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Task l: Thermal Behavior of Slurry Reactors Used for Imndirect Coal
Liquefaction

The conversion of synthesis gas to liquid products is usually carried out
with the reactants In the gas phase and a solid catdlyst. Because of
rel atively poor heat transfer from the gas to the solid, the exothermic heat
of reaction is difficult to remove, and care must be tzkemn 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 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 iIndirect coal 1liquefaction 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 coaditions are
being studied.

Work i1s being doue using three indirect liquefaction routes Iinvolwving
svnthesis gas—the Fischer-Tropsch reaction, the oune-step coversion to

methanol, and the two-step conversion to methanol.

Rasul ts and Highl ights

Experimental work during the last quarter was concentrated on examining
the second step of the two step process—the hydrogenolysis 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, amd an Improved comtrol systen

for programming the temperature profile during activation was developed.




Some trial runs were made to determine approximate reactior rates.

Results are shown in Table . At 100 C and 400 psig the reaction rate is
low. Raising the pressure to 800 psig or the temperature to 120 C gives good
reaction rates.

The conversion of aethyl formate to nethanol should be essentially
complete at equilibrimm according to calculations based on the equilibrium
constant for the hydrogenolysis reaction. For exsmple at 315 psig and 120 C
the equilibrium 1iquid composition should be less that 0.0l 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
showtu in Table 2. There was no increase in methyl formate over a long period
wher the starting solution contained 0.9997 mole fraction methanol and 0.0003
mole fraction methyl formate at 120 and 140 C. A mixture coataining 3.9137
methyl formate was coaverted to 0.9987 methanol in 11i hours.

There has been some concern that when the hydrogenolysis reaction is
carried out in the same reactor as the carbonyl ation reaction, the CO present
may have a deleterious effect on the hydrogenation catalyst. A batch run was
nade to determine if this effect would significantly reduce the catalvst
performance. The results are shown in Figures 1 and 2. Figure 1 shows a plot
of the partial pressure of hydrogen versus tima. The partial pressure
decreases as the reaction proceeds and the rate of decrease is a measure of
the rate of reaction a shown in Figure 2. For the first portion of the run
(t<85) tne reactor was initially pressured with pure hydrogen. At t=85,
sufficient CO was added to make the CO/HZ ratio 0.25. The total pressure, of
course Increased, but the hydrogen partial pressure did not. At t=165 and
again at t=330 more CO0 was added. It can be see from Figure 1 that the

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



Table 1

Rate of Hydrogenclysis of Methyl Formate

(Catalyst Loading:

16.7 g/liter)

Temp. ? Cher Rate

L 'C) (psig) (mole/2) (mol e/min.%)
100 400 14.8 0.0018
120 400 14.4 0.0049
120 800 9.5 0.0182




Table 2

Verification of Equilibruim Composition for Bydrogenolysis

of Methyl Formate

Mol e Fracrion

Temp. Pressure Initial Final Time
(°c) (psig) MeF MeOH MeF  MeOH  (brs.)
120 160 0.03 99.97 <0.03 >99.97 64
140 820 91.37 8.63 0.13 99.87 111
140 300 0.03 99.97 <0.03 >99.97 24
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Partial pressure of hydrogen in batch reactor during hydrogenolysis of

methyl formate with varying amounts of CO present.
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affected by the €0 prevent. The reaction rate in Figure 2 shows the same
trend. It seems from these results that the presence of CO does not sffet_

the the conversion of formate to wmethanol.

Future Work

During the next quarter work will be continued on the hydrogenolysis and
carbonyl ation reactions for the two step process. Measurement c';f the thermal
effects for the Fischer-Tropsch synthesis will be resumed using an Fe/Cu/KZCO3

catalyst which is being obtained.

Task 2: Coal Liquefaction under Supercritical Comditioas

Supercriticgl fluid extraction is an attractive process primarily because
the density and solvent power of a fluid changes dramatically with pressure at
near critical conditions, amd during the extraction of coal, the density of a
supercritical fluild should also change the extractability of the coal. During
earlier quarters a non-reacting supercritical fluid, toluene, was studied to
determine the effect of density on the coal extraction/reaction processe.
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 temperature. A kinetic model shows that higher solvent demsities
result in faster conversion rates and iIn higher total conversions. TIwo papers
have resulted from this study.

A second factor that makes supercritical extraction attractive is high
mags transfer rates. At high pressures, mass transfer rates 1o a

supercritical fluid are mch higher tham in a liquid, despite the fact that



the supercritical fluid has liquid-like solvent powers. The objective of this

‘work is to measure mass transfer rates for naphthal ene extraction by carbon
dioxide to ensble us to determine how mass transfer coefficients vary v::l!glkw
pressure, flow rate, and bed height, since these parameters will influence the
design of extraction or reaction processes which utilize supgrcritical
fluids. Ultimately, such measurements will be extended to coal/sdpercritical
fluid systems to help define the flow rates liquid/solvemt ratios that would

be appropriate for a supercritical Asystem.

2. Review of Mass Trausfer/Equil ibrium Under Supercritical Conditions

Over rhe past few years, significant intzrest has been expressed in a
separation concept wherein a condessed phase (liquid or solid) is coatacted
with a fluid phase that is supercritical both in a temperature and pressure
sense. Several industrial extraction processes have been developed — such as
deasphal ting petroleum with supercritical propane (1) and decaffeinating
coffee with supercritical carbon dioxide (2). Other examples would include
deashing coal liquids (3) and regenerating activated carbon with carbon
dioxide (4).

Supercritical carbon dioxide 1s a particularly attractive solvent for
practical applications because it is nontoxic, nounfl ammabl e, environmentally
acceptable, and relatively inexpensive. The critical temperature of carbon
dioxide is only 304 K and thus extractions can be accompl ished at moderate
temperatures where thermal degradation of heat-labile extracts is minimal.

One of the cited advantages for using supercritical fluids as extractants
is that the diffusion coefficients are significantly higher than for l1iquid
systems while the viscosity more closely approximates that of a gas. Such

trends would lead one to conclude that mass transfer characteristics of



supercritical Sluids may be better than comparab‘le extraction carried out in
the nornal liquid phase.

There are few experimental data for diffusion ccefficients of solutes in
supercritical fluids. Those availdble are’ shown in Figure 3 where diffusion
coefficients are plotted as a function of reduced pressure of the solvent
gases for the systems COz—napthalene,- COp-benzene, and ethyl ene—napthalene.
The low-pressure data show DAB to be inversely proportional to pressure, but,
approximately, Dyp < 31/2. Tht_a range of reduced temperatures shown in Figure
3 is 0.97 to 1.09. At higher temperatures, D,p would Increase.

There 1is an interesting discontinuity in Figure 3 for the system COp—
napthalene at 35°C. At a pressure of zbout 80 ~ 81 bar(P. ~ 1.09), the lower
critical end point is attained and the diffusion coefficient is essentially
zero (5). The change in Dyp, 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 (€, 7), it would be expected that diffusion
coefficient 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 supercritical gases are arouad 1074 cm?/s for Pr values of 1 ~ 5
and T, values of 1 ~1l.2.

In the pressure and cCtemperature range Where most supercritical
extractions would be operated, there are no generally accepted correlations
for mass transfer coefficients. Storck and Coeuret (8) and Wilson and
Geankoplis (9) have reviewed liquid phase relations while Gupta and Thodos
(10) cover dilute gas phase system. Both Bradshaw and Bennett (1l1) and

Pfeffer (12) point out that due to the difference In Schmidt numbers, liquids
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and gases would be expected to have different correlatlous 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 relatiouship between
diffusion coefficients and mass transfer coefficients can be detarmined.

Progress During the Past Quarter

Fourteen samples collected during the previous guarter were analyzed and
showed no traces of napthalene which was to have been extracted. This is an
impossible result and led to re-evazluation of the experimental design. A new
configuration has been constructed with the emphasis on obtaining much larger
flows t;an in the previous design. A new gradvate student, G. B. Lim, has
replaced the student previously working on this project and has completed the
redesign of the apparatus. Several experimental runs will be conducted during

the next quarter.

Experimental Design

The schematic diagram of the revised experimental apparatus is shown in
Tigure 4. Liquid carbon dioxide is pumped into the system via a high-pressure
Mil ton-Roy liquid pump. Pressure is controlled to the desired pressure by
using a back pressure regul ator and pressure fluctuations are dampened with an
ou-l ine surge tamk. The system consists of a preheater which adllows the
solveat to reach the desired temperature and the extractlon vessel 313 cmS in
volume, 259.67 cm in length &ud 3.87 em in diameter. The -exr:ract:ion vessel is
packed with napthalene pellets which have been made from pure napthal ene using
a die. The height of the packing in the bed can be changed by using inert
packing at the bottom and the top of the bed. The imert packing material

being used is nylon rods of similar shape and size as the pellets. Another
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advantage In using the Inert pellets 1s to get rid of end effects in the .
packed bed being used as the extractor. Pressure at the inlet of extractor
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 to
ammospheric pressure by passing it through a heated metering 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 ;mt:let.
The instantaneous flow.rate of the gas leaving the extractor is measured using
a rotzmeter and the total amount of gas flow is measured with a cal fbrated wet
test meter.

As the U-tubes will be initially tared, the mass of precipitated solid
will be found by weighing the tubes after an experiment. With this value and
total amount of gas flow from wet test meter, the mole fraction of solids in
the supercritical fluild can be readily determined. - The inlet stream
tewperature ad pressure of wet test meter will be also measured.

The whole apparatus is rated for a pressure of 5,000 psi. 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, Wwe can obtain data using the lower vent line (valve

I3 in Figure 4). All measured temperatures and pressures are recorded on a

data logger.
The parameters that are being studied are:
4. effect of flow rate on solubility of napthalene ia carbon
icxlde at different pressures and temperatures;

b. effect of bed height on the mass transfer coefficient under

supercritical counditious;
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Ca effect of flow rate on the mass transfer coefficient under

supercritical conditions;

d. effect of pressure on the mass transfer coefficient uander

supercritical couditious.

The experimental counditious are as follows:
System: Napthalene - Carbon dioxide
Pellet characteristics:?

Material: Napthalene

Shape: Cylindrical

Size: Length (mm) = 10

Diameter (mm) = 4.5

Height of Bed (cm): 13.3, 8.9, 6.7
Temperature of Bed (°K): 308, 328
Pressure (psi): 1470, 2205, 2940, 3675
Flow rate (Std. Lit/Min at 70°F and 1 atm): 4 ~ 40

Calecul ation of Mass Transfer Coefficients

The measurement of mass transfer coefficients 1is based upon the following

equation:

dN, = d(TTp) = ky (Tia = Ta) da = ky(Taa - Ta) asaz (1)

where
'NA: the molal rate of transfer of componen.t A in molzs per unit time
v: the molal flow rate of the gas phase
kg individual mass transfer coefficient in moles/area/time
Yy,

: the mole fraction of component A in bulk of gas phase




id: the mole fraction of component A at gas side of interface
{assume to be equilibrium)
Az the total area of interface for mass transfer (area of pellets

in packed sectiom)

a: the area of interface per unit volume of packed section
S: the total cross section area of column
Z: the height of packad section
Here,
vl
[ S 2
V=73 (2)

where V’ is molal flow rate of inert compoment iIn moles per unit time

Therefore,
Y dy dy
AVI) =V A =V —25 =V == ®
A (l—YA) A

From equations (1) amd (3)

b4 dy k a Z
out A - ! T az
Tm=0 I TWFH - = %
My
where G is the avaraged molal mass velocity of the gas in moles per unit

My

area per unit time.
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Por dilute gas (i.e., 1 - Ta= 1)

dy k a
out A ¥
AN ES Al ===
A A G
My

where T*, is equilfbrium mole fraction.
A .

By Integration and rearrangement

b4
by = () o (—2—
T Y. -
A out

Youtr can be determined by the amount of napthalene vprecipitated and total

amount of carbon dioxide passed through the experimental apparatus during the

given time.
N
s
out N + N
Ciofg €O,
W
C, B
1078 Py
NC1038 ~ Mol. wt. (128) ’ Nco2 = ZRT ° (2 = 0.995)
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