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

The conversion of synthesis gas to liquid products is usmally 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 tro remo;e, and care amust be taken to prevent the
catalyst Ffrom overheating with loss of selectivity and activity. Siurry
reactors inm which the catalyst is suspended in a liquid medium and the gases
are bubbled through the slurry have iIntrinsically better heat transfer
characteristics and appear promisiang for indirect liguefaction processes.

-

Scope of Work

In Task 1 of cthis project the thermal behavior of slurry reactors when
used for indirect coal liquefaction is baing studled. Previous work with a
ruthenium catalyst has shown that two distiact steady states can be found for
identical operating conditions. Other catalysts and operating conditions are
being studied.

Work is being done using three indirect lLiquefaction routes iavolviag

synthesis gas—the Fischer-Tropsch reaction, the one-step coversion to

methanol, and the two-step conversion to methanol.

Resulcs _and Highlights

A paper entitled "Kinetics of Two~Step Methanol Synthesis in the Siurry
Phase" was submitted to Fuel Processing Techunology. A copy is included wi.th
this report as an appendix. The paper summarizes the kinetic data measured

for the two step process when each step is carried out independently; We are

now experimentally investigating the kinetics of the two step process in which



the reactions are carried out simultaneously in one reactor. Some
experimenial measurements were made during the last quarter and are described
below.

The selection of operating coaditions for the reactor is complicated by
the fact that rthere are two reactions occurring. Experimental data for the
individual reactions carried out 1independently have shown that the
carbonylation of methanol is reversible and faster than the hydrogenolysis of
nmethyl formate at the experimental conditions. We can assume then that the
carbonylation reaction is in equilibrium and the hydrogenolysis reacction is
rate limiting. The rate equations were rteported in the last quarterly report
and are given in the appendix. Equatiay the forward aad backward reaction

rates for carbonylatioan gives:

r;=4.11x107 exp (<10126/T)Caray, 1CueouPco
-1.70x10'7 exp(~16788/T)Cc ;. ) Cpep=0 (1)

and substituting CMEF into the hydrogenolysis rate equation

1871.5 exp(--831»8./'1‘)CMM.PH;ZCCaml’2

96 39 C.. o . (2)
1 +y0.039 CMeF + 0.096 PCo

1’.'2—

the methanol produciion raie can be written as
, -7
4.49x10 ° exp( 1686/T)CCata1J2CMe0HP

] ) cor2
MeOH T+ 0.096 P,

(3)

The term 0.039 Cyer ia the denominator of equation 2 is small and can be

neglected. It is clear from equation 3 that the methanol production rate will




increase with increasing pressure aad with increasing temperature, alzhough

the temperature effect is small.e We have used pressures from 35-63 atm and
temperatures from 120-180°C. The temperatures are higher than those used in
tae only cther results reported for this reaction by Aker Engineering (Pecrole
Informations, 34, 13 May, 1982).

The rates of reaction for the carboaylation and hydrogenolysis reactions
are showa in Figure 1 for a ruam of about 10 days. Reactor conditions are
noted on the figure. The liquid composition reached a steady composition
after about 10 hours in which the methanol mole fraction was 0.957 and the
methyl formate mole fraction 0.037. These values are close to those pradicted
assuming that the carbonylation reactioa is in equilibrium.

‘For the first 60 hours, the reaction rates for both hydrogenolysis and
carbonylation are significantly higher than those calculated from equatioas 1
and 2. After that the rates are lower than predicted. Tge unexpectedly high
inirial reaction rate may be a synergistic effect due to the carrying out of
both reactions simultaneously. The decrease in reaction rate with time,
however, is evidence that a catalyst aging or deéctivation mechanism is caking
place. Further experimental data are needed.

The temperature was varied from 120-to 160, and the reaction rate was
found to increase asrpredicted by Equation 3.> At 180°C, however, the rate
dropped off very rapidly. Small amounts (less than 1.5%7) of reaction products

other than methanol or methyl formate were found. These are being analyzed.

Future Work
Work in the next quarter will continue on the experimental study of che

simultaneous two step mehtanol synthesis.
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Task 2: Coal Liquefaction under Supercritical Counditions

Supercritical fluid extraction is an attractive process primar:il);-because
the density and solvent power of a fluid changes dramatically with pressure at
near cricical conditions, and duriang the extraction of coal, the deasity of a
supercritical fluid should also change the extractability of the c;:ai. During
eariier quarters a non-reacting supercritical fluid, ctoluene, was ;tudied to
determine the effect of demsity on the coal extraction/reactioa 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 evxrplain-ed' by "the' 'ﬁjpotheﬁs .l:hé.t.: Lcéai -ci_issoi-t;t-‘;ion is required preced;i.ng
liquefaction reactions and that the degree of dissolutiox{ depends upon solvent
density and temperature. 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 supercritical extraction atkbractive is high
mass Craasfer rates. At high pressures, - mass transfer rates 5.;'1 a
supercritical fluid are wmuch higher thaan in a liquid, despite the fact that
the supercritical fluid has liquid-like solvent powers. The objective of this
work is to nmeasure mass transfer races for naphthalene extraction by carbon
dioxide to enable us to determine how mass transfer coefficients vary with
prassure, flow rate, and bed height, since these parameters will influence the
design of extraction or reaction processes which utilize supercritical
fluids. Ultimately, such measurements will be extended £o coal/supercritical
fluid systems to help define the flow rates liquid/solveat ratios that would

be appropriate for a supercritical system.



Review of Mass Transfer/Equilibrium Under Supercritical Conditions

Over the past few years, significant interest has been expressed in a
separatioa concept wherein a condensed phase (liquid or solid) is contacted
with a fluid phase cthat 1is supercritical both in temperature and pressure
sense. Several industrial extraction ptocésses have been develop:ed ~— such as
deasphaliing petroleum with supercritical propane (1) and decaffeinating
coffee with supercritical carbon dioxide {2). Other examples would iaclude
deashing coal 1liquids (3) and regeneratiang activated carbon with carbon
dioxide (4).

Supercritical carbon dioxide is a particularly attractive solvent for
practical applications because it is nontoxic, nonflammable, environmencally

acceptable, and relatively inexpensive. The critical temperature of carboa

dioxide is only 304 K and thus extractions can be accomplished at moderate
temperatures whera thermal degradation of heat~labile extracts is minimal.

Une of the cited advanrtages for using supercritical fluids as extractants
is that the diffusion coefficient are si;gnificantly higher thaa for liquid
systems while the viscosity more closely appro:du;ates that of a gas. Such
trends would lead one to conclude that mass traansfer characteristics of
supercritical fluids may be better thaan comparable extraction carried ou: in
the normal liquid phase.

There are few experimeantal data for diffusion coefficients of svlutes in
supereritical fluids. Those available are shown in Figure 2 where diffusion
coafficient are plotted as a function of reduced pressure of the solvent gases
for the systems COy—unapthalene, CO,-benzene, and ethylene-napthalene. The
low-prassure data show Dyg to be inversely proportiomal to pressure, but,
" approxiamtely, Dsg o Pl/Z. The range of reduced temperatures shown in Figure

2 is 0.97 to 1.,09. Ac higher temperature, D,g Qould increase.



There is ao interesting discontinuity in Figure 2 for the system CO,—
napthalene at 35°C. At a pressure of about 80 ~ 81 bar (Pr ~ 1.09), the lower "
critical end point iIs attained and the diffusion coefficient is essentially
zero (5). The change in D,p, as this critical point is approached, is very
abrupt. Diffusion coefficients have not been reported for systems near the
vpper critical end points,. but judging from the general treand of liquid-liquid
systems near critical poiats- (6, 7), it would be expected that dJdiffusion
coefficient would be very small in this region. In gemeral, even though one
has few daca, it would appear that the binary diffusion coefficients for
solutes iIn supercritical gases are arov‘.md 1074 cmzls for Pr values of 1 ~ 5
and Tr values of 1 ~ l.2.

In the pressure and temperature vange where most supercritical
extractions would :‘be operated, there are no gemerally accepted correlations
for mass transfer coefficients. Storck and Coeuret (B) and Wiison and
Gean:koplis (9) bhave reviewed 1liquid phase relations while Gupta and Thodos
(10) cover dilute gas phase systesm. Both Br;udsl-;_aw and Bennett (l1) and
Pfeffer (12) point out that due to the differemce i; Schmidt numbers, liquids
and gases would be expected to have different correlations for the mass
transfer coefficient. o

It is the purpose of this work to measure mass transfer coefficients and
to compare their depeandence oa pressﬁre and tempe:rature to the corresponding

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

diffusion coefficients and mass transfer coefficients can be determined.
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Experimental Desizn

The schmatic diagram of the revised experimental apparatus used ia the
past quarter is shown in Figure 3. Liquid carbon dloxide is:pumped into the
system via a high—-pressure Miicoan-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 pfeheater: which allows the
solvent re reach the desired temperature and the extraction vessel 313 emd in
volume, 26.67 cm in length and 3.87 er in diameter. The extraction vessel is
packed with napthalene pellets which have beea made from pure Eapchalene using
a die. The heifght of the packing in the bed can be changed by using inert
packing at the bottom and the top of the bed. The inért packing material is
being used in glass beads with size similar to ;hat of the peliets. Another:
advantage in using the inert pellets is to get rid of end effects in the
packgd bed being used as the extractor. Pressure at the inlet of extractor is
_measured using a pressure transducer. The temperature of the extractor is.
measured at the inlet. :

The fluid mixture coming ouﬁ of the extractor is depressurized to
atmospheric pressure by passing it through a heated metering valve and a back
pressure rggglator (4). The instantaneous flow meter reate of the gas leaving
the extractor is measured using a rocametér and the.tocal amount of gas flow
is measured with a calibrated wet test @eter. During this quarter, the bypass
line has been modified as explained below.

The mass of precipitated solid will be found as described below. With
this value and total amount of gas flow from wet test meter, the mole fraction

of solids in the supercritical fluid can be readily determined. The inlet

stream temperature aad pressure of wet test meter are also measured.

(X3
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In the preseat system, the sample collectors are high pressure bombs
which are kept at room temperature by two 200 watt resistance heaters. Each
vessel contaias toluene whihc will help dissolve the extract (napthalene) from
the COy. These vessels are operated at 300 to 400 psia where the solubifizy
of the solid in the €0, is at a minimum. The secoad vessel is redundanz and
is used to guarantee taht all of the extract is collected and to reduce
entrainment losses., No napthalene was found in these vessels during curreatc
experiments. - N

To determne the amount of extract collected, the amount of toluene (with
dissolved extract) will be weighed. A sample of the toluene—extract solution
will then be injected into 2 gas chromatograph to determine what portion of
t:he- solution is extract. To insure no extract remains in the line between
valve 12 and the same cylinder, valve 12 was. coaverted to a five-way alve to
allow w:shing of the line with toluene. Finally, the bypass, from valve 10 to
12, dis designed to iaosure steady flow before allowing the COp to pass through
the extraction vessel (l1).

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

témparatures and pressures are recorded on a data logger.

The parameters that are being studied are: -

‘Ba ;effecc of flow rate on solubility of napthalena in c¢arboa
dioxide at different pressures and temperatures;

be effect of bed height on the mass transfer coefficient uander
supercritical condz‘:'f.:z_pns;

c. effect of fiow rate on the mass transfer coefficient under
supercritical conditions; E

d. effect of pressure on the mass - transfer coefficient under

sgpercritical conditions.

-

11




The experimental conditions are as follows:
System: Napthalene - Carbon dioxide
Peilet characteristics:

Material: Napthalene

Shape: Cyiindrical

Size: Leogth (mm) = 10

Diameter (mm) = 4.5

Height of Bed (cm): 13.3, 8.9, 6.7
Temperature of Bed (°K): 303, 328
Pressure (psi): 1470, 2205, 2940, 3675
Fiow rate (Std. Lit/Min at 70°F and 1 atm): 4 =~ 40

Calculation of Mass Traasfer Coefficients

The measuremeat of mass traasfer coefficlents I{s based upon the folliowing

equation:

1) Plug flow model withou axial dispersion

The mass traasfer coefficient is calculated as:

. c Y*
Ky = (—Mz—) in ( *A
2 Y

L

)y : )
' Yout '

where cMy._is the averaged molal mass veiocity of the gas in moles per unit

area per unit time. N

where Y*A is equilibrium mole fraction and Z; is the height of the packed

section, and a is the iaterfacial gas/solid are per unit volume.

12




2) Cell model or compartments model.

Flow patterns in a packed bed reactor with very small ratios of the rube
particle diameter tﬁ length can be closely approximated by plug-flow, but in
other cases, we should take account of axial dispersion effect on mass
transfer rate.

« The cell model is a generalization of a class og models such as the
completely mixed tanks—in-series model and the back-flow mixed tanks—in series
modei. Since complete mixing is assuﬁed in a cell, the concentration of an

th

extractant (naphthaleane) in the outgoing stream from the i*" cell is also

C;» The material balance around the ith cell gives

*

I
i dec

For the steady~-state and N cells

%*
Isc cell: v Gy + kcA (C -'Cl) - vC; = 0
2ad cell: v Cp + koA (€F =€) ~vCy = 0

nth cell: v Cpy + kA (€5 =C)-ve, =0

Therefore,

2 *
! ka( -c)-v =0
=l [ X n

13




For one layer of napthalene pellets,

kA=v (— )
cC -¢C
v C
kA= = ( )
¢ S cf.c
v ¥
= (= )
RV
- oy Yy
~ CaAT (y*_Y)
k a
= X
C
where

cin: the concentration of component A at the ianlet

Ci_l: the concentration of component A outgoing from the (i~1)th ceil

Ci: the concentration of component A outgoing from the ith ceil
Vs the volume of ith cell
vi the volumetric flow rate of the gas phase

Gmyi the total model mass velocity of the gas in the moles per unit area

per unit time.

For either approach Ybu: caa be determined by the amount of napthalene
precipitated and ctotal amount of carbon dioxide passed through the

experimental apparatus during the given time.

14
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Work for Curreant Period (October 1 - December 31)

The schematic diagram in Figure 3 was buiit ‘and tested for supercritical
conditions. In this experinment, we have found cthat some of the solid
dissolved in vessel (11), under supercritical coaditions, was precipitated ia
pipe between three-way valve (12)‘and four-way valve (16). This can cause
error in estimating cthe amouat éf naphthalene dissolved iato CO, gas in
supercritical conditipn. During the operation of our system, we had to change
the position of thre; valves (16, 21 and the valve ia frot of the West-test
meter (24)) simultaneously after the by-pass time (four-way valve (16)At°
solid trap (20)) reached steady state.

In the revised system Figure 4, we replaced the three-way valve by a
four-way valve (12) and improved the washing system (four-way valve (12) to
solven tank (15) ) to ger accutrate data. Another back pressure ragulator (20)
and rotometer (21) were connected to the éolid trap (19)) in by-pass Line to
make the operation of our system easier.

After revising our system, w#e operated it for 5 minutes at 308°K and 100
atm for several flow rates:” When we checked the amount of the residual
naphthalene after each run aand found that about 20X of original amouat of

naphrhalene had dissolved iato COZ in supercritical condition. So, we again

decreased the running time to 2 minutes and fouad that only 5 to 10%Z of the

original naphcthalene dissolved iato Co,.
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In the foilowing experiments, we operated our system for 2 miautes aand

used one layer of napthalene pellets in the extractor to keep it from reaching

equilibrium solubilicy.
The mass transfer coefficients were obtained at 100 atm and 35°C by the
cell modeia

Table 1. Mass Transfer Coefficients

At 35°C, 100 ata

Run Superficial Exit Molar Mass
flow rate (f/min) nole frgction k.a velocity (gmoke/':.m2 sec)
NoO. at 0°C, 1 atm X10 (sec™l) X10
2 19.324 3.4816 21.214 12,367
1 17.798 3.6256 20.794 11.392
3 14.009 4.3036 18.875 8.973
4 10.906 4.8020 16.036 6.989

In Figure 5, we compared our data with CO, (gas)~Naphthalene and water-
naphthalene, It showed trhat the wmass traasfer rate at supercrictical
coadigions lay between gas—solid and liquid-solid systeams, but was cthe same

order of magaitude as gas—solid systems.

18
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