e t t e r  than compara~!e  e x t r a c t i o n  ca.crled o u t  in  

the normal llquid phase. 

There are few experimental data for diffusion coefficients 9f solutes in 

supercrltlcal fluids. Those available are shown in FiEure 3 where diffusion 

coefficients are plotted as a function of reduced pressure of the solvent 

gases for the systems C02-napthalene, C02-~enzene, and ethylene-uapthalene. 

The low-pressure data show DAB to Be inversely proportional to pressure, But, 

approximately, DAB ~ pl/2. The range of reduced temperatures shown in Figure 

3 is 0.97 to 1.09. At hiEher temperatures, DAB would increase. 

There is an Int'erestlng dlscon~Inulty in F~ure 3 for the sys~en CO 2- 

napthalene at 35°C. At a pressure of a~out 80 ~ 81 bar(P r ~ 1.09), the lower 

critical end point is attained and the diffusion coefficient is essentially 

zero (5). The chanEe In DAB , as this critical point is approached, is very 

abrupt. Diffusion coefficients have not Been reported for systems near the 

upper critical end points, But judging from the general trend of liquid-liquid 

systems near critical points (6, 7), it would be expected that diffusion 

coefficient would be very small ~n this region. In general, even though one 

has few data, it would appear that the binary diffusion coefficients for 

solutes in supercrltlcal gases are around 10 -4 cm2/s for Pr values of I ~ 5 

and T r values of I ~ 1.2. 

In the pressure and =emperature range where most supercrltlcal 

extractions would be operated, there are no generally accepted correlations 

for mass transfer coefficients. Storck and Coeuren (8) and Wilson and 

Geankoplis (9) have revla~ed liquid phase relatlous wh/le Gupta ~nd Thodos 

(i0) cover dilute gas phase system. Both Bradshaw and Bennett (ii) and 

Pfeffer (129 point out that due to the difference in Schmldt numbers, llqulds 
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and gases would be expected to have different correlatlous for the mass 

transfer coefficient. 

It is the purpose of thls work to measure mass transfer coefficients and 

to compare their dependence on pressure and temperature to the correspondlng 

dependence of diffusion coefficients. In this way, the relationship between 

diffusion coefficients and mass transfer coefficients can be determined. 

Progress Darius the PastQuarter 

Fourteen samples collected during the previous quarter were analyzed and 

showed no traces of napthalene wblch was to have been extracted. Thls is an 

imposs~le result and led to re-evaluatlon of the experimental design. A new 

configuration has been constructed with the emphasis on obtaining much larger 

flows than In the previous design. A new graduate student, G. B. Lira, has 

replaced the student previously working on this project and has completed the 

redesign of the apparatus. Several ~xperimental runs will be conducted during 

the next quarter. 

Experimental Design 

The schematic diagram of the revised experimental apparatus is shown in 

~igure 4. Liquid carbon dioxide is pumped into the system via a high-pressure 

Milton-Roy liquid pump. Pressure Is controlled to the desired pressure by 

using a back pressure regulator and pressure fluctuations are dampened wlth an 

ou-llne sure tank. The system coas~sts of a preheater which allows the 

solvp.nt to reach the desired temperature and the extraction vessel 313 cm 3 In 

volume, 25.67 cm in length an4 3.87 cm in diameter. The extraction vessel is 

packed wlth napthalene pellets which have been made from pure napthalene using 

a die. The he~Eht of the packing In the bed can be changed by uslnE inert 

packing at the bottom and the top of the bed. The inert packln E material 

being used is nylon rods of similar shape and size as the pellets. Another 

II 



~ i v a n t a g e  i n  u s ~  t he  i n e r t  p e l l e t s  i s  to g e t  r i d  o f  end e f f e = t s  In  t h e  . 

packed bed  b e i n g  used  as t h e  e x t r a c t o r .  P r e s s u r e  a t  t h e  i n l e t  o f  e x t r a c t o r  

will be measured using a pressure transducer. The temperature of the 

extractor will be measured at the inlet and outlet. 

The fluid mixture coming out of the extractor is depressurized t o  

atmospheric pressure by passing it through a heated meterlug valve, The 

dissolved solids precipitated in two U-tubes (ice temperature) in series 

following the valve. Both tubes are packed with glass wool at the outlet. 

The Instantaneous flow rate of the gas leaving the extractor is measured usLnE 

a =ot~eter and the total ~-ount of gas flow is measured with a calibrated wet 

t e s t  meter. 

As the U-tubes will be initially tared, the mass of preclpitated solid 

will be found by we~hlng the t-abes after an experiment. With this value aud 

total amount of gas r-low from wet test meter, the mole fraction of solids lu 

the supercritlcal fluid can be readily determined, l~,e inlet stream 

temperature ad pressure of wet test meter will be also measured. 

The whole apparatus is rated for a pressure of 5,000 psl. At the 

beginning of experiment, we use the upper vent line (valve 14 in Figure 4) in 

order to reach steady state for a given flow rate, temperature and pressure. 

After we get steady state, we can obtain data using the lower vent line (valve 

13 in F~ure 4). All measured temperatures and pressures are recorded on a 

data logger. 

The p~.rameters that are 5e/ng studied are: 

a. eff~t of flow rate on solubility of uapthalene in carbon 

dlcxlde at different pressures and temperatures; 

b. effect of bed he.hi on the mass transfer coefficient under 

supercrltical condltlous; 

12 
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c. affect of flow rate on the mass transfer coefficient uuder 

supercr~tleal conditions; 

d. effect of pressure on the mass transfer coefficient under 

supercrltlcal conditions. 

The experimental coudltlous are as follows: 

System: Napthalene - CarBon dioxide 

Pell et charac~eris tics ~ 

Material : Nap thal ene 

Shape: Cyl indrlcal 

Size: LenEth (ram) = i0 

Diameter (ram) = 4.5 

~e~ht of Bed (c.m): 13.3, 8.9, 6.7 

Temperature of Bed (oK): 308, 328 

Pressure (psi): 1470, 2205, 2940, 3675 

Flow rate (Std. Lit/Min at 70°F and i a~m): 4 ~ 40 

Calculation of Mass Transfer Coefficients 

The measurement of mass transfer coefficients is based upon the following 

equatiou: 

dN A = dCVYA) = ky (YiA - YA) dA = ~(YIA - YA) aSdZ (I) 

where 

NA: 

V: 

'q.. 

the molal rate of transfer of component A in moles per uult tlme 

the molal flow rate of the gas phase 

i n d i v i d u a l .  ~ s s  transfer coefficient in moles/area/tlme 

the mole fraction of component A in bulk of gas phase 

14 



Y~_%: 

A: 

a: 

S: 

Z: 

the mole fraction of component A at gas side of interface 

(assume to be equllibrlum) 

the ~otal area of interface for mass transfer (area of .pellets 
F 

in packed section) 

the area of interface per unit volume of packed section 

the total cross section area of column 

the height of packed section 

Here, 

v = v---i-" C2) 
i - Y. 

~here V" is molal flow rate of inert component in moles per uniE time 

Therefore, 

q 
d (VY A) = V" d(1_--~A) = V" 

dZA ~q 
= V-- ci_y#2 t-q (3) 

From equaclons (i) and (3) 

Y k [ out dYA a Z T 
t-z-- S 

~YA,i~-- 0 (I-zA)(Y~- Y.~) ~ o 
dZ 

where %y is ~he averaged molal mass velocity of the gas in moles per unit 

area per unit time° 

15 



For dilute gas (i.e., i - YA ~ I) 

[Your dYA k a 
~ .~  = "A-YA (_z_) zT " o  GMy 

where Y*A is equilibrium mole fraction. 

By Integration and rearrangement 

ky = ( ) ~u ( . A ) 

YA- Your 

Youl can be determined by the amount of napr/~alene precipitated and total 

~ou~t of carbon dlox~de passed through the experimental apparatus durlug the 

given time. 

Y 
out 

NCIoH 8 

SCloH8 ÷ Nco2 

NCIoH 8 = 

WC i OR8 
Mol. Wt. (128) ' 

PV 
NCO 2 ffi ZRT ' (Z = 0.995) 

16 
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