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I, ABSTRACT

-Experimental ﬁork is continuing on four separate projects related to coal
conversion processes;

The direct digital control of exothermic miltiphase reactions is.being
studied in an experimental adiabatic flow reactor. The existence of two
stable steady states for the Fischer-Tropsch reaction network at the same
7Eemperature and feed condition has béen verified and quantified.(

| Various absorbents for 80, Ana NOg are.being studied. The absorption of
NOz.by methanol and N—cycléhéxyl—Z*pyrrolidone has been extensively
examined. Preliminary data has been obtained with triethylene-tefraamine.
Hindered amines will be étudiéd next. Procedures for the preparaﬁion~of
ligquid membranes have béen tested and the.incorporatién of hindered amines in
them will now be examined. |
- Isotopic sw;tching is beiﬁg used to study the way inhwhich promgters
affect shppofted metal catalystse. Witﬁ'inpéoved resolution from the mﬁss
spectroﬁeter, early'éuanti;ative results give indications of three different
surface species and of non-statistical ingrowth of 13C into the product
molecules. |

A program for the étudy of the extraction of coal and oil shale ﬁsing
supercritical fiuids is being'carzied out. The efféct‘of the'preéence_of
piperidine on éhe aﬁouﬁt of toluene solubles produced by superc:i;icai
extraction of coal with toluene/piferidine mixture has been determined. A new
kinetic model for the extraction/liqﬁefaction‘of coal by supercritical toluene

and THF has been devéloped and proven satisfactory. Bruceton cozl and Hi Na

lignite have been extracted with supercritical water.




II. INTRODUCTION

Work continmues om four subjects of importance in coal conversion:

o« thermal behéyior of slurry reactors for indirect coal liquefaction
. use of chrométographic techriques to egplore absorbers for Soz'aﬁdj
NOy |
o -éupport and promoter effects on composite CO/E2 coﬁversion catalysts
. extraction andvconversion of coal and oil shale usiﬁg éupércritiéél,
£luids.
This quarterly report has been prepared bﬁ Professors Paul Biloen
(Section V), Gerald D. Holder (Sectiom V1), George E. Klinzing (Section iV)
and John W. Tierney (Section III). The overall project is coordipatéd by

Professor James T. Cobb, Jr.



I11. THERMAL BEHAVIOR OF SLURRY REACTORS USED FOR INDIRECT

COAL LIQUEFACTION (TASK 1)

A knowledge of thermal effects is important in the desigﬁ and control of
reactors for indirect coal liquefaction. The reactions are exothermic, and at
high conversions the removal of substantial quantities of heat are required.

A slurry reactor is a promising candidate for carrying out these reactions
because of the good heat transfer Setween the liquid and gas phases and
between the catalyst and the fluids. A slurry reactor especially equipped to
measure heat evolution has been built in the Chemical and Petroleum
Engineering Department, and it is being used in this work.

In the last quarterly progress report it was indicated that Fischer-
Trospch experiments made using a ruthenium catalyst seemed to indicate that-
the:e were two stable steady states for the reaction at the same temperature
and the same feed conditions. We have since verified this and are in the
process of preparing a paper for publication which will describe the results
in detail. Some typiéal results are shown in Table 1 and plotted in Figures 1
and 2. The feed flow rates, feed composition, pressure, and other
experimental conditions are the same. Of particular interest in Table 1 are
the heat removal requirement (cal/hr-gm catalyst) and the methane produced
(mol/hr—gm catalyst).‘ It is evident that at the same or very similar
temperatures, the meﬁhane formation and heat generation are different. This
can be seen quite cleérly in Figures 1 and 2, Then the reactor is started up,
it follows the lower curve in every case as the temperature is increased. At
about 560 K the rate of heat genmeration increases rapidly, and the methane

production increases, moving to the upper curve. Subsequent cooling of the

reactor follows the upper curve.



Thesé results substantiate the proposition that conﬁrol of indirect
liquefaction using a slurry reactor is an important design prob;em.and
underscores the importance of obtaining goo& experimental measureménts‘for the
reaction under consideration.

During the next quarter, we will continue to explore the reactor behavior

as a function of system parameters.



IV. USE OF CHROMATOGRAPHIC TECHNIQUES TO EXPLORE ABSORBERS

FOR S0, AND NOy (TASK 2)

A, Activity Coefficients

Several organic compounds such as methanol, triethylene-~tetraamine and N-
cyclohexyl-2-pyrrolidone have been studied this quarter in our laboratory for
their ability to absord NO,.

For the purpose of establishing a reliable base of operation with the gas
chromatograph technique, methanol was used to reproduce the data of Mohamed
[1]. The activity coefficient at infinite dilution of a NO, in methanol was
found to be 12.8 at 26°C., This result is compared with Mohamed’s findings for
28°C in Figure 3. Good agreement is seen.

When testing N—cyclohexyl-2-pyrrolidone for NO, absorption ability, it
was found that there is some absoroption of N02 (about 10% wt of what is
injected) at conditions of 25°C with carrier gas (He) flow rate 5 cc/min.
However, the activity coefficient at infinite dilution could not be calculated
because the retention times for air and NO, were identical and not separable
at ‘the conditions tested.

Further study of this solvent is to be continued. Work will focus on
exploring varying operating temperatures, amounts of solvent injected and the
carrier gas flow rates.

Iriethylene-tetraamine was the third organic solvent tested for the
absorption of NOy. 1Initial tests proved no absorption; however, more
experiments need to be performed to establish this finding absolutely.

A series of hindered amines such as NyN~-Dipropylacetamide, NlNlN]NI'

Tetraethyl ethylenediamine, N-Nitrosodiethylamine and N¥-Nitrosodipropylamine



will be studied in the coming quarter. The acid gases SO,, NO, and NO, will

be used to establish absorption capacities.

B, Liquid Membranes

Besides the study of the solubility of S0,, NO,, and NO in various

organic compounds, the use of liquid membranes for the'studyAqf acid gas.

removal will be researched. A typical procedure for making model liquid

membranes is as follows:

Procedure for making model liquid meémbranes

I. Emulsion Formaticn

1.

Beagents: a. Heavy Mineral 0il (mot light) or Exxon's.é:lbdéN
be ICI America-Span—80 - stabilizer
c. 10 wt Z ECL or ﬁ2304
- de 10 wt Z Nz0H
Using turbine impeller of 1500 RPM add four grams SPAN—Sé to'éOO
cc mineral oil, allow to mix for ten minutes.
At ten minutes add 100 cc of 10 wt 7% NéOH..
Allow to mix for 20 minutes.

At the end an emilsion must be organic continuous.

IT. Contacting -

1.
N
3.
4,

3.

Add phenolphehalein to 10 Z wt HCI.
Switch to marine impéller.

In a plastic beaker add 100 cc acid to 200 cc emlsion. |

Start agitation at 500 REM.
Work up to higher mixing rate until phenolphthalein turms color.

The acid/base components in this system are used only to serve as



a demonstration that the liquid membrane formed are carrying out
the transfer of species across the membrane. See Figure 4 for a
diagram of the process.

It is anticipated that the hindered amine can be incorporated into the
oil. The amine can serve as the transporter of the absorbed acid gas from the
continuous phase into the interior of the liquid membrane. If the process is
carried out in an aqueous continuous phase, an enhancer may be added to the
water to facilitate absorption of the acid gas in this phase from the gases
bubbled through the emulsion mixture. The liquid membrane can then transport
the absorbed gas to the interior aqueous phase which can be caustic to
increase the acid gas removal process. Figure 5 shows this operation.

At present the equipment for carrying out the membrane formation has been
assembled and model membranes have been made. The hext quarter will explore
the use of hindered amines in the membrane formation.

Other materials which have possible potentials as transporters in liquid
membranes are EDTA and FeCly solutions. Di-2-ethyl-hexyl phosphoric acid may
serve as an active transport agent such that the acid gas dissolved may be
transported across the liquid membrane against its concentration.gradient.

Another avenue to explore in future work is to use a dialyzer of rigid
membranes. Physically the dialyzer is similar to a shell and tube heat
exchanger arrangement. The dialyzer made of porous membranes in a tubular
form can be soaked in an acid gas absorber such as a hindered amine. After
draining the amine, a gas containing the S0, and NOy can be passed through the
tube side of the exchanger. The gas is absorbed by the membranme and

transmitted to the shell side where a caustic solution reacts and carries awvay

the absorbed gas.



V. SUPPORT AND PROMOTER EFFECTS ON COMPOSITE

CO/Hy CONVERSION CATALYSTS (TASK 3)

The objective and methodology of this study are:

« oObjective: to'determipe whether promotors (such as ThO, in case of
cobalt) merely affect extrinsic properties (i.e., surface aréa) or
change intrinsic‘catalytic properties (i.ee; density of active sifes,
absolute rate constants). |

« methodology: switching abruptly the isotopic constitufion of the feed

to working catalysts, and mnnitofing'the rate of ingrowih of the "new"
isotope into products.

We have successfully conducted experiments with unpromoted ruthenium
(Figure 6) and cobalt (Figure 7).

By working with deugerium (see the precediné quarterly report) and
incre251ng the electron impact energy of our mass spectrometer to 30 ev, we
now have sufficient resolution to follow the stepwise ingrowth of 130 into the
C5 and C4 Fischer-Tropsch products (Figures 6 and 7).

. The quantitative analysis of thesg datalcurrently is in progress. Ffom
préliminary results‘we are already able to formulate some preliminary

conclusions:

« in addition to a COad reservoir, there are distinquishable reservoirs
of C;-ad and Cq—ad surface species.

« the rate of C~C bond formation is measurable. It varies from ~ 2s
(Ru) to ~ 6s (Co). | |

« the 138 is not statistically distributed in the C3 and C4 products.



Before turning to promoted catalysts, we will first amalyse further the
currently obtained data, which contain novel and unexpected features

(especially the third of the preliminary conclusions just stated).




VI. EXTRACTION AND CONVERSION OF COAL AND OIL SHALE

USING SUPERCRITICAL FLUIDS (TASK 4)

A program for the study of supercritical fluidé for extractioqxof coal
a;d 0il shale is being carzied'but. Emphasis is placed on de%elopiné a
_ffundamental understanding of supercritical phase behavior as applied.to cozl
conversion and for coal liquid deashing [2]. Imitial expefimeﬁts which have
used supercritical water to coavert coal to gases, liquids and TEF_sdldﬁle‘
products at supercritical temperatures have produced high conversion.wiﬁh
brown coal (75%) and with bituminous coal (58%2). Results obtainmed to date
have shown coal rank, coal type, extraction (reaction) time, éxtraétion
temperature and initial density of the supercritical phase are important
variables. ‘

'I;‘has been hypothesized that when coal is contacted with a supercritical
filuid, a portion of the coal dissolves instantaneously. The amount Qf coal
Wﬁich dissolves deﬁen&s én the density and the temperature of the
supercritical fluid and should increase with an increase in density aand
temperature of the supercritical £luid. It is further hypotﬁésized that only
the part of the coal which is dissolved in the supercritical fluid updergoes
liquefaction reactions which results in the formation of oils,'asphaitenes,
preaéphéltenes, éases and char. Conseqﬁently, short contact time liqﬁefaction
of a2 bituminocus coal in a non—dqnor solvent like toluene will be stu&ied to
determine if these effects éctually exist. This report briefly describes the
progress made during the period December 13 through March 12,

Prbgress‘for Period December 13 through March 12

Experiments were done with toluene and piperidine mixtures at the

mixtures’ critical temperature and densities. In the analysis of the reaction



products, the presence of piperidine in the coal can affect the determination
of the amount of toluene solubles, because the piperidine will extract some
products which are not toluene soluble. In order to eliminate this effect
during extraction by toluene and THF, the slurry (piperidine + toluene + coal
+ products) was kept in the hood so that the piperidine and toluene could
vaporize (This is Extraction Procedure A). Next it was slurried with fresh
toluene and extracted with tolueme and then with THF., The results are
summarized in Table 2.

It was found that the conversion to THF soluble products for fractions of
piperidine greater than 50% were negative. It has been reported by Jolley et
al. [3] that polymerization of pyridine solubles during extraction of the
reaction residues occurs unless an inert atmosphere is present.

An experiment was done with piperidine at 380°C, at the critical demsity
of piperidine and for a reaction time of 30 minutes. The results are given in
Table 3. The piperidine was allowed to vaporize and the solid mass extracted
with toluene and then with THF. The conversion was found to be negative
although the conversion at 15 minutes and 60 minutes under otherwise identical
reaction conditions were 53% and 83% respectively. The only difference was in
the way products were extracted. In the case with high conversiomns, the
slurry f£rom the reactor was not dried, but rather simply diluted with toluene
and filtered through an extraction thimble. (This is Extraction Procedure B).

In order to determine whether removing the piperidine from slurry by
evaporation or not made a difference in the results, an experiment was
performed with piperidine at 380°C and the critical denmsity of piperidine for
a reaction time of eight minutes. The slurry taken from reactor after
quenching was divided into four identical parts. Two parts were diluted with

toluene and extracted (Procedure B) two parts were dried (Procedure A) and

10



then extracted with toluene. The results are given im Table 3. The percent
of the’slurry‘Which dissovled in toluene was greater in the fifst céSe. This
indicates that removal of piperidine by evaporation may cause the reaction
products to polymerize and/or the piperidine is»extracting some'of the toluene
iﬁsolubles.

Expeviments were done at 400°C with toluene as the supercriticdl fluid
and.for reaction times from two mimites to 60 miﬁuteé. The fesults ére given
in Table &, Different liquefaction models were tried but nome successfully
modeled the behavior. It was then hypotheéized thét only a cerfain fraction
of coal dissolved in the supercritical fluid and it is this fractiom which
undergoes liquefaction in the supercritical fluid.

The model can be given as follows:

c » G (dissolved) + Gy (undissolved)

K

Cl +1 A
K

P +2 A
%,

The lump A includes asphaltenes, oils and gases together.

For a gradientless reactor the model equations are set up as:
dcl/dt = _Kl *Cl
dP/dt = Ky * P — Rg * P

i1



d char/dt = Kg * P

C =¢Cy + Cy + char = £(P,T)

C,/C =&,

K4 = f(P,T)

The initial concentration of P and A was obtained from solubility of raw
coal in toluene and THF respectively. The differential equations were solved
analytically and the kinetic constants were fitted using multi-parameter
optimization. The average absolute deviation (AAD) between calculated and
experimental values of asphaltenes and preasphaltenes was found to be 1%. The
results are given in Table 5. Experiments done previously at higher demsities
of toluene gave higher conversions under otherwise identical conditions.
Higher conversion were also obtained when higher supercritical densities of
water were used. An experimental program is being undertaken to quantify
their effécts by studying short contact time liquefaction kineties of Bruceton
coal in supercritical tolueme at different densities and at different
temperatures.

An experiment was conducted with Bruceton coal and water at 380°C and at
0.35 g/cc density of supercritical water for a reaction time of 30 minutes.
The raw coal solids after filtration and the THFI of those solids have been

sent to PETC for microscopic analysis. The results are awaited. The coal

12




injected was of the order of 3g and conversion.to gases,.liquids and THF
séiublé products was 33%. The results are given in Table 6.

An. experiment was carried out with Hi Na lignite and watérAat 380°C and
at 0.35 g/ce density of supercritical water for a reactér tiﬁe of 30
minutes. The conversion to gases, liquids,_gnd THF soluble producté was
46%., The results are given in Table 6.

Plans for the Next Quarter:

Exéeriments will be carried out with Bruceton coal and tdlﬁene at’
different stirrer speeds fo find out at which stirrer speed the mass-transfer
resistances areveliminated.

Experiments will be carried out with Bruceton coal and toluene at reduced
densities of 1.0 to 1.5, temperatures of 380°C and 400°C and~reactof-times of
two minutes to ten minutes to study the short contact time'liqueféction

kineticse.

13
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Table 2

Summary of Batch Extraction/Reaction fo. Briceton Bituminous Coal
Using Supercritical Toluene~Piperidine Mixtures

Run #
Toluene, Wt 7%
Piperidine; wt %
Fluid dégisty, kg/m3
Coal charged x 103 kg
Temperature, K

Pressure prior to
injection, MPa

Pressure, MPa
(solvent + argin)

Reaction time, min.
Stirrer speed, Tpm
Solid product, *3

Toluene insolubles,'
"%

THF insolubles, *2

Pyridine inmsolubles,
Z

3¢

© 94,93

5.07
291,90
37.00

647.60
7.23

10.88
15.00
2500.00

98.16

93.43

- 87.64

86.49

40
75.00
25.00

1306.60
34,70

647.60
6.87

9.80
'15.00

2500.00

97.48

97.48

91.69

85.30

41
54,92
45,08

294,90
42,30

647.60
6.84

- 10.13
15.00
2500.00

'106.40

82.23

82.23

80.90

42
34,98
65.02

294,50
38.10

647.60

6.89

10.16

15.00

2500.00

148,02

130,09

111.67

98.89

‘43

'15.50°

- 84.50
298,00

32,10

647,60

7.08

10,25

" 15.00

2500.00

165.31 .

144,03

110.39

90.92.

#The products are expressed as % of coal injected.
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45
54,63

45,37

© 296,80

58,70

647,60
7.01

11,38

15.00

2500.00

86.99

83.36




Table 3

Summary of Batch Extraction/Reaction of Bruceton Bituminous Coal
Using Supercritical Piperidine

Run # . 47 57 57
Extraction Procedure A A B

Piperigine density,

kg/m 299.20 304,60 304.60
Coal charged ‘

x 107 kg 51.00 41,30 41,30
Temperature, K 647.60 647.60 647.60
Pressure prior to

injection, MPa ©7.21 7.38 7.38
Pressure, MPa \

(solvent + argin) 11.05 11,81 11,81
Reaction time, min. '30.00 8.00 8.00
Stirrer speed, rpm 2500,00 2500.00 2500.00
Toluene insolubles,

YA 150.90 107.31 52.49
THF insolubles, % 117.87 107.31 52.49
Pyridine insolubles

A 82,05 107.31 -

18




Table &

Summzary of Batch Extraction/Reaction of Bruceton Bituminous Coal‘
Using Supercritlcal Toluene

- Run #

Tbluen§ density,
kg /@ .

Coal charged
p:d 13% kg

Temperature, K

Pressure prior to
injection, MPa

Pressure, MPa
(solvent + argin)

Rezction time, min.

Stirrer speed, Tpm

Toluene insolubles,
Z

THF, insolubles, %

48 .

298

39.930

672,000

7,630

11.830
60.000

2500.000

84,190

83.280

49
301

38.890

672.000
7.620

11.870
30.000

2500.000

85.420

83.490

53
.303

48,490

672,000
7.800

11,940
8.000

2500,000

88,610

88.610

56
.303

3%.010

672.000
8,200

12,110
2.000

2500.000

92,490

20.820
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Table 5

Summary of Batch Extraction/Reaction of Coal/Lignite
Using Supercritical Water

Run # 54 57
Solid Substrate Bruceton Bituminous Coal Hi Na Lignite
Water density, kg/m3 351,70 352.30
Coal/L%gnite charged

x 107 kg 3.10 11.40
Temperature, K 649.80 649.80
Pressure prior to

injection, MPa 23.16 22,55
Pressure, MPa

(solvent + argin) 24,48 25.46
Reaction time, min. 30.00 30.00
Stirrer speed, rpm 2500.00 2500.00
% Solid product | 79.00 59.60
% Gases ( 1.51 7.70
% liquids by diff. 19.49 32,70
% THFI 67.20 33.70
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Table 6
Toluene-Bruceton coal at 400°C

K; = 0.09868 sef-l

Ko = 1.244 sec_

Kq = 2.402 sec-l

Ky = 0.195
Exptl Predicted Exptl Predicted . Reaction
Z GOA % GOA % Preasphaltenes 7 Preasphaltemes time, min.

7.51 7.51 A 1.67 06 2.00

11,39 11.39 0 -0 . 2,00
17.07 13,77 2.58 0 - 8.00
14,58  15.49 1.93 0 30,00
15.81 15.81 . 0.91 0 : 60.00

T GOA = 100 - Z Toluene Insolubles

% Preasphaltenes = % Toluene Insoluble -~ 7 THF Tnsolubles
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Figure 1.
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Mole CH, Produced/hr.gm.cafolyst
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Figure 2. Methane production versus temperzture
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Figure 4: Equipment for preparation of ligquid membrane.
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Figure 5: Membrane Mechanism

26



IS SE5003808 00! A s RIS 1599 5ITTIII8I0020 I I I TS TP TTeR

_ ° ~
% 33 gasa1aaqogaee '“..__ s8atesazsann .&'}a..l::.'::‘.'.'-".'."'."'-’" CIPILOISTIIE AN
. . L] ll.-'.:.°." ‘I"'m . .
L] aes® e “ga®
* » ...:' " o:r“‘
. l.. ot
=‘ '.- .
¢ L] ‘.. L ]
-— 2 g . -
e .
e s .
[ § a
2
. [
)
« 3 3
c s
.3
@ "
g [
- *
P PR1Y-T
' 5 . .
'i% o l L3

o, 2
s 9 a’nﬂ

il '0 e 939’ 33 5 °gg'ln
3 23
"i:—}%aMaasma:sacwaa:aagwgﬁ%gggk :

3930030352 52535023053000900

TIHE=CH-8TREAN,CS2C)

Figure 6: Isotopic switching with unpromoted ruthenium.

27




YN NN NI R I I R T N Y R N NN D0 DR R DD R O R DO RPN PRSP UR R RDDSRRROFE 000D RPIILIIIINININNNININLLANILLASLSILLRCSLALARCLCRLILLE

’ L] .“.....".‘.I.'A.!.'ll..l..l'.l'-...q.!t..'!l!‘l.ll!vn-lol . evaigagt .« ‘mllﬂf'f"‘f"‘"
— o R
[N .
““a“‘-ln',.,.fﬂ‘ ghatagsene
. . "““‘_l" T 'l::"'.
O o8y,
h ...'0'-'-... .-~::.-::::=.‘ gty
' -~ gttt

.
E ™ )
. sens ot gt
b CPrLn @
. R “‘.nnn
RYSS L
0

TINE-ON-STREAM,<8EC)

Figure 7 Isotopic switching with cobalt.
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