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Task I: Thermal Behavior of Slurry ' Reactors use d .... for 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 catalyst. Because of 

relatively poor heat transfer from ~the gas to the solid, the exothermic heat 

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

catalyst from overheating with loss of selectivity and activity. Slurry 

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

are bubbled through the slurry have intrlnsieally better heat transfer 

characteristics and appear promising for indirect liquefaction processes. 

Scope of Work 

In task I 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 

synthesis gas -- the Fiseher-Tropsch reaction, the one-step conversion to 

methanol~ and the two-step congersion to methanol, 

Results and Hibhl!$hts 

The experimental work during the last quarter was concentrated on 

determination of kinetic parameters for the reverse carbonylation reaction, an 

experimental study of effect of CO and CO 2 on the hydrogenolysis catalyst, and 

evaluation of the simultaneous two-step methanol synthesis in a single stage 

reactor based on the kinetic data obtained. 



Using the experimencal da~a obtained previously for carbonylation of 

methanol, a non-linear regression method was used to determine ~he kinetic 

parameters for the reverse carbonylatlon reaction. The activation energy for 

the reserve reaction was found to be 139.6 + I.I [kJ/mole]. The average error 

of the regression was 7.1%. The overail reaction rate for the carbonylatlon 

of methanol using potassium methoxide catalyst at temperatures of 60 - ll0°C 

was found to be: 

r I = 4.11x107 exp (-I0126/T) CcataCMedHPC0 

-l.70x1017 exp(-16788/T)CcataCMe F (1) 

Comparing the present result to Tonner's results (1983) which were 

obtained using sodium methoxide as the catalyst, the same reaction orders to 

methanol, CO and catalyst were/found for the forward reaction. Tonner found 

the activation energy of the forward reaction was 67 kJ/mole compared to 84.2 

found in this work using a potassium cataiyst, A comparison of rate constants 

for the forward earbonylatlon reaction is Shown in Table I and indicates that 

the potassium catalyst has a higher activity than sodium catalyst, which is 

consistent with Tonner's finding that a lower ionization potential of an 

alkali metal results in a higher catalytic activity. The kinetic parameters 

for the reverse reaction have not been reported previously in the literature, 



Table [ 

Comparison of Carbonylatlon Rate Constants (12mol-2min -I) 

Temperature Catalysts 
(C) This'"Study Tonner 

CH30K 

50.0 0.00617 0.00330 

60.0 0.01630 0.00740 

70.0 0.04073 0.01433 

The fast carbonylatlon rate and fast equilibrium observed in the 

experiments indicate the existence of an active intermediate, which has 

equilibriium relations with both reactants and product. The mechanism 

proposed' by Christiansen (1919) can be used to describe both forward and 

backward reactions as 

CH3OOCH + CH30- == (CH300C)- + CH3OH (2) 

cH3ooc- == cH3o- + co (3) 

L-, 

A strong equilibrium limitation on carbonylation of methanol was found. 

The equilibrium methanol conversion depends on temperature and is shown in 

Figure I, which is calculated from Equation i. For a reaction carried out at 

80°C, as reported by Agulio and Horlenko (1980), the equilibrium conversion of 

methanol is about 53%. If the reaction is to be carried out simultaneously 

with the hydrogenolysis reaction, a higher temperature, say 120°C, is required 

for the hydrogenolysis. The equilibrium methanol conversion at 120°C is only 

about 14%. Reported studies on hydrogenolysis are usually in the temperature 

range of 140 - 180°C, at which the equilibrium methanol conversion is less 
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than 7%. This equilibrium limitation casts some doubts about the feasibility 

of carrying out both reactions slmul~aneously in a single reactor. 

Study of the effect of CO on the hydrogenolysis catalyst continued in the 

last quarter. A batch reaction method similar to that used for the 

carbonylation runs was used for these experiments. The total pressure and the 

liquid composition were measured and used to calculate the reaction rate. 

Combining the data obtained in the last quarter with those obtained for 

hydrogenolysis previously~ a non-linear regression was used to determine the 

kinetic rate e~pression for the hydrogenolysls of methyl formate using G-89 

catalyst. A power law and nine different Langmuir-Hinshelwood type rate 

expressions were used to fit the experimental data. The mechanism proposed by 

Sorum was also tried. The best fit was found to be: 

r2~ 
1871.5 exp(-8348./T) CMeFPH2Ccata 

I + 40.039 CMe F + 0.096 PCO 

(4) 

The activation energy was found to be 69,4 + 2.0 [kJ/mole]. A comparison of 

the experimental and predicted reaction rates is shown in Figure 2. Average 

error of the regression is 10%. 

Although Equation 4 is empirlcals it suggests that methyl formate 

dissociates into two groups after being adsorbed on the catalyst surface and 

that the reaction occurs either between the dissociated methyl formate and 

hydrogen in the liquid or between the dissociated methyl formate and adsorbed 

hydrogen on different active sites, and the coverage of hydrogen on the 

catalyst surface is small. Since one methyl formate is converted into two 

methanols, the dissociation of methyl formate is likely. Since the 

hydrogenolysls reaction is carried out in a methyl formate rich atmosphere, 

the small coverage of hydrogen on the surface is understandable. The term for 



i I I i ; i  

0.012 - o ~  1 Hydrog+nolvslo of Uethyl Form 

"~ , . 

db&~ 8 I1' 

0.004 
C ~  • • 

0.000 , .L, , , , + , 
o.ooco.oo= o.oo+ o.ooe 0.008 o.olo o.o1= 

Experimental (mole/I rain) 

Figure 2. Comparison of predicted and exper.imental 
rate of reaction per hydrogenolysis of 
methyl formate. 



partial pressure of CO in the denominator indicates adsorption of CO on the 

catalyst surfaces which suggests that the inhibitory effect of CO on the 

hydrogenolysis rate is due to competitive adsorption of CO and methyl formate 

on the same active sites. 

The apparent activation energy obtained in this study is somewhat higher 

than that obtained by Monti et al. (1986) and Sorum and Onsager (1984). This 

may be a result of different catalyst reduction methods as well as different 

ranges of reaction temperature used. A comparison of calculated reaction 

rates is shown in Figure 3. The rate observed in this study is comparable to 

that reported by Monti et al. but much lower than that of Sorum and Onsager. 

Gas phase catalyst reductlon was employed in this study and in that by Montl 

et al, while a liquid phase reduction was used by Sorum and Onsager. Perhaps 

the differences are due to the method of catalyst reduction, 

The effect of CO on the hydrogenolysls rate observed in this study ~s 

different from that reported by Monti et al. as shown in Figure 4. They found 

a stronger effect of CO on the hydrogenolysis reaction in the CO pressure up 

to 40 atm. Different catalyst reduction temperature may be partially 

responsible for this difference. The deleterious effect of CO was found to he 

partially reversible when CO was removed. The reaction rate before feeding CO 

to the reactor was found to be 10% higher than =he rate after exposure to CO. 

Since a small percentage of CO 2 is usefully presented in synthesis gases, 

the effect of CO 2 on the hyd~ogenolysls was also measured. After adding 0.6~ 

CO 2 to the reactor in the gas phase a 40% reduction in the hydrogenolysis rate 

was observed. The deactivation of the copper chromite catalyst by C02 was not 

reversible upon removal of the CO 2. 

Rate constants for the carbonyla~ion and the hydrogenolysis reactions are 

listed in Table 2 and indicate that carbonylation and decarbonylation rates 
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are much faster than the hydrogenolysls rate at the same temperature, The 

rate limited step in the case of simultaneous two-step reactions would be the 

hydrogenolysls, 

Table 2 

Variation of Rate Constants with Temperature 

Carbonylation R~dro~enolysis 
Temp. k k" k 

100 0.000032 0.0014 0.00000018 

Ii0 0.000265 0.0477 0.00000105 

140 0.000924 0.3774 0.00000296 

160 0.002868 2.4675 0.00000758 

k : rate constant for forward reaction 
k" : rate constant forreverse reaction 

The kinetic information obtained in this study indicates that carrying 

out the two reactions in a single reactor has the disadvantage that the 

reactor cannot be operated at optimum condition for both reactions at the same 

time. Severe problems would be equilibrium limitation of carbonylatlon a~d 

low reaction rate of hydrogenolysls. 

Future Work 

During the next quarter~ work will emphasize experimental study of 

simultaneous two-step reactions in a single-stage slurry reactor. 
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Task 2: Coal Liquefaction under Supercrltlcal Conditions 

Supercritlcal fluid extraction is an attractive process primarily because 

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

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

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

earlier quarters a non-reacting supercrltical fluldp toluene, was studied~o 

determine the effect of density of the coal extractlon/reaction process. 

Extractions were carried 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 degree of dissolution depends upon solvent 

density and tempe@ature. A kinetic model shows that higher solvent densities 

result in faster conversion rates and in higher total conversions. Two papers 

have resulted from this study. 

A second factor that makes supereritical extraction attractive is high 

mass transfer rates. At high pressures, mass transfer rates in a 

supercirltieal fluid a@e much higher than in a ilquld, despite the fact that 

the supercritlcal fluid has liquid-llke solvent powers. The objective of this 

work is to measure mass transfer rates for naphthalene extraction by carbon 

dioxide to enable us to determine how mass transfer coefficients vary with 

pressure, flow rate, and bed height, since these parameters will influence the 

design of extraction or reaction processes which utilize supercritlcal 

fluids. Ultimately, such measurement will be extended to coal/supercritical 

fluid systems to--help define the flow rates liquld/solvent ratios tha~ would 

be appropriate for a supercritical system. 



Review of_ Mass Transfer/Equilibrlum Under Supercrltigal Consitlons 

Over the past few years, significant interest has been expressed in a 

separation concept wherein a condensed phase (liquid or solid) is contacted 

with a fluid phase that is supercritlcal both in a temperature and pressure 

sense. Several industrial extraction processes have been developed such as 

deasphalting petroleum with supercrltical propane (I) and decaffeinatlng 

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

deashing coal llquids (3) and regenerati.g activated carbon with carbon 

dioxide (4). 

Supercrltical carbon dioxide is a particularly attractive solvent for 

practical applications because it is nontoxic, nonflammable, environmentally 

acceptable, and relatively inexpensive. The critical temperature of carbon 

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

temperatures where thermal degradation of heat-labile extracts is minimal. 

One of the cited advantages for using supercrltlcal fluids as extractants 

is that the diffusion coefficients are significantly higher than for liquid 

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

trends would lead one to conclude that mass transfer charactersltlcs of 

supercritical fluids m~y be better than for comparable extractions carried out 

in the normal liquid phase. 

There are few experlmental data for diffusion coefficients of solutes in 

supercritical fluids. Those available are shown in Figure 5 where diffusion 

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

gases for the systems C02-napthalene , C02-benzene , and ethylene-napthalene, 

The low-pressure data show DAB to he inversely proportional to pressure, but, 

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

5 is 0.97 to 1.09. At higher temperatures, DAB would increase. 



There is an interesting discontinuity in Figure 5 for the system C02- 

napthalene at 35°C, A= a pressure of about 80 " 81 bar (Pr ~ 1.09), the lower 

critlcal end point is attained and the diffusion coefficient is essentially 

zero (5). The change in DAB, as this critical point is approached, is very 

abrupt. Diffusion coefficients have no~ 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 

coefficients would be very small in this region. In general, even though one 

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

solutes in supercritlcal gases are around 10 -4 em2/s for Pr values of 1 - 5 

and T r values of I ~ 1.2. 

In the pressure and temperature range where most supercrltical 

extractions would be operated, there are no generally accepted correlations 

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

Geankqplis (9) have reviewed liquid phase relations while ~upta and Thodos 

(I0) cover dilute gas phase systems. Both Bradshaw and Bennett (ii) and 

Pfeffer (12) point out that due to the difference in Schmidt numbers, liquid 

and gases would be expected to have different correlations for the mass 

transfer coefficient. 

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

to compare their dependence on pressure and temperature to the corresponding 

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

diffusion coefficients and mass transfer coefficients can be determined, 



in  

"G 

" ! 0  

I 
).01 

- I I I l , l l l l l  I I I I l l l l l  I I I I I I I I ,  
S L O P E : . . , . \ , ,  • a - ! 

o n  

% 

"*o 
,=. t  o 

t t lllttl , I t I t !lit I I I t tftt 
004 (11 0 2  0.4 1.0 2 0  4 9  

Reduced Pressure 

FiEo' 5The Diffusion Coefficients in Supercri~Lcal Fluids 

15 



.Experimental Design 

The schematic diagram of the experimental apparatus used in the past 

quarter is shown in Figure 6. Liquid carbon dioxide is pumped ~nto the system 

via a hlgh-pressure Milton-Roy liquid pump. Pressure is controlled by using a 

back pressure regulator and pressure fluctuations are dampened with an on-line 

surge tank. The system consists of a preheater which allows the solvent Lo 

reach the desired temperature and the extraction vessel 313 cm 3 in volume, 

26.67 cm ih length and 3.87 cm in diameter. The extraction vessel is packed 

with napthalene pellets which have been made from pure napthalene using a 

die. The height of the paeklng in the bed can be changed by using inert 

packing a~ the bottom and the top of the bed. The inert packing material 

being used is glass beads with size similar to that of the pellets. Another 

advantage in using the inert pellets is to get rid of end effects in the 

packed bed being used as the extractor. 

measured using a pressure transducer. 

measured at the inlet and outlet. 

The fluid mixture coming out of 

Pressure at the inlet of extractor is 

The temperature of the extractor is 

the extractor is depressurlzed to 

atmospherle pressure by passing it through a heated metering valve and a back 

pressure regulator (4). The instantaneous flow rate of the gas leaving the 

extractor is measured using a rotameter and the total amount of gas flow is 

measured with a calibrated wet test meter. During this quarter, the bypass 

llne has been modified as explained below. 

The mass of precipitated solid will be found as descrlbedbelow. Wihh 

this Value and to~al amount of gas flow from wet test meter, the mole fraction 

of solids in the supercrltlcal fluid can be readily de=ermined. The inlet 

stream temperature and pressure of wet test meter are also measured. 
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In the present system, the sample collectors are high pressure bombs 

which are kept at room temperature by two 200 watt resistance healers. Each 

vessel contains toluene which will help dissolve the extract (napthalene) from 

the CO 2. These vessels are operated at 300 to 400 psla where the solubility 

of the solid in the CO 2 is at a minimum. The second vessel is redundant and 

is used to guarantee that all of the extract is collected and to reduce 

entrainment losses. No napthalene was found in these vessels during current 

experiments. 

To determine the amount of extract collected, the amount of toluene (with 

dissolved extract) will he weighed. A sample of the toluene-extract solution 

will then be injected into a gas chromatograph to determine what portion of 

the solution is extract, To insure no extract remains in the line between 

valve 12 and the sample cylinder, valve 12 was converted to a flve-way valve 

: to allow washing of the llne with toluene. Finally, the bypass, from valve i0 

to 12, is designed to insure steady flow before allowing the CO 2 to pass 

through the extraction vessel (ii). 

The whole apparatus is rated for a pressure of 5,000 psi. All measured 

temperatures and pressures are recorded on a data logger. 

The parameters that are being studled are: 

a. effect of flow rate on solubility of napthalene in carbon 

dioxide at different pressures and temperatures; 

b. effect of bed height on the mass transfer coefficient ~tnder 

supercrltical conditions; 

c. effect of flow rate on the mass transfer coefficient under 

supercritlcal conditions; 

d. effect of pressure on the mass transfer coefficient under 

supercritical conditions. 



The experimental conditions are as follows: 

System: Napthalene - Carbon dioxide 

Pellet characteristics: 

Material: Napthalene 

Shape: Cylindrical 

Size: Length (mm) = 4.5 

Diameter (mm) = 4.5 

Height of Bed (cm): 13.3, 8.9, 6.7 

Temperature of Bed (OK): 298, 308, 328 

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

Flow rate (Std. Lit/Min at 700F and I arm): 4 - 40 

Calculation of Mass Transfer Coefficients 

The measurement of mass transfer coefficients is based upon the following 

equation: 

The mass transfer coefficient is calculated as: 

(GM.~.. YA 
Ky = a Z T) £n (-. ) 

YA - Your 

(1) 

where GMy is the averaged molal mass velocity of the gas in moles per unit 

area per unit time. 

where YA* is equilibrium mole fraction and Z T is the height of the packed 

section, and a is the interfacial Eas/solid area per unit volume. 



You= can be determined by the amount of napthalene precipitated and total 

amount of carbon dioxide passed through the experimental apparatus during the 

given time. 

NCI0~ 8 

Yout= NCI0~ 8 + NCO 2 

WCIoH8 FV 
NCIoH 8 = Mol. Wt. (128)' NC02 = Z--~' 

(z = 0.995) 

Work for Current Period 

The schematic diagram shown in Figure 6 was built and tested for 

supercritical conditions. In this experiment, the solid dissolved-in vessel 

(II), under supercritical conditions, was precipitated in and plugged the piRe 

line following metering valve (15). This plugging problem • occurred because 

the amount of solid dissolved into CO 2 gas under supercritical condition was 

much larger (above i00 times) than that under the subcritical condition 

(308°K, 20 arm) of previous experiments. For pressures above i00 arm, the 

pressure drop through the metering valve (5) for bypass (between valve I0 and 

solid trop 23) was high and metering valve (15) was so sensitive that the 

pressure in the extrac£or (II) fluctuated signiflcanKlyQ 

In the revised system Figure 7, we made the size of the pipe line 

following the metering valve larger (1/8" + 1/4"], and the solid trap (20) was 

connected to a back pressure regulator (22) to eliminate the fluctuatlon of 

pressure in extractor (11), 

After revising our system, we operated it for 20 minutes at 308°K and 100 

arm for several flow rates. After analysis of our samples~ we have found that 
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several samples at low flow rate reached equilibrlum solubility and no solid 

napthalene remained in the extractor (ii) after seve=al runs. These results 

come from the fact that the solid napthalene dissolves into CO 2 gas so rapidly 

under supercritical conditions. During the next quarter, we are going to 

decrease the running time to about 5 minutes and increase the flow in order 

that less naphthalene dissolves. This will allow accurate mass transfer 

coefficients to be obtained. 
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