EXTRACTIOR AND CONVERSION OF COAL
USING SUFERCRITICAL FLUIDS (Taak 4)

Background -

A program for the study of supercritical £lunids for extraction of coal
and oil shale is being carried ocut. Enphasin. is placed on developing a
fundamental unders:anding of supercritical phase behavior as ipplied to coal
conversion and for coal 1iquid desshing. Inirial experiments{l) uhich have
used pupercritical water to convert coal to gases, ligquids acd THF Soluble
products at supercritical temperature have produced high convergion with brown
coal (75Z) and with bituminous coal (58%). Results obtained to date have
shown coal rank, coal type, extraction (reaction) time, extraction remperature
and deunsity of the supereritical phase are important wariables,

It has bee:; hypothesized that when coal 1s contacted with a supercricical
fluid, a portion of the coal dissolves instantanecusly. The amount of coal
which dissolves depende on the density and the tempaerature of the
supercritical fluid and should increase with an Increase in dengity and
temperature of the supercritical fluid. It is further hypothesized that only
the part of the coal which fs dissolved in the supercritical fluid undergoes
ligquefactior reactions which results in the foruatian of olls, asphaltenes,
preasphaltenes, gases and char. Consequently, short contasct time liguefaction
of bituminous coal in 2 non=~donor eolvent like toluepe is being studied to
determine 1f these effects actually exist. This report is a thorough
description of the work from September 13, 1983 through September 12, 1984.
Progrese

Experiments were done with I1linois #6 coal to study the effect of coal

type on conversion to gases, liquids and THF solnble products. The Tesults
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are given in Table I. It was found that the conversion withk Illinois #6 coal

- was low (287) compared ro that obrtained with Bruceton bituminous ccal (58%)

under 1dentical reaction conditions. This may be al:ér:l.huted to the :elativelﬁ
high preasphaltene content in raw Bruceton coal. (8=9Z) as compared to 2-3% in
the case of rav Illirnois #6 coal. Results with Powhattan #5 coal by Towne [2]
support this hypothesis. Conversion of Powhattan #5 under idemtical
conditions was only 17X, the lowest of the three coals, and the preasphalrene
content of the raw coal (1X) was also the Iowest.

Experinents were doume with supercritical fluid mixtures of water and a
hydrogen donor (piperidine) to satudy the effect of the addirion of a hydrogen
doaor to the solvent. The effects studled include the conversion of ecoal to
gases, liquids and TEF soluble products. A 20 mole X {54 wt Z) piperidine
water mixture was used as a supercritical flufd. The resules are given in
Table I. The coal conversion was lower {16Z) than either water or piperidine
ufider identical reaction conditions of temperature, reduced demsity, reaction
time and agitation conditions. This can be attribured to the adducr-forming
tendency of piperidine with coal lesling to formation of THF inscluble
products. The molar density of the mixtyre was lower due to the higher wt X
(54 wt ) of a high mol. wt. substance (piperidine 85) compared”to that of
water (i8). It was found earlier nsing drown coal that by increasing the
dengity (p) of the supercritical water from p./2 to P, the amount of THF
solubles obtained after a fifteen mimute extraction Increased from 40Z to
75%. Bence the lower conversion obtained using the piperidine water wixture
is probably partislly due to the lower molar density of the supercritical
fluid mixture.

Experiments with piperidine~water mixture were conducted with coal being

present during the heat—up perlod. The nmixture composition was 20 mole X

217



id

=k

piperidine. The results are alsoc given ip mm‘e 1. For the reacriom time of
oue hour, the couversicn obtained was 651, m** \ s Lnbetween the conversion
obeained for water (10I) sad piperidine (Py) %A, otherwtse dentical
conditions. The adducts formed by piperidi\,. "‘t§|, coal mgy be deconpoeing
into THF soluble products as reaction tise 3, WN,,s: Algo, the presence of
piperidine curbs some of the retrogressive *‘.ﬂtkm‘s Rolng on when coal s
preseat dur:l.ng the heat-up period. Hepce by, W, gslon 2g higher for the
piperidine-water mixture than for water alfy,, P\perldine is a good hydrogen
donor and helps in stabilizing the prodmet? ¢ ‘0 decomposition during che
heat-up period. BHence the conversion im thy /'S ,f Piperidine is greater
than for either water or the piperidine—'u-':\r f"%f.’e-

Pxperiments were dome with toluene and .gf*™,foe mixtures at the
mixtures critical density znd temperature Oy sﬂ' ¢ 95 In the analysis of the
reaction products, the presence of pilperidiy, #° Wee SOl can affect the
deternination of the amount of toluene Solfle!' = Order to eliminate pnis
effect during extraction by toluene and TEf\ =t Wy #ITY (piperidipe + toluene
+ coal + products) was kept in the hood so Wyeuf "), Plperidine and toluene
could vaporize (this is Extraction Procedu®y p/)* ge*t 1 was slurried with
fresk toluere and extracted with toluene afiy =f* s th THF., The results gre
summarized in Table IX.

It vas found that the conversion to Tﬂa,ﬂl“\,’; Produets for fractions of
piperidine grester than 502 were negative. 1 PR% peen reported by Jolley et
al. (3) that polymerization of pyridine soﬂ-\ujs %y ritg extraction of the
reaction residues occurs unless an inert :t\",_.fh‘\e i8 pregent.

An experiment was dome with piperidins , g, at the erirfcal density
of piperidine and for a resction time of 3¢ d:,a”t\', The resultyg are given in
Table III. The piperidine was allowed £o W/ 3% cod the solid mass
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extracted with toluene and then with THF. The coaversion was found to be
negative although che conversion at 15 mimutes and 60 minutes ander otherwise
1dentical reaction conditions were 537 and 83X respectively. The only
differsnce was in the way products were extracted. In the case with high
converaions, the alurry from reacror was uct dried, bur rather siosply dilnted
with toluene and filtered through an extraction thimble. (this is Extraction
Procedure B)-

In order to detersdine whether removing the piperidine from the slarry by
evaporation or not uade a difference in the results, an experiment was
performed with piperidine at 380°C and the critical density of piperidine for
a reaction time of eight mimites. The slurry taken from reactor after
quenching was divided into four identical parts. Two parts were diluted with
toluene and extraecred (Procedure B) and two parts were dried {Procedure A) and
then extracted with toluenme. The results are given in Table III. The percent
of the slurry which diszolved in toluene is greater in the first case. This
indicates that removal of piperidine by evaporation may cauge the rezction
products to polyoerize andsor the piperidine is extracting some of the toluene
insolubles.

An experiment was carried out with high eodium lignite and water at 380°C
and at 0.35 g/cc density of supercritical water for a reactor time of 30
mimtes. The conversicn to gases, liquids, and THF soluble products wes
462, The regults are given in Table IV.

An experiment was conducted with Bruceton coel and water at 380°C end at
0.35 g/cc density of supercritical water for a reaction time of 30 minutes.
The taw coal solids efter filtration and the THFI of those solids were gent to
PETC for microscopic analysis. The coal jinjected was of the order of 3g and
conversion to gedses, liquids and THF soluble products was 33%, The resulta
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are given in Table IV. The microscopic analysis were done by PETC analysts
who concluded that the processed coal had a hi_ner fraction of mineral matter
incloded in the orgsnic matrix than the originel coal which would oceur if
organic matter Was extracted and mineral matter was not.

Experiments were carried out with Bruceton coal and toluene at different
stirrer speeds to find oat at which stirrer speed the mass—tranafer
reslstances are eliminateds The results are summarized in Table V and Pigures
l and 2 show the effect of atirrer speed on Toluene Solubles and THF Solubles
regpectively. It can be cleatly seen that the stirrer speed has very little
effect. It could be attributed to the high diffusivity of the supercritical
phase and long reactiom time employed (30 minutes). If the experiments were
carried out at low reaction tlme (less than 10 minctes), the usual plot of
conversion inecreasing with stirrer speed and then flattening out with mo
effect of stirrer speed sfter a certaln value of stirrer speed could be
observed.

Experiments were carried out at different coal/solvent racios by
injecting different smounts of coal under identical conditions of
supercritical toluene density, temperature aund resction time. The regults a~e
smuxmarized in Table VI and Figures 3 and 4 show the effect of amount of coal
injected on the Toluene/THF solubles. It 1s found that as the amount of coal
injected decreases l.e. the golveat/coal ratio increases, the Toluene
solubles/THF solubles increases, Yt is known from Figure 5 that the toluene
solubles undergo retrogressive reactions. Hence if the solvent/cosl ratic is
higher the retrogressive reactions sre curbed because the toluene solubles are
Present {n a more dilute state than vhen a lower polvent/coal ratio is
exployed. This implies that retrogressive reactions follow second order

kinetica.
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Experiments were carried out with Bruceton coal and toluene at reduced
densities of 1.0 and 1.5 and reaction time of two mirutes to 60 minutes. The
regults are snmari.zed in Tables VII and VIII and Figures 6 and 7 show the
effect of reaction time on Toluene Sclubles and THF Solubles respectiwvely at
reduced density of 1.0 and 1.5. It caan be geen that the initial rate of
formation of Toluene Solubles and THF Solutles Is higher when the reduced
density iIs higher. This is consistent with the hypothesis that the solubility
of coal Increases with an increagse in the density of the supercritical
fluid. Part of the coal instantaneously dissolves in the supercritical fluid
due to the high diffusivity of the supercritical fluid and the high stirrer
apeed employed during the experiment. The coal which has dissolwved
inscantaneously undergoes liquefaction reactions resulting in the foﬁ:mtion of
Toluene Soluble and THF Soluble products. The experimental data at higher
reaction time show a lot of seatter. Amestica and Holf(“) have reported a
decresse in conversion after a reaction time of 30 mimmres using ILlinois #6
aud Toluene although their mode of contact was different from ours; in their
experiments the coal was not injected into the supercritical toluene phase but
was heated withk toluene to supercriticel conditions and the reaction time was
measured from the time the slurry attained the desired temperature. They glso
reported an incresse in conversion with an increase in density of the
gupercritical fluid.

A two variable regression for toluene solubles and TEF solubles with
density of the gupercritical phase and reaccion time as the two varlables was
tried with different kinds of functions but the data conld not be amoothed as
desired. Eence the raw data will be used directly for the model propesaed in

the 2nd Quarterly report.
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Experimen:s were carried out with Bruceton coal and toluene at reduced
densities of 1.0 and 1.5 and reaction times of two minutes to 60 minutes at
675 K. The results are gummarized in Tables IX and X and Figure 5 ghows the
effect of resction time cn Toluene Solubles at reduced density of 1.0 and
1.5. As found at 647 E, tie in:l.t-:l.al zate of formation of Toluene Solubles is
higher when the reduced density is higher. This is consistent with the
hypothesis that the solubllity of coal increases with an "increase in the
density of the supercritical fluid. As seen from the experiment data, the
teluene golubles decrease with reaction time after golng through a maxims in
toluene solubles. This is more provounced at 673 X as expected as the
retrogresslive reactions become more importani zt higher temperature.

Model for Coal liguefaction with a Supercritical Fluid Whichk Does Wot Reaet

with Coal

Experimental Observations Made

1. 7The effect of stirrver speed did mot have a very significant effect on
the formation of olls and asphaltensas in the range of stirrer speed studied.
Due to the high diffusivity of the supercritical fIuid and the high stirrer
speed employed, It can ko assumed that a part of coal instantanecusly
disgolves on contact with the supercritical fluid.

2. The rate of formatfion of olls and aspheltenes is e strong funmction of
pressure (or demsiry) ac all the temperature levels studied. The pressure was
changed by changing the density of the supercritical f£luid. The f£luid used
was toluene which does not react with e0al{4). The rate of formatrion of otls
and asphaltenes increases with temperature. This effect has been reported by
Amestica and Wolf$%) and Solmka and Rutkewski.(3)

3. There is no formation of preasphaltenes during the cozl liquefection

with supercritical toluene as it does not react with coal. The amount of
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preasphaltenes are found to decrease from a small finite value, preseant in raw
coal (estimated from THF solubilitry) to zere. This ':Ls attribured to thermal
reactions of asphaltenes from preasphaltenes yilelding char and oils.

4. The amount of oils plus asghaltenes initially increases with reaction
time at all tremperatuce levels but at higher temperature levels when the
retrogreasive reactioas become significant, the oils plus asphaltenes go
through a maximum and atart decreasing with time. This kind of behavior has
been reported by Amestica and Woif.(4)

The above experimeantal observations have lead to the development of the
following hypothesis: — when coal 18 contacted with a supercritical flulid in
an apperatus where mess—-transfer registances have been eliminated, more mnon=-
volatile compounds in the coal) dissolve, instantaneously, in the supereritical
fluid than would under low presaure conditions. However, the amount of coal
which dissolves depends on the tesperasture and density of the supereritical
£fluid. The solubllity of any compound in a supercritical fluid has been shown
by Ziger and chert“) to be dependent on the density of the supereritical
£luid; the solublility in general, increases with an Increase in the deasity of
the fluid. Additionally, the fluid phase sclubility of any compound Increases
with temperature due to the increase of the wvapor-pressure of the compound
with temperature. It is furrher hypothesiged that only the part of the coal
which ig dissolved in the supercritical fluid undergoes liquefaction reactioms
which results in formation of oils, asphaltenes, gases and char.

The model reactions and equations are as follows:

instantaneous
c + €l (dissolwved) + €2 (undissolwved) 1
S
Cl + A (2)



o
NS
>

dCl/dr = - IlCI

dP/fdt = -KZP-KaP

dA/dr = ch:l. + KZP—K;'A

dChar/dz = 13? + KAA

C =CI + C2 + Char

3

(&)

(5)

(6)

7

@

(%)

(10)

C - coal, Cl1 = eoal dissclved in supercritical solwent, C2 = coal Dot

digsolved in supercrirical solvents, & — oils, asphaltenes and gases, P —

preasphaltenes, C — THF inscluble product.
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Table 1

Summary of Batch Extraction/Reaction of Cosl using Supercritical Fluids

Run # 33
Coal Used 3EC
Procedure A
Water, wr?¥ §6.0
Piperidine, we¥ 54,0
Fluid Depsity, kg/m> 312
Coal charged x 103, kg 11.7
Temperature, K 547 .0
Pressure prior to

injection, MPA 21.81
Presgure, MPA

(solvent + Argen) 24.93
Reaction time, wmin 15
Stirrer speed, Tpm 2300
TEFI, feed coal, X . 91.3
THFI, solid product, ¥ 16.0
Gaseous Producr, % -
Solid Product, I 98.7
liquids {by diff) -
Ash Z, in THFI 5.39
|.'»'E of water -

286

38

BEC

45.9
54.
341
60.4
648.0

N.A.

23.19
60
2300
91.3
31.3

1:.21

&l
Illincis #5
A

100

352
14.6
647 .8

22.57

24.15
&0
2300
972
72.3

77.1

17.85
8.?
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Table II
Sumnary of Batch Extraction/Reaction of Bruceton Bitumineus Cosl
using Supercritical Toluene=Piperidine Mixtures

Rm # 39 40 41 42 43 " 45
Toluere, wt % 94.93 75.00 564,92 34.98 15.50 54.63
Piperidine, wt Z 5407 25.00 45.08 65.02 84.50 45.37
Fluid demsity, kg/m’ 292 307 295 295 298 207
Coal charged x 10> kg 37.0 34.7 42.3 38.1 32.1 58.7
Temperature, K 657 .6 647 .6 647 .6 647 .6 647 .6 647 .6
Pressure prior to -

injection, MPa 7.23 6.87 6.84 6.8 7.08 7.01
Pregcsure, MPa

(solvent + argon) 10.88 9.80 10.13 10.16 10.25 11.38
Beaction time, mine. 15 15 15 15 15 15
Stirrer speed, rpm 2300 2300 2300 2300 2300 2300
Solid product, "% 98.16 97.48 106,40 148,02  165.31 -
Toluene insolubles, % 93,43 97.48 82.23  130.09  144.03 86.99
TRF insolubles, "% 87.64 91.69 82,23  111.67 110.39 83.36
Pyridine insolubles, % 86.49 85.30 80.90 98.89 90.92 -

'The products gre expressed as X of coal injected.
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Table III

Summary of Batch Extraction/Reaction of Bruceton Bitumfnous Coal

using Supercritical Piperidine

Run ¥ 47
Extraction Procedure A
Piperigine Density,

kg/ 299
Cocal rged
Temperature, K 647 .6
Pressure prior to

injection, MPs 7.21
Pregsure, MPa

(solvent 4+ argon) . 11,05
Reaction time, min. 30
Stirrer speed, rpm 2300
Toluene insclubles, T 150,90

THEF insolubles, Z 117.87

Fyridine insolubles, 2 82.05

57

A

305

1.3

647 .6

7.38

57

305

41.3

647 .6
7.38
11.81
2300

52 .49
52.49
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Table IV
Summary of Bstch Extraction/Beaction of Coal/Lignite
usaing Supercritical Water -

Run # 54 57
So0l1d Substrate Bructon bituminous Coal .Hi Na lignite
Wster demsity, kg/m® 352 352
Coal/Lignite charged

x 10” kg 3.1 11.4
Ie.mperature. K 649.8 649.8
Pressure prior to

injection, MPz 23,16 22,55
Pressure, MPa

(solwvent + argon) 24.28 25.46
Beaction time, mine. 30 30
Stirrer speed, rpm 2300 2300
% Solid product 79.00 | 59.60
% Gases 1.51 ' 7.70
Z Liquids by Jdiff. 19 .49 2.0
Z THFL 67.20 53.70

289
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Table VI

Sommary of Batch Extraction/Reaction of Bruceton Coal
using Supercritical Toluene

Effect of Coal/Solvent Ratio on Conversion

Run # 90 52 89 26
Toluene Density, kg/m> 303 304 304 303
Goal charged x10%kg 7.7 19.9 28.7  39.9
Temperature, K 673.0 672.4 672.3 673.3
Pregsure prior to 7.87 7.87 7.85 ¥.79
injection, MPfa
Pressure, MPa 11.03  12.42 12.39 , 15.19
(Toluene + Argon) '
Reaction rime, min. 15 15 _15. 15
Stirrer speed, rpm ' 2300 2300 2300 2300
Z Toluene Salubles 18.30  14.50 12.74 17.10
% THF Solubles . 18.30 15,39 1274 19.70

201

28
303
49.9
672.4
~.83

13.23

15
2300

14.00

14.00
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Table X

Summary of Batch Extraction/Reactlon of Bruceton (oal
using Supercritical Toluene

Bffect of Reaction Time at Reduced Dengity of 1.5 end Tempersture of €73 K

Run # 95 9% 93 98 99 100
Toluene Density, kg/m> 445 444 443 444 455 FY¥A
Coal charged xl0%kg 29.1 35.9 36.6 AL 32.9 31.4
Temperature, K 670.8  671.3 672.2  672.3 672.9 672.9
Pressure prior teo 11 .27 11.57 11,31 11.26 1l.28 11.B3
injection, MPa

Pressure, MPa 16.03  17.47 16,78 164,49 16.17 16.956

{Toluene + Argonm) .
Reaction time, min. 2 6 10 15 30 60
Stirrer speed, rpm 2300 2300 2300 2300 2300 2300
% Toluene Solubles 8.49  14.68 17.08  24.66 21.40 19.08
Z THP Solubles 925  14.96 18,16 24.66 21.40 19,21
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