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INTRODUCTION

The gasification of coal with steam and oxygen under elevated pressure is
an essential step in the Bureau of Mines Synthane process for comverting coal to
synthetic pipeline gas. Use of a suitable catalyst or additive in the gasifdica-
tion step could conceivably improve the gasification of coal. Earlier investi-
gators have catalyzed the gasification of coke and carbon with various additives
and have demonstrated that some benefits would result from the catalysis of gasi-
fication at atmospheric pressure. Vignon (1), for example, showed that the per-
centage of methane in water gas made from coke can be increased significantly by
addition of lime to the coke. Neumann, Kroger, and Fingas (2) demonstrated the
feasibility of improving the gasification of graphite at 450° to 1,000° C through
addition of K20, CuO, and other salts. Continuation of the studies by Kroger and
Melhorn (3) indicated that addition of either 8 pct Liz0 or (8 pect Kp0 + 3 pct
Co30;) to low-temperature coke increased steam decomposition at temperatures of
500° to 700° C. More recently, Kislykh and Shishakov (4) studied the effect of
Fe(C0)5, (Fez03 + CuCly), KCO3, and NaCl upon fluid-bed gasification of wood char-
coal at 750° C and atmospheric pressure. They found that sodium chloride was the
most effective additive, accelerating gasification by 62 pct and increasing steam
decomposition 2.5-fold.

The work on catalysis reviewed thus far does not include gasification at .
elevated pressures nor the use of volatile coals. The bench-scale work now
reported compares the catalytic activity of various additives in the gasifica-
tion of volatile coals with steam under pressure and studies other process param-
eters of interest such as gasification temperature, type of contact with the cat-
alyst, degree of gasification, and repeated use of a catalyst. Results of pilot
plant gasification tests using additives are also reported.

Bench-Scale Studies

The gasification tests were conducted in two bench-scale reactor units,
units A and B. The units were essentially the same; each unit contained an
electrically heated reactor constructed of a 21-in-long section of 3/4-in,
schedule 160 pipe of type 321 stainless steel. The coal~additive charge was
contained in the middle 6 in of the reactor to minimize the spread of bed temper-
atures. Alumina cylinders filled the void space at each end of the reactor. Three
thermocouples were located in the 6-in reactor zone, 1/2 in, 3 in, and 5=1/2 in
from the top of the zone. The maximum temperature occurred at the middle thermo-
couple and was considered the nominal temperature of the reaction. The top and -
bottom bed temperatures were generally within 35° C of the maximum temperature.

During a gasification test, the coal charge was gasified by steam, which was
introduced by saturation of the nitrogen carrier gas.




Figure 1 shows a schematic flowsheet of a reactor unit and its auxiliary
equipment: high-pressure gas supply, silica gel and charcoal purifiers, cali-
brated caplllary meter as feed gas flow indicator, gas saturator to humidify the
feed gas, condenser and trap for liquid product collection, and gasometer for
metering and collecting of total product gas. Reactor pressure was controlled by
a back-pressure regulator. Temperature of the gas saturation was controlled
within + 0.6° C by a chromel-alumel thermocouple control system.

Analyses of dry product gases were done by mass spectrometer as well as gas
chromatography. The liquid product about 95 pct water, was drained and weighed.

Coal Used

The coal charged in all the tests discussed in this report was a single batch
of high-volatile bituminous coal (Bruceton, Pa.) that had been pretreated at 450° C
with a steam—air mixture to destroy its caking quality. The pretreated coal was
crushed and sieved to a particle size of 20 to 60 mesh. Proximate and ultimate
analyses of the pretreated coal are shown in table 1 below, in weight percent:

TABLE 1. - Analyses of pretreated coal used for feedstock

Proximate ) Ultimate
Moisture 1.5 Hydrogen 3.9
Volatile 22.4 Carbon 74.3
Fixed carbon  65.5 Nitrogen 1.5
‘Ash 10.6 Oxygen 8.7

Sulfur 1.0
Ash . 10.6

Standard Gasification Tests for Screening Additives

Standard gasification tests were conducted 1in units A and B to determine the
effect of various additives upon rate of carbon gasification, rate of gas produc-
tion, and other gasification parameters.

In unit A, the standard gasification tests using various catalysts were made
at the selected operating conditions of 850° C, 300 psig, and 5.8 g/hr steam feed
carried by 2,000 em3 Ng/hr. The coal charge was 10 g plus 0.5 g of catalyst. All
catalysts were either powders or crystals that were admixed with the coal except
in the case of experiment 203. In experiment 203, a metal tubular insert was flame~
spray coated with about 10 g of unactivated Raney nickel, then inserted in the coal
bed. In experiment 200. the Raney nickel catalyst powder was activated or approx-
imately 65 pct reduced by treatment with 2 pct sodium hydroxide solution. In the
reduced activated state, the catalyst was dried, mixed with coal, and charged into
the unit under an inert atmosphere of nitrogen.

Reaction time, at the desired reaction temperature, was held constant at &4 hrs.
An additional heat~up time of about 40 min was needed to reach the desired reaction
temperature. Steam flow was not started until bed temperature exceeded 200° C.

Conditions in unit B were the same as in unit A except that the steam rate was
slightly lower at 5.0 g/hr.
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Generally, tests were conducted in triplicate or higher replication. The
average deviations in carbon gasification rate determinations generally ranged
from 1 to 5 pet.

The experimental results of the screening tests conducted in unit A are
presented in tables 2a and 2b; and for unit B, are presented in tables 3a and 3b.
The specific gas production rates and gasification rates presented are based on
the approximate 4-hr reaction time at 850° C. The results indicate that methane
production rates as well as carbon gasification rates can be increased signifi-
cantly by admixing certain compounds with the coal feed.

The rate of carbon gasification for the uncatalyzed coal was about 10 pct
higher in unit A than in unit B (experiment 167 vs 300). The slightly higher
steam rate in unit A is suspected as the cause of the higher reaction rate. Be-
cause of this difference in absolute rates, the percent increases achieved in gas-
ification rates and gas production rates due to a2dditives yere related only to
rates obtained in the gasification of the uncatalyzed coal in the same unit. Shown
in table 4 are the relative effects of 40 additives upon the production of methane
and hydrogen; and shown in table 5 are their relative effects upon the production
of carbon monoxide and the gasification of carbon. The additives are listed in
decreasing order of percent increased production. The corresponding reactor unit
used (either A or B) is also listed.

Table 4 shows that at standard test conditions, all the additives listed
except ZnBry increased methane production and that all the tested additives in-
creased hydrogen production significantly. The sprayed Raney nickel catalyst
increased methane production by 24 pct and was the most effective material for
promoting methane production. The next three materials ranking highest in promot-
ing methane production were LiCO3, Pb30,;, and Feq0; with respective methane in-
creases of 21, 20, and 18 pct.

A comparison of the methanation activity of zinc oxide with that of zinc bro-
mide indicates that the anion group of a catalyst can exert significant influence
on the activity.

As shown in table 4, the alkali metal compounds proved to be among the best
promoters of hydrogen production. The percent increase in hydrogen produced was
105, 83, 55, and 53 pct, respectively, with the addition of KCI, KpC03, LiCO3, and
NaCl. The sprayed Raney nickel was the third most effective promoter of hydrogen
production yielding a hydrogen increase of 63 pct.

Table 5 shows that the alkali metal compounds K2C03, KCl, and LiCO3 gave the
greatest increase in carbon monoxide production as well as in carbon gasification;
the increases ranged from 40 to 91 pct. ~The compound NaCl provided 3 significant
increase of 31 pct in carbon gasification but was much less effective in increasing
the production of carbon monoxide (7-pct increase).

As shown in tables 2b and 3b, the unit heating values of the total product
gases generally decreased as a result of mixing additives with the coal but, since
the total gas make was increased, the total amount of fuel value produced as product
gas increased.

Two methods of applying catalyst--by admixing with the coal or by coating the
surface of an insert or carrier--may be compared in the case of unactivated Raney
nickel catalyst (experiments 203 and 197).
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TABLE 4. - Increase in the production of methane and _hydrogen

Increase Increase in
in H; produced,
Catalyst Unit CH4, pct Catalyst Unit peL
Raney nickel, KC1 A 105
unactivated spray A 24 K=C03 A 83
LiCOs3 B 21 Raney nickel
Pb30g4 B 20 unactivated spray A 63
Fea04 B 18 LiCOs B 55
MgOo B 17 NaCl A 53
PbOo B 17 Raney nickel
Sro B 17 actlvated mix A 46
TiOs B 16 NiCly-6H0 A 43
Cry0s B 16 PbO, B 43
Bs03 B 16 Zno A 40
Cul B 15 Pbg 04 B 39
Zn0 A 14 Sro B 38
Al503 B. 14 B20s B 38
Ni B 13 Cu,0 B 38
2r05 B 13 Cu0 B 37
Sbx05 B 13 Ba0 B 37
CrOaq B 13 Sb05 B 37
V205 B 13 MoOs B 37
Raney nickel Co0 B 37
. unactivated mix A 12 BioOg B 36
BaO B 12 ZnBry A 35
MoOs B 12 MgO0 B 35
NiCl,' 6Hp0 A 11 TiO, B 34
Ca(OH) > B 11 N1SO, - 6H0 A 33
Co0 B 11 Fez04 B 33
Ni504 - 6HL0 A 10 Al0q © B 33
MnO, B 10 N1i0 B 32
NaCl A 9 Cr0y B 32
Bis0s B 9 MnO, B 31
Ni0 B 8 2ra, B 31
Cuz0 B 8 Raney nickel.
KC1 A 7 unactivared mix A 30
K=C0s A 6 Ni 03 B 29
Ni 03 B 5 Ni B 29
Raney rnickel Sn0, A 28
activated mix A 4 V205 B 28
Fe A 4 Cr03 B 25
Sn0, A 1 Ca(O0H) o B 22
ZnBry A -3 Fe A 16
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TABLE 5. - Increase in production of carbon monoxide and gasification of
carbon .
Increase Increase in
in CO carbon gasi-
Catalyst Unit produced pet Catalyst Unit fied, pet
KoC0g A 91 KC1 A 66
KC1l A 81 K>C0s A 62
LiCOs B 72 LiCOs B 40
BisOg B 69 NaCl A 31
Sb05 B 69 Pbz 04 B 30
Bo0s B 62 Bao B 28
Fez04 B 60 Bs0s B 28
Cr»0s B 55 PbOo B 27
Zr05 B 53 BisOg B 26
Pba 04 B 52 Cro0g B 26
Cu0 B 49 Sbx0sg B 26
Al50s5 B 45 Zn0 A 26
Ni B 42 Sro . B 25
Cux0 B 41 NiClo-6HS0 A 24
PbO- B 40 Mg0 B 23
CrO0s B 39 Feg04 B 23
NiO B 38 Cu0 B 22
BaO B 30 YA B 22
TiO, B 30 T1i0, B 22
Co0 B 29 CrOg B 22
MgO B 28 Al505 B 22
V205 B 27 NS0y - 6H50 A 21
MnO, B 21 MnO> B 21
MoOs B 19 Co0 B 21
NigOs B 16 Cuz0 . B 21
Sro B 15 Raney nickel
Raney nickel, un- activated mix A 20
activated spray A 8 Nio B 20
ZnBro A 8 Raney nickel
NaCl A 7 unactivated mix A 19
Raney nickel, un- Ni B 19
activated mix A 5 MoOg B 19
Zn0 A 5 V205 B 19
NiCl,-6Ho0 A 4 ZnBro A 17
NiS0y4 - 6H50 A -3 Nio03 B 14
Raney nickel Raney nickel, un-
~activated mix A =4 activated spray A 10
Ca(OH)» B -15 Sn0, A 10
Fe A -21 Ca (OH)» B 9
Sn05 A 24 Fe A 6




Admixing of the catalyst with the coal provides better contact between
coal and catalyst than does the insertion of catalyzed surfaces into the bed
of coal. The superior contact achieved by admixing the catalyst and coal is
proven by the higher specific rate of carbon gasification obtained by the ad-
- mixed Raney nickel (unactivated) in experiment 197 over that of sprayed Raney
nickel (unactivated) in experiment 203 (tables 2a and 2b). This is further
confirmed analytically by the larger amount of carbon left in the residue in the
case of the sprayed Raney nickel catalyst.

Table 2a indicates that the Raney nickel (unactivatcd) catalyst was more
effective in promoting methane production when sprayed on a surface than when it

was admixed with the coal charge. Apparently, the process of methane synthesis

from CO and Hy was more effectively promoted by the sprayed Raney nickel (unacti-
vated) cetalyst. Another possible reason for the greater production of methane in
the case of the sprayed Raney nickel (unactivated) catalyst 1s that the poorer con-
tact between coal and catalyst resulted in less reforming of methane and other hydro-
carbons. Hydrogen production was also greater when the sprayed Raney nickel (unacti-
vated) catalyst was used than when Raney nickel (unactivated) was admixed with the
coal.

Effect of Temperature and Steam Rate

Gasification experiments similar to the standard tests were conducted in
unit A, except that the reaction temperatures were varied from 650° to 950° C and
steam rates used were 1.16 and 5.8 g/hr. The catalyst used was flame-sprayed
Raney nickel 65 pct activated. Also, tests were conducted at 750° C and 1.16 g/hr
steam rate with sprayed Raney nickel activated and charged wet and at 850° C, and
5.8 g/hr steam rate with sprayed Raney nickel unactivated.

Results of these experiments are presented in figures 2, 3, 4, 5, and 6,
where rates of production of methane, hydrogen, carbon monoxide, carbon gasifica-
tion, and production of total dry gas, respectively, are shown. At the temperatures
and steam rates shown in these figures, the presence of the sprayed Raney nickel
insert has resulted in a higher production of nearly all the major gases and in a
higher carbon gasification than that achieved without catalysts. One exception is
in the case of methane production with the activated sprayed Raney nickel at 850°
and 950° C for 5.8 g/hr steam rate (fig. 2), when methane production was greater
for the uncatalyzed reaction than for the catalyzed reaction. HoweVer, a 6-pct
increase in methane production was achieved at 850° C and 5.8 g/hr steam rate when
the unactivated sprayed Raney nickel was used as compared to when no catalyst was
used (fig. 2). The other exception is in the production-of carbon monoxide at 950° C
and 1.16 g/hr steam rate (fig. 4). In this case, carbon monoxide production was
5 pct lower for the catalyzed reaction than for the uncatalyzed reaction.

In general, effectiveness of the catalyst decreases as temperature 1s increased.
For example, the increases achieved in carbon gasification and in total gas produc-—
tion due to the use of catalyst became smaller as the reaction temperature increased
from 750° to 950° C (Figs. 5 and 6). In the 5.8 g/hr steam rate tests, the carbon
gasification rate at 750° C was increased by 0.017 g/hr/g coal charged for a 33-pct
increase, whereas at 950° C the increase in carbon gasification was negligible at
an increment of 0.001 g/hr/g coal charged. Similarly, total gas production was
increased 43 pct at 750° C and 10 pct at 950° C.
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As shown by the gas production and carbon gasification rates presented
in figures 2 through 6, for reaction temperatures of 750° C and higher, the
higher steam feed rate of 5.8 g/hr resulted in significantly higher production
rates over that achieved at the lower steam rate of 1.16 g/hr.

Repeated Use of Sprayed Raney Nickel Catalyst

To determine the stability of sprayed Raney nickel catalyst, a single insert
flame-sprayed with Raney nickel catalyst was subjected to four gasification tests
at 750° C, 300 psig, and a steam rate of 1.16 g/hr. The resulting gas production
rates are shown in fig. 7; also shown is the base case, with no catalyst inserted
in the bed.

Gas production rates presented in figure 7 indicate that the activity of the
sprayed Raney nickel catalyst insert decreased rapidly with use. The gas produc-
tion of the fourth test (17.8 hr service), was only about 10 pct greater than that
obtained when no catalyst was used. An extrapolation of the total gas production
rate as a function of accumulated service time on one catalyst insert indicates
that the catalyst insert would be completely ineffective after about 20 hrs of
operation. Considerable flaking-off of the catalyst is apparent; thus the need
is indicated for an effective bonding agent or alloying substance that will in-
crease the physical durability of the catalyst. Sulfur compounds gasified from
the coal are also suspected of poisoning the nickel catalyst and resulting in the
decline in activity with time.

Effect of Extent of Gasification Time

A series of tests were conducted to determine whether catalysts remain effec-
tive as the extent of gasification increases. Sprayed Raney nickel inserts and Ca0
powder were subjected to the standard test conditions of 850° C, 300 psig, 5.8 g/hr
steam rate but with gasification times varying from 2 to 8 hrs. The abridged re-
sults presented in table 6 show that although the overall rate of gasification de-
creases with extent of gasification or with the length of time of gasification,
the catalysts tested still generally increased the rate of carbon gasification,
and the rate of gas production, as indicated by CH, production, over that achieved
with no catalyst.

TABLE 6. - Effect of extent of gasification time ‘upon
overall effectiveness of catalyst

Unit A. - Temperature, 850° C, N flow, 2000 std cc/hr;
steam rate, 5.8 g/hr

CH4 production Carbon gasification

Gasification time, hr 2 6 2 6
Rates with no catalyst 53.3 cc/hr/g  28.6 cc/hr/g 0.087 g/hr/g 0.062 g/hr/g
Rates with Ca0 56.9 cc/hr/g  30.7 cc/hr/g .090 g/hr/g .062 g/hr/g
Increase due to Ca0 7 pct 7 pct 3 pct 0 pct
Rates with sprayed .

Raney nickel catalyst 70.9 cc/hr/g 38.3 cc/hr/g .093 g/hr/g  .063 g/hr/g
Increase due to Raney

nickel 33 pect 34 pct 7 pct 2 pct
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Effect of Residues from Catalytic Gasification

The catalytic effectiveness of ash residues (some contain either residual
KC1l or KyCO4) from total gasification operations were tested and compared with
the effectiveness of the fresh additive, KyC03 and KCl.

The gasification residues were prepared by nominally complete steam-gasifica-
tion of coal in a 1-in diameter electrically heated, vertically mounted stainless-
steel reactor. The coal charge consisted of 70 g of pretreated Bruceton coal plus
3.5 g of admixed catalyst; the charge was gasified at 950° to 970° C and atmospheric
pressure using a steam feed rate of 45 g/hr. ‘The preparatory gasification step was
stopped whenever the flow of dry product gas appeared to cease. Carbon and ash con-
tent of the pretreated coal and of residues after total gasification and residue
analyses are presented in table 7. The ash analyses show that ash from the cata-
lyzed coals contained significantly larger amounts of potassium than did the ash of
uncatalyzed coal.

In the standard screening tests conducted in unit A, the amount of residue ad-
mixed with the 10-g coal charge was one-seventh of the residue from the total gasi-
fication. Thus, a theoretical equivalent of 0.5 g of the original 3.5 g of catalyst
was charged with the coal in the standard screening test. Production rates obtained
in the standard screening tests are presented in table 8 for the case of plain pre-
treated coal, for the cases of addition of catalyst-free residue, pure K,C03 and KC1,
and for the addition of residues from the total gasification of the coals admixed
with K5CO3 and KCI.

The results of the tests on residues from total gasification of coal indicate
that potassium compounds, K,CO3 and KCL, in the residues retained most of their acti-
vity in increasing the production of methane, lost part of their capability of in-
creasing hydrogen production, and inhibited carbon monoxide production. The addition
of 1.14 g of catalyst-free residue had very little effect on either methane or total
gas production (experiment 220 vs 167).

Pilot-Plant Tests

Tests using additives mixed in the coal feed were conducted in the Bureau's
4-1in diameter Synthane gasifier system. In this system, coal is first decaked in
a fluidized-bed pretreater and then dropped into the fluidized-bed gasifier for

steam-oxygen gasification. The general operation has been described by Forney and
others (5).

Ranges of pretreater and gasifier conditions used in this series of tests were
as follows:

Pretreater Gasifier
Coal rate, 1b/hr 17.8 - 21.2 em——e ——
02 feed, scf/1b coal .31 - .37 2,12 - 3.4
N2 feed, scf/1b coal 5.4 - 6.2 ————- -—
Steam feed, scf/1b coal =  ———em —m——o 19.6 - 25.4
Av. temp., °C 388 515 907 =945

Pretreater and gasifier pressure was 40 atm.
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To alleviate operating difficulties in the pretreater due to unwanted steam
condensation, a nitrogen gas feed was substituted for the steam feed of the pre-
treater,

The coal feed was Illinois No. 6, River King Mine, 20 x O mesh size. Additives
used were hydrated lime and dolomite, and additive concentrations used in the coal
feed mixtures were 5 and 2 pct by weight, respectively. The analyses and sizes of
the additives were as follows:

Hydrated lime: minimum Ca0, 72 wt pct
minimum Mg0O, .05 wt pct
95 pct less than 325 mesh, and

Dolomite : CaC03, 55 wt pct
MgCO3, 44 wt pct
85 pct less than 100 mesh

Results

The effect of the additives upon the percent carbon gasified and percent steam
decomposed can be seen in figure 8 for gasification temperature in the 900° to 950° C
range. Addition of 5 pct of either hydrated lime or dolomite to the coal resulted in
significant increases in carbon gasified. The 5-pct hydrated lime addition resulted
in an increase in carbon gasified of about 29 pct at an average gasification tempera-
ture of 914° C. Addition of 5 pct dolomite gave a 20-pct increase in carbon gasified
at 945° C, These increases compare favorably with the 9-pct increase obtained in the
850° C bench-scale test list using 5-pct addition of hydrated lime.

The 2-pct addition of dolomite did not significantly increase the percent carbon
gasification.

Steam decomposition was not significantly increased by either dolomite or hydrat-
ed lime at the 2- and 5-pct levels, respectively.

The effect of the additive upon yileld of hydrogen and methane in the pilot-plant

unit is shown in figure 9. At an average gasification temperature of 914° C, addition
of 5 pct hydrated lime in the coal feed increased the hydrrgen yield approximatel;
30 pct from 6.25 to 8.1 scf/1b of moisture-and-ash-free coal feed. ‘A similar increase
of 17 pct was obtained by the use of 5 pct dolomite in the coal feed at 945° C average
gasification temperature. Such significant increases in hydrogen production were also
observed in the bench-scale tests.

The yield of methane was increased significantly by 25 pct at 914° C average gasi-
fication temperature through the addition of 5 pct hydrated lime. The use of 5 pct
dolomite at 945° C gasification temperature brought no significant increase in methane
yield. Failure of catalytic action to increase the yield of methane at the higher gas-
ification temperature (945° C) agrees with the general trend observed on bench-scale
tests--that the increase in gas yield due to catalyses decreases with increase in
temperature. ’ ’

The effect of additives upon the yield of carbon monoxide is shown in figure 10.
Addition of hydrated lime and dolomite at the 5-pct concentration levels brought re-
spective increases of 23 and 26 pct in yleld of carbon monoxide. Figure 11 shows simi-
lar increases in product gas yield (CO + Hz + CHg), for the same additions.
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Addition of dolomite at the 2-pct level failed to bring any significant in-
crease in ylelds of methane, hydrogen, or carbon monoxide.

Other results in pilot-plant operation due to the use of dolomite and hydrated
lime at the 2- and 5-pct concentration levels, respectively, are that higher peak
temperatures could be tolerated in the gasifier without incurring excessive sintering.
With no additive in the coal, if a local temperature in the gasifier exceeded 1000° C,
the operation generally would terminate because of excessive gintering or slagging of
the char ash. With the additives in the coal, local temperatures as high as 1045° C
were encountered with no adverse effect on operations. A similar elevation in sin
ing temperature induced by the addition of limestone to the feed coal 1s reported to
be a key feature of the high-temperature Winkler process (6).

SUMMARY AND CONCLUSIONS

The overall results of the bench-scale investigation suggest that the use of
suitable additives would improve the coal gasification reaction at elevated pressures.
In connection with possible benefits to the Synthane process for making high-Btu gas,
it appears that appropriate additives could significantly increase production of
methane and hydrogen in the gasification step.

The bench-scale study thus far has shown the following:

1. Alkali metal compounds and many other materials such as oxides of iron,
calcium, magnesium, and zinc significantly increase the rate of carbon gasification
and the production of desirable gases such as methane, hydrogen, and generally carbon
monoxide during steam-coal gasification at 850° C and 300 psig.

2. The greatest yleld of methane occurred with the use of an insert flame-
sprayed Raney nickel catalyst (unactivated), which has a limited life of activity.
Significant methane increase resulted from the addition of 5 pct by weight of LiCO3,
Pb304, Fej04, MgO, and many other materials.

3. The increased gasification resulted whether the extent of coal gasification
was small or great.

4, At temperatures above 750° C, catalytic effectiveness decreased with further
increase in temperature.

5. Residue from total gasification of coal mixed with potassium compounds still
contained a significant concentration of potassium (over 10 pct) and was effective as
an additive in increasing production of hydrogen and methane.

Operation of the 4-in diamoter Synthane piloi-plant gasifier at 40 atm pressure
and average temperature of up to 945° C with dolomite and hydrated lime additives at
5-pct concentration has increased product gas (CO + Hy + CHy) yield significantly and
has increased allowable operating temperatures.
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Alkali Carbonate and-Nickel Catalysis of
Coal Steam Gasification

W.G. Willson, L.J. Sealock, Jr., F.C. Hoodmaker,
R.W. Hoffman, J.L. Cox, and D.L. Stinson

Introduction

Considerable work has been carried out on thé catalytic effects of
various chemicals on the reactions of carbon with with steam. This work is
of classic importance in the water gas reactions. In addition,many studies
have been made to determine active catalysts for the synthesis of hydrocarbons
from carbon monoxide and hydrogen. These two reaction systems are usually
carried out at vastly different temperatures.

The carbon-steam reactions represented as C + H,0 = CO + H, and
C + 2H,0 = CO; + 2H, are endothermic,and even in the presence of catalysts
the operating temperature range of 800-1100°C is usually employed (1). One
of the earliest investigations of catalysts for the carbon-steam reactions
carried out by Taylor and Neville (2) was at temperatures from 490-570°C.
Their most effective catalyst used with steam and coconut charcoal was
potassium carbonate, although sodium carbonate also proved effective. Fox
and White (2) demonstrated the catalytic effect of impregnating graphite
with sodium carbomate over the temperature range of 750-1000°C.

Krdger (3) found that metallic oxides and alkali carbonates or mixtures
catalyzed the carbon-steam reactions. Lewis and co-workers(4) stated that
if reactive carbons are catalyzed with alkali carbonates reasonable gasifi-
catlon rates are attainable at temperatures as low as 1200°F. A process
which uses molten sodium carbonate to catalyze as well as supply heat for

the carbon-steam gasification, has been described (5).
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In contrast to the carbon-steam reactions, the synthesis of hydrocarbons

from carbon monoxide and hydrogen is usually carried out at temperatures below
450°C (6). The most active catalysts were found to be group VIII metals,
mixed with various activating materials (7). A method for the direct produc-
tion of hydrocarbons from coal-steam systems using multiple catalysts in a
single-stage reactor has been described by Hoffman (8). Hoffman and !
co-workers (9) have described the effects of various commercial nickel
methanation catalysts in a single-stage reactor., They stated that nickel
was chosen for the methanation catalyst since the yield of hydrocarbons was
limited essentially to methane.

It has been found in the single-stage reactor that most effective
mixed catalysts which produce methane and carbon dioxide from coal-steam
systems (2C + 2H;0 = CHg+ CO,) are potassium carbonate and nickel. 1In the
single-stage reactor with the nickel methanation catalyst, potassium
carbonate and coal mixed and charged, it is necessary in order to get
effective contact time, to have the coal to nickel catalyst ratio about
1:1, With this in mind it was deemed significant to determine the optimum
ratio of potassium carbonate to coal which would give the best methane
production.

The principal objectives of this investigation were (1) to determine
the optimum ratio of potassium carbonate to coal, holding the nickel
catalyst concentration constant, (2) to determine by analytical methods
and X-ray diffraction the form and recoverability of the potassium carbonate
in the ash, and (3) to determine the amount of potassium that could be

recovered economically.

Experimental Systems

Reactor Design: The gasification of coal was carried out in a one-inch
(o.d.) diameter, semi-céntinuous flow reactor described in earlier papers (3,9).
Due to the extremely active nature of the nickel catalyst towards oxygen, the
re-rduced nickel catalyst had to be stored under nitrogen atmosphere. In

addition, the reactor was charged under a nitrogen atmosphere in a glove box.
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" Feed Materials:The coal used in all runs was a sub-bituminous coal from
Glenrock, Wyoming, ground to 60~100 mesh. An analysis of the coal 1is given
in Table I. Certified A.C.S. anhydrous potassium carbonate was used for the
alkali catalyst., This catalyst was approximately the same mesh size as the
coal, X-ray studies indicate, however, that some of the potassium carbonate
had become hydrated, for example K;CO5. X(H;0). In addition, a commercial
nickel catalyst was employed. The nickel methanation catalyst (Ni-3210)
containing approximately 35% by weight nickel on a proprietary support was
purchased from the Harshaw Chemical Company. The nickel catalyst was
reduced with Hy at approximately 650°C for 12-18 hours and stored under a

nitrogen atmosphere.

Table I. Analysis of Glenrock Coal

Proximate Analysis

As Received " Moisture Free
Moisture (wt %) 12,2 ———-
Volatile Matter (wt %) 39.6 45.1
Fixed Carbon (wt %) 36.1 41,1
Ash (wt %) 12.1 13.8
Heating Value (Btu/lb) 9140 10410

Ultimate Analysis

As Received Molsture Free
Hydrogen (wt %) 5.1 4.3
Carbon (wt %) 52.7 60.0
Nitrogen (wt %) 0.6 0.7
Oxygen (wt %) 28.6 20.2
Sulfur (wt %) 0.8 1.0
Ash (wt %) 12.1 13.8

Gas Analysis:Product gas volumes were measured by a calibrated wet test
meter, Gas compositions were determined with a Beckman Model GC-5 dual

column, dual T.C.D. chromatograph, One detector used a helium carrier with
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Pora-Pak Q column and other used an argon carrier with a molecular sieve
column. Data reduction was aided by an Auto Lab System IV digital integrator

equipped with a calculation module.

Analytical Analyses: The potassium remaining in the coal ash was
determined with a Perkin-Elmer model 303 atomic absofption spectrophometer
after performing a J. Lawrence Smith ignition on the sample. In order to
obtain a total potassium balance it was necessary to recover the potassium
that adhered to the nickel catalyst. This was accomplished by digesting the
catalyst with acid and determining the potassium by atomic absorption.

The amount of carbonate retained in the ash was calculated from the
quantity of carbon dioxide absorbed by ascarite after first scrubbing the
gas evolved from the treatment of the ash with a 1:1 hydrochloric acid
solution.

In order to determine the amount of potassium that was recoverable by
an ambient temperature wash, lg of ash was washed in 100ml of water for one
hour. The amount of potassium in the filtrate was determined by atomic
absorption.

X-ray Diffraction: The ground ash was mounted vertically in a General

Electric XRD-5 diffractometer. Copper radiation at 50 KVP and 35 MA was used
for the analyses., Each scan was started at an angle 28 of 4° and continued
through 70°. The "d" values in angstroms for the recorded X-ray peaks were
determined from a copper Ka(\ = 1.54184) table and compounds were identified
from the A.S.T.M. X-ray Powder Data File,

Methodology: Experiments were carried out by charging the reactor with
the coal, potassium carbonate and nickel catalyst mixture in a glove box under
a nitrogen atmosphere. In those cases where no nickel catalyst was involved
the reactor was not charged in the glove box. 1In all other runs 100g of coal
an& about 110g nickel catalyst with varying amounts of potassium carbonate
were charged. The temperatures on the reactor and super heater were then
brought to operating temperatures of approximately 650°C in less than two
hours and maintained at the value for the duration of the run., In all cases
fhe length of the run was 7 73 hours and approximately 28 ml of water were
added. The product gas was monitored for composition every half hour. The
reactor pressure was approximately 30 PSIA which in the pressure required to

give an adequate sample to the chromatograph.
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All runs were repeated until near duplication of two runs was obtained.

The criteria for accepting the duplicate runs were based on the total mass
balance and the quality of the gas produced., It was decided that a total mass
balance of #4% was sufficient to insure that there were no major leaks to
prejudice the results. To insure that the nickel catalyst was properly
reduced and had not oxidized during loading in the mixed catalyst runs,

only the runs in which the average gas had a heating value of over 800 Btu/SCF
(CO, free) were used. There were only two cases out of a total of twelve
separate runs with the mixed catalyst where the quality of the gas produced was
below 800 Btu/SCF, 1In both cases the runs were repeated a third time and the
criteria for acceptance was met, The amounts of methane and gas produced

per gram of coal reported in Table II are volume rated average compositions.

Results and Discussion

Table II contains a summary of the runs selected to determine the optimum
amount of potassium carbonate to be mixed with the coal and nickel catalyst,
Observations obtained with the single-stage reactor indicate that the initial
reaction involved 1is devolatilization of the coal, followed by cracking and
hydrogenation of unsaturated compounds in the presence of the nickel catalyst.
This is followed by the carbon-steam reaction.

The first run in Table II was made using only coal and steam, and in
this run the gas contained about 0,5% ethylene, 0.7/ ethane as well as 4 ml
of heavy liquids. 1In all the remaining runs the nickel catalyst was present,
and in no case was any hydrocarbon heavier than methane detected. Methane
and carbon dioxide were the major components, with hydrogen averaging
between 10-14% and the carbon monoxide usually below 2,.0% 1in the product gas.
In run No, 2 only the nickel catalyst was employed. It more than tripled
the methane production,while it only increased the total gas product by about
20%. This tends to indicate that a substantial quanity of the methane produced
is derived from cracking and hydrogenating unsaturated compounds.

Figure 1 shows a plot of total gas production, as well as the methane
production versus mass of potassium carbonate charged per 100g of coal. In

both cases the dashed line indicates the runs were neither alkali or nickel
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catalyst were present, These figures show that for the single-stage reactor,

using a sub-bituminous coal at about 650°C, the optimum methane as well as gas
production is obtained using between 20-25g of potassium carbonate per 100g

of coal, Addition of more than 30g of potassium carbonate is detrimental to
the methane production as well as total gas production. This decrease in
production is readily apparant when the potassium carbonate has been increased
to 45g.

Table II also contains the analytical results for potassium recovery
and carbonate recovery. The total potassium recovery by the ignition method
was satisfactory, giving deviations of #6%. Potassium recovered in the wash
solution varied from about 66 to 90%. This shows that between 2.3 - 3.4g of
potassium are forming compounds that are insoluhle . in water at ambient
temperatures, It is of interest to note that the least amount of insoluble
potassium was obtained when the optimum amount of potassium carbonate was used.
The carbonate recovered from the ash was good, giving a deviation of only 5%,

Although the X~ray scan ran from an angle 2§ of 4-70°, the majority of
the peaks of interest fell in the range of 20-44°, Table III compares ''d"
spacings and intensities of X-ray diffraction peaks from 20-44° 26 for the
published data on the hydrated potassium carbonate (K,COjz.1 72H20) and
silicon dioxide, with the potassium carbonate as received and the ashes from
the runs containing O, 20, 45, and 60g of potassium carbonate respectively,
The '"d" spacings and intensities of the potassium carbonate as received and
of the ashes containing potassium carbonate do not correspond exactly to
the published anhydrous or hydrated forms of potassium carbonate. For
example, the published A.S.T.M. data shows the major peak for K;CO;.1 }ZHZO
(intensity 100) has a "d" spacing of 2.72Z, vhereas the'analyged samples
have major peak ''d" spacings of 2.77; for the ashes and 2.79& for the potassium
carbonate as received, It is believed that the analyzed form of the potassium
carbonate as well as that in the ash is a partially hydrated compound.

Figure 2 shows the X-ray diffraction pattern for the potassium carbonate
as received, Only the peaks with question marks are unidentified peaks. The
peaks unlabelled correspond most nearly to those published for K,CO;.1 /,H,0.
The ash from the reactor run containing no potassium carbonate is shown 1in
figure 3., It displays only silicon dioxide and some unidentified peaks.

The ashes from runs using 20, 45, and 60g of potassium carbonate with 100g
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of coal charged are shown in figure 4. "It indicates that the amount of
potassium carbonate remaining in the ash is proportional to the amount
charged, This 1is best observed by noting the changes in the intensities of
the major potassium carbonate peaks between 32-33° 26, Again the peaks that
are unidentified are noted with question marks. Comparison of '"d" values in
table IXI indicate that the form of the potassium carbonate remains essentiélly

unchanged after the reaction.

Conclusions

The investigations thus far indicate that it 1s possible in a single-stage
reactor, by using a mixed catalyst of potassium carbonate and a nickel catalyst,
to react coal and steam principally t methane and carbon dioxide at low
pressure and temperatures of approximately 650°C. Under these conditions the
optimum amount of potassium carbonate for maximum methane production 1s between
20-25% the mass of the coal. X-ray diffraction studies indicate that the
form of the potassium carbonate remalning in the ash is essentially the same
as that charged. At the observed optimum value of 20g of potassium carbonate
to 100g of coal nearly 80% of the potassium is recoverable by a one hour wash

with water at room temperature,
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CATALYZED HYDROGASIFICATION OF COAL CHARS

N. Gardner, E. Samuels, K. Wilks

INTRODUCTION

The reaction of hydrogen with coal and coal chars to produce
gaseous hydrocarbons (hydrogasification) has received considerable
attention for at least thirty-five years, since Dent in 1937 first

@

reported on the hydrogasification synthesis The reaction pro-
ceeds in two steps. In the initial stage, reaction rates are
extremely rapid as the volatile matter and more reactive components
of the coal are hydrogenated. Subsequent rapid hydrogenolysis of the
higher homologs formed yields methane. In the second stage of the
reaction, the structure of the remaining carbon char is more graphi-
tic in character, resulting in a much slower hydrogasification
reaction. It 1is the catalysis of the slow, second stage of the
hydrogasification reaction that we have initiated a study of at Case
Western Reserve University.

There have been numerous reports and patents on the catalysis
of a similar reaction--the liquid phase hydrogenation of coal to
liquid and gaseous products. Hydrogenation reactions are generally
carried out at high pressures (several hundred atmospheres) and low
temperatures (400 to 500°C) where the hydrocarbon products formed are
substantially liquid. The ability of tin-halogen compounds, alkali

(2)

metals , and many other materials to catalyze the coal hydrogena-
tion reactions 1s well known. Although the reaction 1is carried out

in conditions where coal hasundergone agglomeration and liquifaction,
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the method of contacting catalyst and coal particles has a strong

influence on reaction rate. For example, the addition of powdered
ferrous sulfate to coal particles has almost no effect on the hydro-
genation rate(a). Impregnation of the coal by immersing it in
aqueous solutions of ferrous sulfate, followed by oven drying, resul-
ted in a sharp Increase in hydrogenation rate with high productions
of asphalt and oil. Impregnated nickelous chloride, stannous
chloride, and ammonium molybdate show similar increases in catalytic
activity as compared to powders of the same materials(4).

In contrast to hydrogenation reactions, for the hydrogasifi-
cation of coal chars, much less i1s known about the catalytic activity
of materials and the dependency of catalyst contacting techniques.
Alkali carbonates, one to ten percent by weight, have been shown to
catalyze the hydrogasification of coals and cokes at temperatures of
800-900°C(5). The suggested mechanism was that adsorption of the
alkalies by carbon prevented graphitization of the surface. Zine and
tin halides have been shown to be effective hydrogasification cata-
lysts. There is, however, little kinetic information on any of the
catalyzed hydrogasification reactions.

There have been extensive studies on the ability of particu-
late metals and metal salts to catalyze the reactions of graphitic
carbon with oxygen and carbon dioxide. For example, colloidal iromn
on Ticonderoga graphite reduces the activation energy for the carbon-

oxygen reaction from 46 kcal/mole to 10 kcal/mole. A seven percent

iron deposit impregnated from solution on sugar char reduced the
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activation energy from 61.2 kcal/mole to 22.8 kcal/mole for the

carbon—carbon dioxide reaction. In addition, dispersions of metals
in carbon have been prepared by carbonization of polymers containing
metal salts. The dispersions are catalytically active in the gasifi-
cation reactions of carbon dioxide and oxygen. The mechanism of the
substantial reduction in activation energy is not clear although a
1a;ge amount of superfluous, quantitative information has been
obtained. Two types of mechanisms have been proposed, oxygen-
transfer and electron~-transfer. In the oxygen-transfer mechanism the
catalyst is presumed to assist the dissociation of molecular oxygen
to chemisorbed atomic oxygen which then reacts with the carbon
surface. Electron-transfer mechanisms involve the n electrons of
graphitic carbon and the vacant orbitals of the metal catalysts. The
catalytic effect presumably results from the altered electronic
structure of the surface carbon atoms.

In contrast to the wealth of information on catalyzed
hydrogenation of coal, and the catalyzed oxidation reactions of car-
bon by oxygen and carbon dioxide, little is known about catalyzed
hydrogasification reactions as to the ability of materials to serve
as catalysts. Also little is known about the kinetics and mechanisms
of these reactions., We have initiated a kinetic study of catalyzed
hydrogasification reactions using a high temperature, high pressure,
recording balance. A thermobalance is particularly useful in gas-
solid reactions because the weight of relatively small solid samples
can be continuously measured. Direct kinetic analysis of the weight

loss curves are straightforward.
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II. EQUIPMENT AND PROCEDURES

The high pressure thermobalanle ig very similar to the
balance described by Feldkirchner and Johnaon(G). The thermobalance
was designed to operate isothermally at temperatures up to 1000°C and
at hydrogen pressures up to 2000 psi. Details of the balance are
shown in Figure 1, and a schematic diagram of the system is shown in
Figure 2.

The reactor tube was constructed of Haynes 25 superalloy.
The mass transducer is a Statham, Model UC 3, attached to a balance
arm (Micro-scale accessory UL 5) and has a full scale range of
6 grams.

The sample is lowered into the reaction zone by an electric
motor driven windlass at a rate of about one inch per second. The
position of the sample in the reactor is obtained by utilizing a
potentiometric technique. A small ten turn potentiometer is coupled
directly to the windlass. Temperatures in the reactor are measured
by stainless steel encased chromel-alumel thermocouples, the closest
one to the sample being located 1/4" below the sample. Hydrogen flow
rates were controlled + 5 percent over the range 10 to 40 SCF/hr.
Gas analysis was obtained by splitting a portion of the gas product
stream to an infrared detector, where methane content was continu-
ously measured, and a gas chromatograph where total gas composition

was determined.
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All experiments used chars supplied by the Institute of Gas

Technology. Char A was a hydrogasified Pittsburgh Seam, Ireland Mine
Bituminous coal. Char B was from the same source, but was pre-
oxidized (about 1 ft3 of oxygen per pound of fresh coal at 400°C) in
an alr fluidized bed. An analysis of the two chars isvshown in
Table I. The char was sized 18 x 35 mesh sieve fractiom, U. S.
Standard. The sample weight in any given run was 1.5 - 2.5 grams.
The sample bucket was constructed of 100 mesh stainless steel screen.
Catalysts were deposited on the char particles by evaporation
from solution. Catalysts concentrations were five percent by weight
metal. Catalyst distribution on the char was examined by electron

microprobe and scanning electron microscopy.
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CHEMICAL ANALYSIS

TABLE I

Char A (hydrogasified)

Char B (pre-oxidized)

Uncatalyzed

(mass percent)

67.86

Carbon 81.45

Hydrogen 14.60 3.39
Oxygen 3.76 13.63
Total 99.81 Total 84.88
Volatile 4.61 24,40
Ash 13.94 9.28

KHCO3 Catalyzed

(mass percent)
Carbon 61.45 55.21
Hydrogen 1.38 3.13
Oxygen 4,57 3.80
Total 67.40 Total 62.14
Volatile 4.00 20.42
Ash 27.29 18.53
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ITI. RESULTS AND DISCUSSION

Reaction of Non-Catalyzed Chars

Initial runs were performed on both chars to determine
non-catalyzed reaction rates. Percent of carbon gasified versus time
cruves are shown in Figures 3 and 4 for chars A and B, respectively,
at 500 and 1000 psi, 950°C. Characteristically, the mass loss curves
show high initial reaction rates as the more volatile matter in the
char 1s gasified, followed by a much slower reaction regime where the
rate slowly diminishes as the char is consumed. Such phenomena have
been previously described by a number of investigators(7-11).

For kinetic analysis of the mass loss data, we propose a
model different from those previously discussed. We assume that the

reaction rate is given by the following kinetic expression:

dx _ #

& p;z (1 - X)exp [- aH'/RT] )

where X = fractional conversion of carbon

v, = frequency factor
= order of reaction
AH* = activation enthalpy for gasification.

In contrast to homogeneous reactions, where activation
enthalpies are independent of extent of reaction, hydrogasification
activation enthalpies are clearly a function of extent of reaction.
One mechanism, postulated by a ngmber of investigators, is based on

the carbon structure becoming more graphitic with increasing extent
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Fractional Conversion -~ X
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O... 31128 500
A... 21209 1000
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FIGURE 3. NON-CATALYZED HYDROGASIFICATION OF CHAR A AT

500 and 1000 psi, 950°C
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Fractional Conversion -~ X

CHAR B

RUN PRESS
O... 21206 500
a. 11207 500
A... 11202 1000
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. L L 1 i L
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500 1000 1500 2000 2500 3000
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FIGURE 4. NON-CATALYZED HYDROGASIFICATION OF CHAR B AT

500 and 1000 psi, 950°C

53



e,

of reaction. In the absence of any other information, the simplist

v

function for AH' (X) 1is a linear form

s’ (%) = 4O 4 o X (2)
where
AHO = initial activation enthalpy
a = factor that determines sensitivity of AH* to X. 1
Substituting this expression into equation (1), yields

-d—X-=
dt

kPy (1 - X) exp(- AHO/RT) exp(- oX/RT) . )
2

By lumping the pressure and temperature terms into two
constants, Equation (3) can be written in a simpler form in order to

test its applicability as a rate expression. Thus,

& -} exp(- AHV/RD) - expGE - D) - (- X) :

at = ¥y,
and then .
%% = K exp(- bX) + (1 - X) " (4) l

where K and b are both constants and equal to

= xp? - 0
K kPHZ exp (- AHO/RT)
b = o/RT

Rearrangement and integration of equation (4) gives the final

form of the rate expression used to test the kinetic data.

X exp(bX) ., _ ,t - '
s a-p =/, Kt =kt (5

Figures 5 and 6 show plots of the integral on the left side
of equation (5) versus time for chars A and B, respectively. The

parameter b is chosen to minimize the sum of the squares of the
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fexp®X)/(1-%) dx

i

CHAR A

NO_CATALYST

I

Figure 5.

T
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TIME (sec)
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Q... 4li21 1000
Ao 21209 1000

T
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b
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8
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T
2500
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.00081

.00386
.00274

T
3000

Kinetic Test for the Non-Catalyzed Hydrogasification of Char A

at 500 and 1000 psi, 950°C.
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fexp(bX)/(1-X) dx

CHAR B

RO CATALYST

L 1 [\ | .
0 500 1000 1500 2000 2500 3000
TIME (sec)
RUN PRESS b K(1/sec) -
o.. 11124 500 1 .000818
O.. 21206 500 1 .00143
AL, 4120 1000 1.2 ©.00386
Q... 11127 1000 0.9 .00399

Figure 6. Kinetic Test for the Non~Catalyzed Hydrogasification of Char B
at 500 and 1000 psi. 950°C.
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errors of a least square fit to a straight line through the data

points. The value of K is then evaluated from the slope of the

_straight line.

Table II shows the values of b and K determined from Figures
5 and 6.

The values of b are seen to be independent of the hydrogen
pressure within experimental error. The ratio of the K values at
/

1000 and 500 psi, respectively, are for char A, = 3.27 and

%1000/ %500
1000/K500 = 2.89., The hydrogen pressure appears in the

for char B, K
K term raised to the power n, where n is the order of the reaction.
Thus, the hydrogasification reaction order is approximately 1.6 in
hydrogen pressure.

The y-axis intercept in Figures 5 and 6 should have been
zero. The positive non-zero infercept results from the very rapid
first stage of the hydrogasification reaction. For the pre-oxidized
char B, the amount of carbon gasified in the rapid first stage of the
reactioﬁ is greater than that for the hydrogasified char. This
effect is due to the pretreatment of the char. In the second, slower
part of the reaction, however, the chars behaved almost identically
as indicated by similarity in the values of b and K.

Figure 7 shows the fraction of carbon gasified as a function
of time for char B at 850 and 950°C, 1000 psi. The values of K and
b at 850°C were found to be 2.3 and .00128 sec'l, respectively. From

the variation of K with temperature, the value of AH® can be estima-

ted to be 29.3 kcal/mole. The activation enthalpy is then given by
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TABLE

TABULATION OF b AND K VALUES FOR
NON-CATALYZED CHAR A AND B

Char A (hydrogasified)

500 psi H, 1000 psi Hjp

Run b K Run b K
11122 0.25 0.000974 41121 0.8 0.00386
31128 0.9 0.000810 21209 0.8 0.00274

Average 0.57 0.000892 11204 0,8 0.00212
Average 0.8 0.00291
Char B (pre-oxidized)
500 pei Hy 1000 pei H,

Run b K Run b K
11124 1 0.000818 11127 0.9 0.00399
21206 1 0.00143 31209 0.8 0.00290
11207 1 0.00147 41203 1.2 0.00386
31207 0.5 0.00125 11202 1.2 0.00406

Average 0.88 0.00124 Average 1.025 .0,00372
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FIGURE 7. EFFECT OF TEMPERATURE ON THE NON-CATALYZED HYDRO-
: GASIFICATION OF CHAR B AT 850 and 950°C, 1000 psi
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the expression,

# kcal

AR mole

=29,3 + 2.43 X (6)

for an uncatalyzed char system.

Figure 8 shows a representative composite plot of the carbon
fraction converted, the methane rate of production, and the tempera-

ture versus time for char B, Run 11i28. The concentration of methane

in the product stream is proportional to the rate of the hydrogasifi-

cation reaction, as

dp
=iy . L L vy CH
LTS 12 n_ Q@ ®r ™
where r = rate (moles/minute/initial gms. of carbon)

n, = initial moles carbon
P = partial pressure CH, in atms
CH,

R = gas constant in L - atm/M - °K

T = temperature, °K
av
QEE) = product gas flow rate in liters/minute.

Equation (7) can be integrated numerically. The result is shown in

Figure 9.

Although the infrared measurement of methane production leads
to qualitative agreement with the direct mass determination, quanti-
tative agreement is not good. This is most probably due to axial
dispersion in the gas product stream, which results in a loss of

kinetic information, and difficulties in precisely regulating the

product stream flow rate, which would lead to cumulative errors.
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Figure 8. 'Composite Plot of Rate Data for KHCO; Catalyzed Char B,
Run 11128, at 500 psi and 950°C.
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. Figure 9. Fractional Conversion of Carbon to Methane for KHCO; Catalyzed
Char A at 500 psi, 950°C.
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The temperature versus time curve shown in Figure 8 indicates
a small temperature increase resulting from the exothermic hydrogasi-
fication reaction, which diminishes with‘time. Unfortunately, the

actuyal temperature of the char has not been measured directly.

Reaction of Catalyzed Chars

In this preliminary study we have concentrated on catalysts
that have long been known to accelerate the hydrogasification
reaction, the alkali metals and zinc salts(s). Figures 10 and 11
show the percent carbon gasified versus time data for a KHCO3 catalyst
depgsited on chars A and B, respectively, at 950°C, 500 and 1000 psi.
Figures 12 and 13 show a representative comparison between the carbon
converted in catalyzed and non-catalyzed runs on chars A and B,
respectively, at 500 psi and 950°C. A substantial catalytic effect
is observed. The time to achieve a gasification fraction X is roughly
halved by the KHCO3‘catalyst. The kinetic analysis for the parameters
b and K are shown in Figures 14 and 15. The kinetic equation (4) is
seen to fit the data at high conversions. The evaluation of the b and
K parameters for KHCO3 catalyzed reactions is shown in Table III.

The rate enhancement due to the catalysts is shown by the
evaluation of o from the parameter b. Taking -1 to be the average
value of P for a catalyzed system, the corresponding value of o is
-2.43, This term makes the linear expression for the activation
enthalpy decfease with increasing carbon gasification

AH# (kcal/mole) = 29.3 - 2.43 X .
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FIGURE 10. CATALYZEb HYDROGASIFICATION OF CHAR A AT
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FIGURE ||, CATALYZED HYDROGASIFICATION OF CHAR B AT

500 and 1000 psi, 950°C
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FIGURE 12. COMPARISON OF THE CATALYZED AND NON-CATALYZED
HYDROGASIFICATION OF CHAR A AT 500 psi, 950°C
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FIGURE 13. COMPARISON OF THE CATALYZED AND NON-CATALYZED
HYDROGAS IFICATION OF CHAR B AT 500 psi, 950°C
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Sexp(bX)/(1 - X) dx

-

I

v v T L U . 1
0 100 200 300 400 500 600 700
TIME (sec)
RUN PRESSURE b K(1/sec)
O... 11128 500 -1.0 .000877
O... 1125 500 -0.5 .00150
A... 31124 1000 -1.0 .00236
O... 21204 1000 -1.3 .00252

Figure 14, Kinetic Test for tﬁe KHCO3 Catalyzed Hydrogasification of
Char A at 500 and 1000 psi, 950°C.
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Figure 15. Kinetic Test for the KHCO3 Catalyzed Hydrogasification of
Char B at 500 and 1000 psi, 950°C.
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TABLE I1II

TABULATION OF b AND K VALUES FOR
CHAR A AND B CATALYZED WITH KHCOs

Char A (hydrogasified)

500 psi H2 . 1000 psi H,

Run b K Run b K
11128 -1.0 0.000877 11208 -0.3 0.00224
11125 -0.5 0.0015 21204 -1.3 0.00252

Average ~0.75 0.00119 31124 -1.0 0.00236

Average ~0.867 -0.00237

Char B (pre-oxidized)

I~

500 psi Hy 1000 psi Hz
Run b K Run b K \
21128 -1.3 0.000712 21124 -1.0 0.00218
21125 -1.0 0.000903 11205 -0.75 0.00221
Average -1.15 0.000807 Average -0.88 0.00219

.- -
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Work has also begun on the catalysts potassium carbonate,

K;C03, and zinc chloride, ZnCl,. These catalysts were also deposited
by impregnation at a five percent by weight metal concentration. The
K,C0; catalyst behaved very similar to the KHCO3. The weight loss
curves for this catalyst at 500 and 1000 psi, 950°C are shown in
Figure 16. Kinetic analysis of this catalyst produced values of b

and K similar to those for KHCOj3; (see Table IV).

Microscopy of the Chars

Characterization of the chars is being carried out on the
microprobe analyzer and the scanning electron microscope. Features
such as particle structure, catalyst distribution, and structural
change at the catalyst sites during reaction are of interest.

The scanning electron microscope can take high magnification,
high resolution pictures of the char particles, while the microprobe
analyzer can be calibrated to scan for any element on the char parti-
cle surface.

Presented here will be a cross section of representative
photos»for‘each char. Proper interpretation of these pictures is
important. The scanning micrographs (scanning electron micrographs)
are high quality pictures but are often slightly distorted at low
magnification (75-100X). The back scattering electron micrographs
(BSE) and x-ray micrographs are all taken on the microprobe analyzer.
The BSE micrographs from this instrument are of low clarity because
the microprobe was designed to do x-ray analysis. An x-ray micro-

graph 1s a scattering of white dots on the picture. If the element
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TABLE |V

TABULATION OF b AND K VALUES FOR CHAR A AND B
CATALYZED WITH OTHER CATALYSTS

Char A (hydrogasified - ZnCl,)

500 psi H; 1000 psi Ho
Run b K Run b K
21214 0.5 0.00160 21208 0.5 0.00492
31214 0.25 0.00140 51208 0.2 0.00301
Average 0.37 0.00150 Average 0.35 0.00397
Char B (pre-oxidized - K,COj3)
500 psi Hp 1000 psi Hp
Run b K Run b K
41212 -0.15 0.00155 21212 -0.5 0.00245
31212 -1.2 0.000867 11212 -0.5 0.00248
Average ~0.67 0.00118 Average -0.5 0.00247

73



being analyzed 1is not present, there is an even, but spérce distribu-
tion of white dots on the micrograph. (See upper right of Figure 20d
vhere there is no iron present.) This artifact of the analyzer will

be referred to as background. The locations where the element being

analyzed is present, are then represented by a concentration of white

dots. (See also Figure 20d.)

Figure 17a shows a low magnification scanning micrograph of
the hydrogasified, KHCOj3 catalyzed char A. This is a representative
plcture of this type of a char, catalyzed or uncatalyzed. The parti-
cle surface is, in general, crumpled but smooth.

Higher magnification micrographs of the center of this
particle are shown in Figures 17b and 17¢. (See the area circled in
Figure 17a,) These are both of the same area on the particle.

Figure 17b is a scanning micrograph while 17¢c is a BSE micrograph.
Figure 17d is the iron x-ray superimposed on the BSE of Figure l7c.
This shows areas of the particle surface where iron deposits or ash
concentrations are located. A close-up of the ash deposit circled in
Figure 17b or 17¢ 1s shown in Figure 18a.

Figure 18b shows a potassium x-ray superimposed on the BSE of
Figure 17c¢, which 1s KHCO3 catalyzed char A. The heavy but even con-
centration of white dots indicates that the catalyst is present in a
well-distributed manner. The catalyst must exist on the particle
surface in a finely divided state since there are no distinguishable

clumps, as noticed in earlier catalytic x-ray analysis.
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c. BSE - 200X d. TIron X-ray on BSE - 200X

Figure 17.

Micrographs of KHCO3 Catalyzed Char A
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Potassium X-ray on BSE - 200X

b.

Scanning - 2000X

a.

Cut Particle, Potassium X-ray
on BSE - 200X

d.

Cut Particle - Scanning - 100X

C.

Figure 18.

Micrographs of KHCO; Catalyzed Char A
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The scanning micrograph of a cut particle of char A similar

to that in Figure 17a is shown in Figure 18c. The inside of the par-
ticle is filled with cavities or cells, somewhat like a sponge. This
is very different from the outer surface of the particle. The pre-

(12)

treatment skin , or outer surface, and the resulting inner struc-
ture are a direct result of the pretreatment history of the char. A
potassium x-ray on a BSE micrograph of the area circled in Figure 18¢c
1s shown in Figure 18d4. This too shows a heavy catalyst
concentration.

The pre-oxidized, uncatalyzed or catalyzed char B appears
very similar to char A. Direct comparisons of the same type of outer
and inner structure can be drawn from Figure 19a and 19b for char B
and Figure 17a and 18c for char A. These are the same chars but have
undergone different pretreatment histories.

Direct similarities of ash content can be shown with the
scanning micrographs of a particle reacted in hydrogen for eight
minutes. Figure 20a and 20b show a portion of an uncatalyzed parti-
cle with the close-up of an ash deposit in Figure 20b. This can be
verified with the results of Figure 20c and 20d, which are the 1iron
x-ray and BSE micrographs of the same area in Figure 20a. In these
same areas lighter concentrations of potassium and silicon have also
been found.

The analysis of the KHCO; catalyzed char B showed a good
distribution, which was similar to that of char A. (See Figure 18b

for char A.)
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a.

Cut Particle, Scanning - 75X

b. Whole Particle, Scanning - 200X

Figure 19.

Micrographs of Uncatalyzed Char B
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a. SEM - 500X b. SEM - 2000X

c. BSE - 200X d. Iron X-ray - 200X

Figure 20. Micrographs of Uncatalyzed Char B
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The high iron content is a common characteristic of the two
chars and is seen in the x-ray analysis. These chars also have a
high sulfur content, which is distributed fairly evenly in the
particles. Analysis for zinc and nickel were negative, and slight

traces of calcium have been seen in some samples.
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IV. CONCLUSIONS

The initial studies of catalysts and contacting systems has
begun at Case Western Reserve University. The high temperature, high
pressure, recording thermobalance has made direct kinetic analysis of
the carbon weight loss curves straightforward.

The data seems to be well represented by the kinetic model
proposed in equation (5). Analysis of the fitting parameters for
this model show that for the rate dependence on pressure the order of
the reaction is about 1.6.

The temperature dependence of the rate constant determines the
initial activation enthalpy. The initial activatioq enthalpy 1s
about 29.3 kcal/mole. Coupling this with the evaluation of the para-
meter b from the kinetic model we have found the linear form of the
activation enthalpy as a functlon of conversion for a non-catalyzed
char. (See equation (6).)

Some information of the relative volatilities of the two
chars is discernable from the y-axis intercept in the plots of the
kinetic test for our rate expression. This is the portion of the
welght loss curves where the rapid first stage of the reaction is
taking place. The abplication of the kinefic model then precedes
from the latter part of these curves, which represent the second,
slower part of the reaction. Unfortunately, this semi-empirical

model leaves us with the lack of a real mechanism. Possibilities of
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ash diffusion and/or chemical effects have not been studied in the

detall necessary to shed light upon the subject.

The catalytic systems showed substantial slope increases in
the weight loss curves (Figure 21). It was found that KHCOj3 and
K>CO03 exhibited an equivalent catalytic effect which was better than
that found for ZnCl; (see values of b in Table IV). The net result
of the catalytic systems on our kinetic model was to change the value
of the parameter b, which changed the value of a in the linear expres-
sion for the activation enthalpy. For the KHCO3; system the value of
o for an average value of b = - .91 was a = - 2,21. The catalyst
apparently did not affect the value of AH over the course of the
reaction.

Microscopy of the char samples is ylelding interesting and
qualitative information. Characterization of char structure with the
scanning electron microscopy has shown the standard pretreatment skin
and the celled particle interlor. X-ray analysis of the same parti-
cles in the microprobe analyzer and the SEM have shown ash deposits

on the surface of the char and good catalyst distributions.
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Introduction f

In the past, underground coal conversion processes were uneconomical in
comparison with cheap energy alternatives or not feasible technically. Some recent
changes in technology and economics may have improved the feasibility of under-
ground coal conversion, The selling prices of conventional fossil fuels have been
rising because of restricted supply and increasing demand. The price increases
should have four effects: (1) the producers of gas and oil are encouraged to
find additional sources, (2) the users of these convenient fuels are motivated to
restrict their consumption, (3) coal mine operators are inclined toward opening
more conventional mines and (4) concepts for alternative enarcy enurroc auch ae
underground coal conversion become more attractive for serious engineering evalu-
ation,

The rise of concern for the health and safety of the miners 1s another factor
influencing this renewal of interest in remote coal conversion. Not only have the
human costs of conventional mining been large as represented by loss of lives or
adverse effects on health but economic costs of industrial accidents have proven
considerable. During the summer of 1972 the dreaded pneumoconiosis or '"black lung"
was the subject of a survivor's benefits bill passed by the U. S, Government in the
amount of one billion dollars. The implementation of legislation to protect the
health and safety of miners reflects social and economic concern.

The policy alternatives for elimination of energy shortages have been severely
restricted by environmental regulations. Surface or strip mining of coal is under
severe federal restriction and risks more regulations on the state and federal
levels. The spoil banks which result from strip mining, particularly in the eastern
United States, have not been reclaimed properly., Siltation of streams has resulted
and fish have been killed. Silt has plugged channels and backed up waters to flood
areas previously available for recreation and farming., In regions containing high
sulfur coal, the streams have become acidic; and additional aquatic life is killed.
Public outrage has been predictable.

The need for new technology to extend the coal reserves of the Nation does not
and prohably cheweld pot have a high industvrial priority. Domestic coal reserves
have been variously estimated but usually are deemed capable of sustaining present
total national energy demands for 800 to 4000 years. New technology to
utilize coal resources which are presently uneconomical to mine, however, would
extend the recoverable energy from a given property and might therefore be worth
an ‘intensive research and development effort., The seams of particular interest in-
clude those which are low in sulfur and are too deep or too thin for exploitation \
by presently available methods.

Remote underground coal mines have been developed in northern Europe., As a
result, the industry there has become even more increasingly capital intensive. .
One drawback to this alternative in the United States is that the coal mining .
industry has had difficulty in borrowing substantial amounts of money for long
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time periods at low interest rates., Until the recent shortages of energy became
well known and segments of the oil industry entered the coal mining industry, ac-
quisition of equity capital had also been difficult., Some reluctance for stock
purchase has been traced to uncertainities over oil import policy and environmental
regulations, Futhermore, the European concept requires men underground for equip-
ment maintenance, Finally, some questions have been raised in this country about
the acceptability of underground mining for rapid implementation under existing work
rules and union contracts,

With the changes in economic and social climate, the United States Bureau of
Mines in cgoperation with a subgidiary of the Union Pacific Railroad has reopened
development work on underground coal gasification.

History

The first reference to underground ceoal gasification is dated 1868. (1) e
mast extensive effort occurred in the Soviet Union from the 1930's to about 1960,
Premier Stalin had apparently promised the miners some relief from difficult working
conditions and had developed underground gasification technology in partial ful-
fillment of his promise. Some time after Stalin's death, the effort was quietly
dropped, probably because extensive oil and natural gas discoveries made under-
ground gasification uneconomical,

The most recent tests in the United States by the Bureau of Mines have defined
two main problem aneas., The product gas must be confined to the reaction zone and
removed under controlled conditions. This implies that an impervious bed of rock
must overlay the coal seam., The product gas must be useful for high value energy
production, In maest circumstances, this would require electrical power generation.
Since the gas from underground conversion technology has had low heating value
(less than 100 BTU/SCF). The need is obvious for technology to upgrade the product.
No previous publighed wqork in undergroupnd conversion of coal to liquid has been
found.

Issues
e

Underground coal liquefaction concepts include several which are adapted from
underground coal gasification., In the blind borehole-backfill system for under-
ground gasification, a simple well is drilled vertically to the coal seam and then
horizontally foyr some distance through the coal. The well is then doubly piped by
a smaller diameter pipe within a larger one., Reactants are introduced through the
central pipe and products are withdrawn through the outer annulus. The piping system
is withdrawn as coal 1is used up, A void is produced by coal removal and the empty
volume is filled with a water or solid waste rock fill material. The blind borehole-
backfill system has heen recommended for thin coal seams by the USBM report on under-
ground ceal gasification.

For somewhat thicker seams, the branched borehole-backfill system has been
visualized, The horehole is branched after entering the coal seam so that the
reasctants can be admitted into the bottom of a seam and products withdrawn from the
top. Proper downhole baffling arrangements are required.

Very thick seams lend themselves to the vertical blind borehole~fill system
during which the concentric feed and product pipes are withdrawn vertically upward
as the coal is produced, Fill from the feed pipe or another piping system readily
accumulates in the exhausted volume. Each of the single borehole systems has a
myltiple. borehole counterpart.

Use of a single well for feed reactants and for withdrawal of products obviates
the need for connecting separately drilled wells, Boreholes can be connected under-
ground by hydraulic fracturing, explosive fracturing and various modifications of
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drilling or electro-linking. Some of these techniques have .been successful for
gas and petroleum field exploitation and underground coal gasification. Their
particular disadvantage for use in underground coal conversion systems lies in
the relatively rapid exhaustion of the hydrocarbon reservoir and the need for re-
peated practice of the linking procedure. '

In remote mining schemes, the delivery of hot, hydrogen;dbnor solvent to the
coal is a necessity. The solvent is hydrogenated conventionally and introduced
while still hot into the reaction zome underground.

One of the principal problems underground is to maintain the solution temper-
ature in the reaction zone., The total heat to be supplied provides (1) the heat
of vaporization for the solvent, (2) the energy to pressurize the solvent vapor
in the reaction zone in order to prevent excessive volatilization of the liquid
solvent and to activate the solvent for the hydrogen transfer reaction, (3) the
activation energy for the coal surface so that the reaction may proceed at an
adequate rate, {4) losees to the surrounding rock, and finally (5) losses incurred
when the reaction zone has passed and filling or flaooding occurs.

The reaction itself is considered to proceed through at least two important
thermal stages, First, the coal structure is thermally activated so that pyrolytic
cracking or chain breaking of hydrocarbons occurs. Later, hydrogen atoms are re-
leased from the donor solvent and added to the coal fragments. Between the first
anu Secvna i‘:laé‘ a 51:1 icaviivi way wvuuwuk . ;\u.;.u5 5=;¢Liuu (-‘;333‘:) tue coal
and solvent form a viscous composite with high resistance to flow. The advantages
of maintaining or establishing low slurry viscosities are obvious so that removal
of coal is best effected either before or after the gelation step, '

Further Set of Issues Involved

The design of an underground liquefaction process requires definition of
(1) the types of coal seam most likely to be leached or liquefied by the physical
arrangements suggested above and (2) the solvent or slurry material which would be
most effective. Work was undertaken at West Virginia University to define the be-
havior of different types of coal monoliths exposed to several solvents under
conditions possible for achievement underground.

Apparatus and Procedure

The test apparatus was a 750 ml carbon steel autoclave fitted with a Bourdon
pressure gauge and a thermocouple well. Closure was effected by a gasket and flange
arrangement, Gas inlet and exit lines permitted the autoclave to be flushed with .
nitrogen. No hydrogen was used., Heat was supplied by a large laboratory Bunsen
burner. Reproducibility of heating rate is seen in Figure 1. A final temperature
of 270 - 280°C was used for one series of experiments.

Procedure consisted of cutting on a mechanical saw a 1" x 1" x 1 1/4" monolith

of the coal type to be tested. Coals included an Oklahoma semi-anthracite, an )
Illincis #6 sub-bituminous, and an Alabama lignite. Typical chemical analyses are
shown in Table 1. After being cut, the coal was carefully placed into the autoclave
and 250 ml of solvent was added. Solvents included various cuts of anthracene oil.
(Table 2), and one commercial motoer oil (SAE 30). The autoclave was sealed,  flushed
with nitrogen, and heated by means of the burner., Figure 2.shows the pressure and
temperature for a run with Illinois #6 coal in anthracene oil solvent., Figure 3
shows a similar run with SAE 30 motor oil solvent, ' h
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Results

The coal reacted, cracked, crumbled, or dissolved to a greater degree if ex-
posed to reaction conditions for a longer time or at a higher temperature. For a
series of run at the same time and temperature the coals reacted increasingly from
semi~anthracite to lignite to sub-bituminous. When different solvents were used
the hydrogen donor anthracene oil was more reactive than motor oil. The motor oil
was quite unreactive. Recycled anthracene oil lost reactivity.

The coal was observed to fracture at the planes of least resistance vhich
are typified by the joint and bedding plants. The structure of coal which in-
cludes bedding and cleavage planes helps in physical breakdown of the sample. As
joints and bedding planes open, the fluid is able to penetrate deep into the sample
causing rapid disintegrating of the coal.

Interpretation of Reactions

The effects of different solvents upon the rate of the reaction can be inter-
preted from the work of Severson et al. 2)  Coal solubilization most rapidly proceeds
in a solvent which has a high boiling point, the ability to donate hydrogen, a
relatively high dipole moment, heterocylic atoms and ring stability. Apparently
during one or two cycles, anthracene oil exhausts its available hydrogen and
loses the ability to donate until the hydrogen has been replenished. The lack of
effect with the motor o0il is somewhat more difficult to evaluate unequivocally.

The high vapor pressure exhibited at reaction temperature suggests that the solvent
will be present in low concentration within the reaction zone. More significantly,
the saturated structure of the hydrocarbon makes the motor oil a poor hydrogen
releasing solvent,

The gradation in reactivity which was seen with the different coal ranks may
be interpreted in the light of suggestions by Wender.(3 Semi~anthracite struc~
tures, represented by Wender as analogous to fused carben ring systems, were
visualized as substantially aromatic but with occasional saturated rings. This
system was joined by oxygen bridges to adjacent structural units, These were seen
as difficult to thermally crack (300 - 375°C) because of extensive opportunities
for resonance and as difficult to hydrogenate rapidly for the same reason. The
likelihood of easy dissolution was therefore not considered great.

A similar analysis of chemical structures fails to distinguish the solubility
of bituminous coal from that of lignite. Earlier work(4:5) has, however,
noted that lignite falls to dissolve as extensively or as rapidly as bituminous
coal, The lignitic structures in lignite which comprise up to 50 percent by
welght of the structure may form a barrier to prevent access by solvent to the
internal grain structure,

Hill et al,(6) analyzed the kinetics and mechanism of solution of a high
volatile bituminous coal and presented five ways in which the reaction night pro-
ceed. These include: (1) dissolving out of included materials, (2) dissolution of
the coal structure in the presence of a large volume of solvent, (3) diffusion out
of the micropores, (4) hydrogen transfer reactions and (5) solvent imbibition.
Applications were discussed for the order of the reaction with respect to the
coal and with respect to the solvent. The discussion proceeded on the assumption
that little swelling occurred. This assumption was not verified in the present
work where gross volume increases of about three times were observed in the case
of the Illinois Seam #6 sub-bituminous coal.

The tentative conclusion based on application of the theories of Wender and
of Hill to the present research is that the coal imhibes solvent and swells. The
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swelling is accompanied by a close association of coal and solvent and a transfer
of hydrogen to the cohesive structures between the micelles or microplatlets of
coal. The cohesive structure is weakened; the coal forms fragments, and the action
of gravity or fluid turbulence removes the coal fragments from the immediate
vicinity of the coal face.

Implications for Underground Liquefaction

The implications of this proposed mechanism upon the conceptual design of an
underground liquefaction process appear significant. The dissolution of coal need
not be completed underground; the reaction may begin underground and be completed
at the surface. If the vertical borehole scheme is utilized (Figure 4) the pro-
cess might be as follows. The borehole is drilled through the thick coal seam
and a hot, hydrogen donor solvent is introduced into the bottom of the borehole.
The solvent is maintained under pressure to reduce solvent vaporization and to
limit the reaction zone as much as possible to the bottom of the coal seam. After
some coal has reacted and has fallen from the face of the seam, the recovery step
is begun. Solvent, now a slurry medium, under turbulent flow conditions is intro-
duced to suspend coal fragments and carry the fragments to the surface. After
significant void volume is produced, the solvent volume would become too great for
economy. Water would be introduced to flood the void and to float the solvent up-
wald against Lhe unreactead segment or thne coal seam. The loosened coal could be
collected periodically in the turbulent stream as before or could be collected
continuously with water as the slurry medium. At the surface the coal fragments
would be separated by filtration from the water slurry medium or if, in a solvent
slurry, would be admitted into the pretreatment step of the complete liquefaction
process at the surface.

Host Rock

The host rock would be of special importance in this conceptual design. The
host rock would necessarily be impervious to loss of vapor from the solvent or to
seepage outward of hydrogen donor solvent and water flood. Moreover, the host
rock should be unreactive when exposed to the thermal shocks and high thermal gradi-
ents. Some shales may react with hot water or solvent. After swelling and spalling’
the shale particles would be carried away with the coal and contribute to a high
level of waste mineral matter in the subsequent process. Considerable disadvantage
is apparent in this case since disposal of mineral waste can be inconvenient and
expensive. Possibly, the carbon content of the host rock could be extracted to pay
for the disposal of the additional mineral matter. More likely initial tests would
be performed on coal seams with unreactive host rock.

Surface subsidence and minor seismic shock effects are experienced with most
mining techniques. In the present concept their abatement can be planned. The
process would be designed to include access wells so placed as to permit coal pillars
to remain and to support the roof. Secondary beneficial effects include the re-
duction of solvent leakage and restriction of the areas into which coal fragments
night fall and from which coal particles could be recovered.

Summar

Even in the absence of hydrogen several coal types undergo a swelling and
spalling reaction early in their liquefaction reaction with hydrogen donor solvents.
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The coals increase their reactivity in the order semi-anthracite, lignite, and
sub-bituminous. Increased temperature and reaction time increase the extent of
reaction, To utilize these observations a concept is presented which may lead
to an underground coal liquefaction process.
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TABLE 1

COAL ANALYSES

Oklahoma (Semi-anthracite)

Moisture 7%
Volatile Matter
Ash

Fixed Carbon
Heating value (ptu/

#)

Illinois Number 6 (Sub-bituminous)

Alabama (Lignite)

Moisture 7

Volatile Matter

Ash

Fixed Carbon

Heating Value (Btu/
9

Moisture %

Volatile Matter

Asgh

Fixed Carbon

Heating Value (Btu/
)
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14,7
37.2
15.7
47,1
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TABLE 2

FRACTIONATION OF CRUDE ANTHRACENE OIL IN NITROGEN ATMOSPHERI

Rpiling Range Volume A
°C ml By Volume
Light Epds © Ambient - 300°C 48 38.7
Middle Praction 300°C - 400°C 58 46,7
Heavy Fnds 400°+C 18 14.6
124 100.0
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THERMAL SYNTHESIS AND HYDROGASIFICATION

OF AROMATIC COMPQUNDS

H. N. Woebcke, L. E. Chambers, P. S. Virk

In order to synthesize low sulfur fuels from coal, the Sione & Webster
Cozl Solution Gasification Process employs the stepwise addition of
hydrogen to coal. Enough hydrogen is added in the first step to convert
the coal to liquids, which are then hydrogasified to methane, ethane and

aromatic liquid products,

Since both these steps involve reactions of aromatic type molecules,
the possible chemical pathways involved for their thermal reactions

have been studied, along with the kinetics of some of the limiting cases.

Available data show that aromatics are formed by pyrolyzing any of the
simple paraffinic hydrocarbons. Formation appears to proceed through

the production of olefinic intermediates.

It was felt that a tool in evaluating the relative rate of decomposition
of simple aromatics would be their respective delocalization energies,
which can be calculated from simple orbital theory. Available kinetic

data showed this to be true,

Of the aromatics studied - benzene, diphenyl, naphthalene, phenanthrene,
chrysene, pyrene, and anthracene -~ the rate of decomposition was found
to increase in that order. Anthracene decomposes almost 800 times as
rapidly as benzene. Further, it was found that the kinetics for the
intermediate compounds are ordered inversely with respect to their

delocalization energies.
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A further consequence of the relation between delocalization energy
and kinetics is that the rate of aromatic decomposition should be
independent of the hydrogen partial pressure, or the character of
the products. Data showed the rate of decomposition of benzene to

be independent of hydrogen partial pressure, from 0.1 to 100 atmospheres.

At high hydrogen partial pressures, benzene decomposes primarily to

methane, a probable intermediate being cyclohexadiene.

L4 D00 hydrigon partiil ploosw oo, vums 1S Wik Iinal proauct. Lne
intermediate in this case is probably diphenyl, with coke formation
proceeding through stepwise reactions involving diphenyl rather than
the progressive addition of benzene molecules. It appears that the
conversion of benzene to diphenyl is rapid, and essentially at
equilibrium, with the second step, the production of coke from

diphenyl, being rate controlling.

Aromatic Synthesis

When pyrolysis is carried out at low pressure - for example, in steam
cracking for olefins production, the yield of methane and benzene
increases monatonicelly as severity is increased, until conversion

to coke becomes signifieant.

Barly investigations W showed that aromatic liquids could be 'produced"
from all simple olefins and paraffins. Maximum aromatic yields of

5 wt % were obtained from methane by pyrolysis at 1,050 C for 10 seconds,

(6))
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while propane gave a yield of 12% at 850 C. In general, olefins
were found to give higher yields of aromatic liguids than paraffins
and at lower temperuture. For example, at 10 seconds residence time,
propylene yielded 19% aromatics at 800 C, compared to 12% at 850 C

already noted for propane.

Most investigators concluded that aromatics formed from paraffins
during pyrolysis involved, as a preliminary step, the formation of
oiefins, all olefins from C; to C, playing a significant role in the

synthesis.

Studies also showed that nitrogen acted as a true diluent, reducing
the rate by reducing the partial pressure of the reactants. Oxygen
ennanced the formation of aromatics from olefins, while hydrogen
inhibited aromatization. 3ince the formation of aromatics proceeded
tarough olefins, it is reasonable to assume that this was a result of

the hydrogenation of the olefinic intermediates.

An interesting observation was that reactions leading to the maximum
zromatic yield from difrerent light paraffins and olefins generally
produced a liquid having about the same composition, i.e.,

40 wt % Monocyclic Aromatic

20 wt % Dicyelic

10 wt % Tricyclic

As convarsion progressed beyond peak aromatic conversion, coke was

farme., presumably from aromatic precursors.
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Figure 1 shows data of Kunugi and Kinney and Crowley relating methane

and aromatics yield with ethylene conversion. The data of both
investigators form a smooth curve, the former limited to low

conversions.,

Figure 2 presents similar information for propylene. For both olefins,
aromatics and methane production are linear with conversion up to the
point of maximum aromatics production. This is shown more clearly on

Figure 3 which is a replot of data from the first two figures.

Cracking data for naphtha obtained from the Stone & Webster bench scale
pyrolysis unit show this same characteristic relationship. Here a’
somewhat unanticipated result is that the relationship between me thane’
and aromatics yield is essentially independent of pressure, over a

very wide range of pressure conditions.

Some further insight on the effect of hydrogen partial pressure on the
formation of aromatics can be found in the work of Moignard(z)et al.
These experimentors found that under conditions selectea for the |
conversion of light paraffinic hydrocarbons to methane and ethane, there
was still a significant production of aromatics. In view of the ‘
presnmntion that arcometics arc preduced olelins, Uils suggested
that the hydrogenation of the intermediates to paraffins was not rapid
enough to inhibit aromatic formation. Using methane formation as a

guide to cracking severity, it is interesting to compare Moignard's

data for a light paraffinic naphtha, with other noted earlier.

(2) 100
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This is shown on Table 1 (Slide 5). As indicated, the presence of
hydrogen does significantly reduce the relative yield of benzene to

methane.

Aromatic Decomposition

The remainder of this study was limited to noncatalytic reactions
involving relatively small aromatic molecules. Some of the compounds
studied are shown on Table 2 (Slide 6). The largest, chrysene, has a

hydrogen content of 5.3 wt %, compared to benzene with 7.9 wt % H2,

The detailed chemical pathway(s) for aromatic molecule hydrogenolysis
is unknown, but it is convenient to consider it composed of three steps:
1, Aromatic Ring Destabilization
2. Breakdown to Fragments
3. PFragment Reactions

Thegse are described in turn.

Aromatic Ring Destabilization

The above demarcation stems from the well-known chemical premise that
aromatic compounds owe their unusual stability to a delocalization of
pi-electrons among the ring molecular framework. To get aromatic
molecules to react, the "delocalization energy" must be overcome.

Since this energy is large, of the order of 40 kcal/mol, initial
destabilization of the aromatic ring is invariably the rate determining
step. This argument predicts that the reactivity of all aromatic
compounids should be ordered inversely to their delocalization energy.,

These energies can be computed from simple molecular orbital theory.
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Some indication of how this agrees with observation is given in

Table 3 (Slide 7), which shows the relative rates at which methyl
radicals attack some of the compounds of interest, Notice that all
the rates are ordered according to the delocalization energy. The
same pattern is observed for a wide variety of reactions, such as
free radical attack, nitration and sulfonation. Further, note that

benzene and anthracene represent the extremes of reactivity.

A second consequence of the initial destabilization step being rate
determining is that, since the further course of reaction exerts little
influence on the overall rate, a given aromatic molecule should react
at a rate essentially independent of the products being formed. This
implies, for example, that rates of benzene decomposition during
hydrogenolysis and pyrolysis be comparable even though the products -
methane and coke - are strikingly different. This second consequence,
while qualitatively true, is not quantitatively as well obeyed as the

first.

Breakdown to Fragments

Possible pathways for aromatic decomposition are illustrated on Figure 5

(S1ide 8).

The destabilized aromatic ring is a short-lived species which will
either revert to tne original stable aromatic ring or suffer a breakdown
to various fragments. In the latter event, some of tﬂe'fragmehts will
be nonaromatic and hence subject to more conventional reaction pathways.

For example, the destabilized benzene nucleus may go to cyclohexadiene,
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or it may go to phenyl, pentadienyl or allyl radicals, which will

further pyrolyze or be hydrogenated. For aromatics with multiple

' ringé, e.'g., anthracene, the initial breakdown products are very

likely to contain smaller aromatic rings, e.g., benzene, in addition

to nonaromatic fragments.

Fragment Reactions
The nonaromatic fragments formed from aromatic ring breakdown can

undergo a great variety of reactions, among which are: (&) Molecular

. Reactions, such as simple fission (pyrolysis) or hydrogenation-

dehydrogenation reaction; (b) Concerted electrocyclic reactions, for’
example, fission and rearrangements; (c) Free radical chain reactions such as

hydrogenation/dehydrogenation, and polymerization.

The comple')ciw of possible fragment pathways can be reduced by certain

generalizations.

Molecular fissions have high activation energies about equal to the

strength of the bond being broken. As a result, larger hydrocarbons

break much faster than the very smallest. Among the paraffins, the

order of stability is methane, ethane, propane, butane, and the

approximate fission rate constant for ethAne is 0.0J{;‘; that for butane. —
Likéwise, alkyl benzene or other aromatics containing side chains will

tend to lbse these much faster than the aromatic nucleus is destabilized.

Electrocyclic reactions, which are concerted, are usually much faster

than molecular reactions which involve bond breaking or making.
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Free radical chains, when operative, can be much faster than molecular

pathways. In our case, at the high temperatures required for hydrogenolysis,

free radicals will abound.

It is probably reasonable to suppose that the hydrogen-olefin-paraffin

chain pathways are so fast that equilibrium prevails among these components.

Rate and equilibrium data indicate that the segments of the pathway from
benzene fragmentation tn athene formaticn orc Cipiced W ue Jasi relative
to benzene destabilization and ethane pyrolysis. A further point to note
is that whereas the ring destabilization step (1) is expected to be
essentially unaffected by hydrogen, the subsequent product pathways
(steps 2 and 3) - whether hydrogenolysis to gas or pyrolysis to coke -
should be quite strongly influenced by hydrogen concentration. Finally,
multiple-ring aromatics will break down into both nonaromatic and
aromatic fragments, of which the former will decompose further by the
reactions of step (3), while the latter will tend to lose side chains
and go to benzene, the stablest aromatic, which will then further react

via the pathway of Figure 5 (Slide 8).

Data Analysis

The essential theoretical hypothesis that aromatic reaction rates are

controlled by the ring destabilization step can be tested by comparing

the rates of hydrogenolysis and pyrolysis. If the hypothesis is true,

the rates of decomposition of a given aromatic compound should be

identical for either process, Further, reaction rates and their

associated activation energies should correlate with the delocalization \
energy of that compound. \
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Sources of experimental information for the aromatic compounds of

interest to us are listed in Table 4, along with associated reaction
conditions. In each case, the date were processed by the usual simple
methods to yield first order rate constants kj, sec™l as a function of

temperature for the initial decomposition of the aromatic:

dc
Ak Product; —cﬁé = - kiCy

It should be noted that the assumption of first order kinetics was not
generally verifiable from the data and consequently the precision of
these inferred rate constants is not especially good; but the rates

are probably of the right order of magnitude in all cases.

Results obtained for benzene and anthracene, theoretically expected

to be the extreme cases, are presented on Figure 6 (Slide 9).

Benzene Decomposition Rates

It is apparent that, while the data of separate investigators can each
be fitted with straight lines of somewhat different slopes, all the
data are adequately described by the single heavy line shown. This
indicates that the rates of benzene decomposition during hydrogenolysis
and pyrolysis are essentially the same over a rather wide range of
experimental conditions. In particular, the insensitivity to hydrogen
pressure, which varies from 0,1 atm to 100 atm, is noteworthy. The
experimentall& observed equality among benzene decomposition rates
suggests a common rate-determining step which, in turn, lends support
to the thought that aromatic ring destabilization, common to both

hydrogenolysis and pyrolysis reactions, is rate-determining.
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Benzene Decomposition Products

Some further insight into the reaction pathway can be obtained from

the reported reaction products. In the presénce of substantial hydrogen,
the lowest temperature data (Lang, 900 F) show diphenyl as the sole
product, whereas the higher temperature data (Schultz, 980-1,200 F,

Dent, 1,100-1,500 F) indicate mainly methane and some ethane as products,
with the mole ratio C2/Cl tending to unity at benzene conversions below
5%, while approaching zero at high benzene conversion. The diphenyl
product suggests either a destabilized ring breakdown to a phenyl
fragment or a concerted hydrogen elimination from two benzene molecules.,
It is also interesting because it represents net dehydrogenation of the
benzene for purely kinetic reasons even though thermodynamic equilibrium

strongly favors gasification,

None of the above authors report coke (carbon) formation, nor do they
mention any hydrogenated Cg liquid products. However, hydrogen balances
on Schultz's data reveal that the empirical formula CgHy of the Cg,.
components does change from n=6 to n=8 as benzene conversion proceeds
from 0 to 50%, indicating at least some direct hydrogenation of the Ce
ring. In the absence of much hydrogen (pyrolysis), the gaseous reaction
products are principally hydrogen and methane, The HZ/CITIA mol ratio is
variable, about 2-/4 in Dent's experiments (1,100-1,450 F, 50 atm N2) and
8-30 in Kinney's case (1,450-2,000 F, 1 atm N3). Dent also reports
small amounts of ethane (C1/Cp=1) at the temperatures of 1,100-1,300 F

while Kinney detected traces of acetylene.
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Dent makes no mention of coke or condensed products, but Kinney reported
diphenyl and carbon (coke) as the major products of benzene pyrolysis and
showed further (as shown on Figure 7, Slide 10) that the diphenyl/carbon
product ratio decreased in the presence and increased in the absence of
coke packing, even though the packing did not appreciably affect the
overall benzene decomposition rate. The implications concerning the
benzene to diphenyl to coke pathway are, first, that both ring
destabilization and breakdown are probably noncatalytic, homogeneous

gas phase steps and, second, that the carbon formation reaction is
catalyzed by the product, coke, and probably does not involve further

benzene participation,

Anthracene Decomposition

The two sources of anthracene decomposition data are Dent and Kinney.
For benzene, the coincidence between decomposition rates during
pyrolysis and hydrogenolysis also supports the notion that ring

destabilization is rate-determining.

Decomposition products from anthracene pyrolysis noted by Kinney
were mainly carbon, with the carbon formation catalyzed by coke.
Product gases were mainly hydrogen and methane, HZ/CHA, = 10, with
traces of acetylene. The hydrogenolysis products noted by Dent were
mainly methane and ethane and small aromatic rings, benzene, and
naphthalene. No carbon formation was reported. Dent reports only
the fraction of anthracene converted to gas. It appears likely that

the breakdown of a destabilized anthracene ring, in the presence of
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hydrogen, leads to one benzene molecule as a fragment. The gas

associated with this initial anthracene breakdown contains methane

and ethane in the mol ratios 01/02 = 3.5 at 1,200 F and 5.3 at 1,300 F.
This does not yield any clear clues about the nonaromatic fragments
except, perhaps, thet a 4-carbon specied (which would give Cl/02 = 2}
may be involved, The change in C/C, ratio with temperature is too
large to be explained by simple ethane pyrolysis with methyl radical

hydrogenation.

Other Aromatic Molecules

Decomposition rate data for some of the other aromatic molecules of
interest are shown on Figure 8 (Slide 11), Substantially all of the
points lie between the anthracene and benzene limits and reasonably
straight lines can be drawn to represent the variation of decomposition "

rate constant vs. temperature for each of the molecules. 14
Decomposition products observed were as follows:

Diphenyl: During hydrogenolysis at 930 F, 200 atm H,, benzene
was the sole product. The products of pyrolysis, besides coke, are not
clear because the diphenyl results are derived from the benzene pyrolysis

data of Kinney,

Naphthalene: During hydrogenolysis at 1,160 F and 200 atm Hy,
Schultz reports methane, ethane and small amounts of propane in the gas
with the molal C;/C, 1 at low conversions. Benzene was detected in

significant amounts, and traces of toluene and ethylene were also found. ¢
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Hydrogen balances indicate some direct hydrogenation of the Cp ring

as well, but no coke formation was reported. During pyrolysis, Kinney
found the gaseous products are mainly hydrogén and methane with traces

of acetylene at 1,500-1,800 F in N, at 1 atm., The principal product

was solid ca-bon, and traces of condensation products like 2-2' binaphthyl
and perilene were also detected. The binaphthyl is, of course, analogous

to diphenyl and suggests an analogous pathway to coke.

Chrysene: Orlow found with 70 atm Hy that the hydrogenolysis reaction
products (by weight) were 25% methane, 35% coke, with the remaining
40% containing phenanthrene, naphthalene, benzene, and various hydrides
of each, The pyrolysis products were hydrogen and methane with traces

of acetylene in the gas, and solid carbon,

Correlation
The experimental decomposition rate constant data can be fitted by the
straight lines shown to yield Arrhenius expressions of the form

k, = A exp (-E*/RT)

1
for euch molecule., Values of these Arrhenius parameters, the frequency

factor A and activation energy E*, are collected in Table 4 (Slide 12),

effectively summarizing the available data.

According to Molecular Orbital theory, the activation energy should be
proportional to the delocalization energy, i.e., a plot of E¥* (experimental)
vs. delocalization energy (calculated) should have all molecules lying
on the line between the origin and the benzene coordinates. Figure 9

(Slide 13), an erithmetic plot of activation energy vs. delocalization
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energy, shows a trend in accord with theory. Anthracene and benzene,

the two cases with most data, are in especially good agreement.

Effect of Hydrogen

While it appears that tue rate-determining aromatic. ting destabilization
step is essentially unaffected by hydrogen, the products of decomposition
most assuredly are. Increasing hydrogen concentration switches the
decomposition pathway from pyrolysis, which leads primarily to solid
carbon (coke), to hydrogenolysis, where the product is gas, mainly
methane. Understanding how hydrogen concentration controls the

crossover between pathways is of interest. However, since the

detailed pathway is not explicity defined, we will focus only on a

few aspects expected to be important. Much of the following discussion

refers to benzene decomposition, since this case has the most data.

Thermodynamic Equilibrium
It is of interest to examine the equilibrium concentration of Hy, CHA,

and CgHy dictated by the following reaction:

K, at 1,340 F

(a) (O]
(1) Cglig + 9 H, —>CH, 10.5 -4
(2) CgHy ~—== &0 + 3H, 16.57 +2
(3) CH, —>2H, + C 1.011 1

where (a) is the exponent to tine base 10 and (v) is

the power of the pressure term in atmospheres .
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Calculations for this system show that carbon can always form before

benzene has reached gasification equilibrium.

Further, at atmospheric pressure, carbon formation can occur at very

low benzene conversions, unless very large excess of hydrogen is used.

At a fixed hydrogen to benzene ratio, increasing the total pressure
favors gasification and retards carbon deposition, based on equilibrium

considerations.

A study was therefore made of the effect of total pressure, hydrogen

to benzene ratio in the feed, and benzene decomposition on the gross
heating value of the product gas. The study was limited to conditions
at which retios of hydrogen to methane in the prodcut gas would be in
excess of that required to inhibit the presence of carbon at equilibrium,

The resultsare presented on Figure 10 (Slide 14).

Note that a 15% decomposition of benzene, the maximum heating value
that can be obtained at 1,400 F is about 800 Btu/SCF, while at 1,500 F
the GHV would be reduced to about 600 Btu/SCF - under conditions where
no carbon could exist at equilibrium. The principal curves, i.e.,
those relating benzene conversion with GHV of product gas, are those
for constant pressure and hydrogen to CgHy ratio in the feed. The
Hz/CéHé ratios selected for plotting at any given total pressure were

those leading to maximum product GHV for a given benzene conversion.



Carbon Formation

Coke is the terminal product of the aromatic pyrolysis pathway and it is
of some intlerest to explore the formation mechanism. Insight into this
process is provided by the benzene pyrolysis data of Kinney (1954) in a
flow reactor. The diphenyl concentration vs. time behavior reported

by Kinney is characteristic of an intermediate in a sequential reaction
A + B ¢ wherein A (benzene) decreases and C (carbon) increases,
both monotonic with time, while the intermediate B (diphenyl) increases
at small times and decreases at long times. It is also instructive to
compare results at the same temperature, l,_800 F, with and without coke
packing as shown in Figure 7 (Slide 10). This further suggests that

carbon formation proceeds through a sequence of reactions in series

6 _2 kp o carbon

The first reaction is unaffected by coke, whereas the second is catalyzed
by coke. Removal of catalyst would slow down the second reaction, thus

increasing the intermediate diphenyl concentration as observed.

In regard to the molecular reactions leading to carbon, the literature
contains many references to a benzene-by-benzene addition with hydrogen

elimination (2).

Some of the intermediate products, e.g., diphenyl-benzenes and triphenylene

have indeed been detected in the tarry residue resulting from benzene

pyrolysis. However, if (2) were the main pathway to carbon, it would
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essentially involve benzene in every step and so carbon formation
should be very high order in benzene. Catalytic effects enhancing
carbon formation should strikingly increase the benzene decomposition
rate (and vice-versa). This is not the case as noted above. Further,
reactions with benzene in every step would face the maximum benzene
delocalization energy barrier compared to reactions between more
condensed species with less DE than benzene. Thus, although the
concentrations of tae condensed species would undoubtedly be lower
than benzene, the adverse effect of lower concentration on overall
reaction rates could easily be offset by the lower activation energies,
and nence higher rate constants, of the more condensed molecules. A
plausible alternative scheme for the main pathway to carbon formation

is therefore of the form
G ey AR @ A oy _
0™ Q08 O 5™ KLY

which involves 1,2,4.... benzene nuclei rataer than the 1,2,3....
sequence of (2). According to the above scheme, since the bigger
molecules are more reactive, the overall rate should be controlled

by the first few steps, namely,

(%) @-&-@: @‘@*—“v
6 oo +lo-loy = ¥ + Ry

O
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Qualitatively, we can let approximate carbon and since
reactions (6) (a) and (b) are intra-molecular hydrogen eliminations
which one would expect to be fast compared to the bimolecular hydrogen
elimination steps (4) and (5), the reactants of (5) can, in effect,

be considered to yield the products of (éb). The essential components

of the alternative benzene carbon pathway are thus

(4) Ke, e
&+ < i

Ks
(5) @@ +@—@ f—i @gg@ 34,

(caeson)

of which (4) is a homogenous gas-phase reaction, unaffected by coke,

whereas (5) can be catalyzed by coke product.

Kinney's data for benzene pyrolysis to carbon may be modeled by a scheme
of two sequential reactions (4} and (5) simplified such that (a) both
reactions are kinetically limited in the forward dirsciions amd ()
reaction (l,) is at equilibrium while (5) is kinetics controlled., Case
(b) is the more plausible for the bulk of the data, but some of the

experimental trends at low conversions at the lower temperatures are

qualitatively as predicted for case (a). A combination of cases (a)
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and (b), in which both forward and backward reaction rates are considered

for (4) while (5) is assumed kinetecs controlled in the forward direction,

would probably describe all of Kinney's data adequately.

Finally, we consider the effect of hydrogen on carbon formation. The
overall equilibrium, discussed earlier, shows that increasing hydrogen/
hydrocarbon ratios and increasing total pressure both retard carbon
formation and enhance gasification. Kinetically, however, we have to
recognize that there exist at least two types of routes to carbon,
namely, by surface reaction and by gas-phase reactions. It is not
obvious how these combine, The carbon formation model formulated

above is primarily a homogeneous gas phase model and its sensitivity

to hydrogen must recognize that the gas-phase route is only one of
several possible parallel pathways to carbon. The presence of substantial
hydrogen will tend to enhance the back reactions for both (4) and (5)
and, clearly, the forward kinetics only, scheme (a), will not be adequate.
The maxdmum conceivable ;:a.rbon formation that can occur is when reaction
(4) is at equilibrium (th.is gives the maximum diphenyl concentration)

and reaction (5) is not retarded by products (even though hydrogen is

a product), This, of course, is precisely scheme {b) considered above.

115



KINECTICS OF AROMATIC HYDROGASIFICATION
SUMMARY OF EXPERIMENTAL DATA FOR AROMATIC
HYDROGENOLYSIS AND PYROLYSIS

Run Condtions Reactor
Temp,  Press HC Residence,
Compound  Source Type K Atm Mol Fr. Diluent Type  Sec
Benzene 1 H 873-1,123 50 0.10 H, F 60
1 P 8731013 50 0.10 N, F 60
2 K 800-973 200 0.15 H, B 1,000
3 P 10131313 1 010 N, F2-40
¢ T B+ T T Rk
Diphenyl 3 P 10131313 1 005 N, Foo2-40
W mo om s W, 8 20
Naphthalene 2 H 838-958 200 0.10 H, B 1,000
3 P 101312713 1 0.02 N, Fo2-40
Anthracene 1 H 923-1073 50 0.04 H, F 60
3 P 10731213 1 0.01 &, F 140
Chrysene 3 P 10131213 1 0005 N, F 2-40
5 W m o3 K g 10

Sources: 1. Dent, F.J.. 43rd renort of the lnint Research
Gas Council, (1939)

Committes, British

ie
vy, BIRISY

2. Schultz, EB. and M.R. Linden, Ind. Eng. Chem. 49, 2011, (1957)
3. Kinney, C.R. and E. Delbel, Ind. Eng. Chem. 46, 548 (1954)

4. Lang, K. and F. Hoffman, Brenstoff-Chemie 10, 203 (1929)

5. Orlow, N.A. and N.D. Lichatschew, Ber., 628, 719 (1929)

Abbreviations: H- Hydrogenolysis P- Pyrolysis B- Batch F- Flow
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Investigator
Kunugi, et al
Kunugi, et al
Stone & Webster

Moignard, et al

PFeedstock
02H4

C3H6
Peraffinic

Naphtha
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Cracked At
Press., Hp
1 No
1 No
1 No

10 Yes

Table 1
(51ide 5)

Pounds Cgllg
Per

Pound CH!
1.4

1.4
0.7
0.14




MODEL AROMATIC MOLECULES
KINETICS OF AROMATIC HYDROGASIFICATION

Table 2
(Slide 6)

RINGS NAME  STRUCTURE FORMULA Tb, F

1

2

BENZENE O
NAPTHALENE
 DIPHENYL

ANTHRACENE

PHENANTHRENE

PYRENE
CHRYSENE ©©©
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CgHs
C1oHg
Crathg
STL)
arLli
C15ho

Cighy

176
424
491
646
643
140

821 |
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Table 3
(s1ide 7)

KINETICS OF AROMATIC HYDROGASIFICATION
REACTIVITY TO METHYL RADICAL ATTACK

DELOCALIZATION EXPERIMENTAL REACTION

COMPOUND __ ENERGY RATE RELATIVE T0 BENZENE'

BENZENE 1.158 1

DIPHENYL 1.032 9

NAPHTHALENE 0.904 22
PHENANTHRENE 0.893 21
CHRYSENE 0.833 a8
PYRENE 0.758 125
ANTHRACENE 0.632 820

(1) Data from Levy and Swarc, J.A.C.S. 77 1949 (1955)
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Table 4
(slide 12)

KINETICS OF AROMATIC HYDROGASIFICATION

ARRHENIUS PARAMETERS FOR
AROMATIC DECOMPOSITION RATES

T14(1,000 °K)

A E Rt
COMPOUND  Sec’  Kcal/Mol Sec.
BENZENE L0t 526 W
DPRENYL 160’ 41 mg
NAPHTHALENE  4500° 354 mo
CHRYSENE inl 3 h

ANTHRAENE  18x10° 307 n

Note: k= Nep(EA)
"% = half-ife = (0.693/k

120




Figure I
(Slide I)

PYROLYSIS OF ETHYLENE
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MOLS/I100 MOLES C3zHg CONVERTED

Flgure 2
(slide 2)

PROPYLENE PYROLYSIS -
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BENZENE YIELD WT %

22
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Figure 3
(S1ide 3)

ETHYLENE & PROPYLENE PYROLYSIS
(YIELDS AS % FEED CONVERTED)
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Figure 4

BENZENE YIELD W1 %

(Slide L)
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BENZENE HYDROGENOLYSIS PATHWAYS
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K, REACTION VELOCITY CONSTANT, sec”

Figure 6
(S1ide 9)

RATES OF DECOMPOSITION FOR BENZENE AND ANTHRACENE
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EFFECT OF COKE ON PRODUCT DISTRIBUTION FOR BENZENE PYROLYSIS

PRODUCTS, % OF FEED BENZENE

Figure 7
(slide 10)

70

60

(N, | ATMOS, 1800°F )

CARBON

® &8 WITH COKE

40
o 0O NO COKE
d ’
30+ //
\/.25
20l /NG /DIPHENYL
~
~
IO'.\ Z \\\\\
. o
. \ a
olllLLlLllll‘JL‘ll
50 60 70 76

BENZENE DECOMPOSED %

127




K, REACTION VELOCITY CONSTANT, SEC ™'

DECOMPOSITION RATES FOR SELECTED AROMATICS (sTiae 1)
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ACTIVATION ENERGY,E*,KCAL/MOL
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RELATION BETWEEN ACTIVATION AND DELOCALIZATION ENERGIES

Figure 9
(Slide 13)
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PERCENT DECOMPOSITION OF BENZENL: /7 PASS

EFFECT OF OPERATING VARIABLES ON GASIFICATION OF AROMATICS
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Figure 10
(5ltde 24)
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