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REACTIVITY OF CCALS IN HIGH-PRESSURE GASIFICATION
WITH HYDROGEN AND STEAM

Harlan L. Feldkirchner and Henry R. Linden
Institute of Gas Technology
Chicago 16, Illinois

One of the major obstacles to the design of a reactor for
direct conversion of coal to high heating value gas by
destructive hydrogenation at hilgh pressure (hydrogasificatilon)

" has been the lack of information on the rate and course of

the reactions during the initlal period of rapld conversion
of the more reactive coal constituents. Kinetlc studies have
generally been mdde with highly devolatilized chars and carbons
to avold the problem of changes in feed composition during
heatup. Where the rates of formation of low molecular welght
hydrocarbons from reactive coals and low-temperature chars
have been measured, experimental conditions did not permit
both rapid heatup and short product gas residence times to
minimlze side and secondary reactions.

The primary varlables affecting the rate of hydrogasifi-
cation are coal reactlvity, temperature, pressure and feed

‘gas composition. The coal reactivlity, in turn, varles with the

initial coal properties, the extent of conversilon, the length
of time at reaction conditlons and the severity of the reactlon
conditions. In previous studiles, significant diffusional
resistances have not been encountered (15,16), although they
might become Ilmportant at higher temperatures, or with more
reactive feedstocks.

PREVIOUS WORK

In work at the Institute, the major objective has been
the determination of the conditions for the direct production
of a high heating value gas in a practlcal continuous reactor
system. The feasibility of thls approach had been indicated
in batch reactor tests (4),and has recently been confirmed
in a countercurrent moving-bed continuous reactor. Earlier
results obtalned with low-temperature biltuminous coal char
in a fluld-bed reactor at 1400° to 1500°F. and 500 to 2000
p.s.l.g. (10) did not fully attain the desired objective of
30 to 50% char conversion to a gas of 900 B.t.u. per SCF ,
(standard cublc foot at 60°F., 30 Inches of mercury and
saturated with water vapor). To obtain high conversions of
hydrogen and coal to a high-methane content gas, long coal
and hydrogen residence times and low hydrogen to coal feed
ratios were used. These conditions make 1t difficult to
Interpret the rate data, since the effects of equilibrium
hindrance cannot be accurately defined because af lack of
thermodynamic activity data for coal and char at levels
of converslon.
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The U. 3. Bursau of Mines {7-9) employed a reactor tubse,
5/16 inch 1n inside dlameter, which was heated by passing an
slectric current through-1t. Pressures up to 6000 g.s.i. .
and a nominal operating temperature of 800°C. (1472°F.) were
Investigated. During the 2-minute heatup perlod, and afterward,
hydrogen was passed through the tube at a sufficiently high
rate that gas residence times were only & few seconds. Sub-
stantlal ylelds of ligquids were obtained during the relatively
long heatup period, so that the rates of gasification observed
“at 800°C. were for the less reactive, residual material. The
liguids ylelds decreased with decreases 1n hydrogen rate as
a result of the increase 1n residence time. For example, an
increase 1n gas residence time from € to 30 seconds resulted
in a decrease in liguid hydrocarbons from 26 to 4.5 weight %
(moisture-, ash-free basis), of a high-volatile bituminous
coal. o

In contrast, negligible quantities of liquid hydrocarbons
were formed in the fluld-bed tests at the Imstitute (10). In
these tests, low-temperature bituminous coal char or Iignite
(-60, +325 sieve size, U. S. Standard) were fed cocurrently
with hydrogen to the hot fluldized bed, resulting in rapid
heatup. However, product gas residence times were on the order
of one mimute, so the absence of liquld products could have
been the result of secondary vapor-phase reactions.

In the work described herein, tests were conducted in
which both coal heatup and product gas residence time were of
the order of a few seconds. No measurable amounts of liquid
products were formed and methane was the ma jor gaseous hydro- °
carbon produced, with only trace quantities of higher paraffins,
colefins and aromatics being formed. Some carbon oxides and
nitrogen were also evolved during the initial phases of the
reaction.

APPARATUS

A flow dlagram of the reaction system is shown in Fig. 1.
The -16, +20 sieve size (U. S. Standard) coal charges were
-fed in single batches (usually 5 or 10 grams) from a hopper
mounted on top of the reactor. At zero time, a full-opening,
‘air-operated ball valve, connecting.the reactor and feed
hopper, was opened and the coal charge was dropped into the
reactor. A syntran vibrator was mounted on the bopper to aild
in sollds feeding. A pressure-equalization line conmecting
the top of the hopper and the reactor inlet kept both vessels
at the same pressure. : .

Feed gases were preheated to the desired operating temp-
erature wilthin the reactor. Exit gases passed through a water-
cooled coll, a liquids kmockout pot, & high-pressure rilter
and a pressure-reducing back-pressure regulator, before
sampling, metering and monitoring. ’

Gas inlet flow rates were controlled mamually and were
measured by an orifice meter. Steam was generated at the
desired operating pressure in an eleczrically-heated stainless
steel coll by feeding water from a welgh tank with a metering
pump. -
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The reactor barrel was constructed of N-155 super alloy
and was designed for operation at a maxlmum pressure of 1500
p.s.l.g. at a maximum temperature of 1700°F. A complete
descriptlon of the reactor has been glven elsewhere (;;),
along with deslgn detalls concerning the use of externally-
heated reagctors at high temperatures and pressures. The :
reactor was 2 inches In inside diameter,. 4 inches in outslde
dlameter and 60 inches 1n inside length. An Inconel X
thermowell, 3/8 inch in outside diameter, was mounted in the
center of the bottom closure and extended 58 inches into the
reactor. A removable, stainless steel insert, 1-5/8 inches
in inside diameter and containing a 1/2-inch outside dlameter
thermowell sleeve, was installed in the reactor to contain
the coal charge and provide for complete recovery of the coal
charge after each test. The bottom of the insert was fillled
wilth sufficient alundum pellets to position the coal:charge
1n the center of the third heating zone from the top.

Reactor temperatures were malntained by four individually-
controlled electrical resistance heating elements, each 12
Inches long. Reactor pressures were controlled at the desired
values by means of a back-pressure regulator and were can-
tinmuously recorded along wilth orifice pressures.

The double-ended reactor contalned an Autoclave Engineers
self-sealing (modifled Bridgman) closure at each end. The
closures were rated for 1400°F. operation at 1500 p.s.i.g.
This high-temperature service was facilitated by use of elther
16-25-6 or Inconel alloy seal rings. A boundary lubricant of
molybdenmum disulfide, applied in aerosol form to produce a
thin boundary layer coatlng, was used on all closure threads
and on the seal rings. :

PROCEDURE

Feed gas mixtures, which were prepared by mixing during
compression, were stored at pressures up to 3000 p.s.i.g.
Commercilally avallable grades of electrolytic hydrogen %99.8%
pure), nitrogen (99.6% pure), helium (99.99% pure) and
technical grade methane (95.0% pure) were used. All feed gases,
except steam, contained approximately 2 mole % helium tracer
for exit gas flow rate measurement.

The feed gas orifice was calibrated before each run with
a wet test meter and the exit gases were also metered with
this meter as a check on the hellum tracer method for exit
gas flow rate measurement. In tests with pure steam feed,
hellum sweep gas was used to purge, from the exit gas system,
the small volumes of permanent gases formed. The exlt gas
specific gravity was monitored continuously with a recording
gravitometer as an aid 1n selecting tlmes for exlt gas sampling.
A sampling manifold was installed In the exlt gas line,
upstream of the metering and monitoring. system to allow rapid
sampling at small time Intervals. Gas analyses were performed
by mass spectrometer. The combined nitrogen and carbon monoxide
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content of the exit gas,determined by mass spectrometer, less:
nitrogen introduced In the feed gas, was assumed to be carbon
monoxide, except in selected tests where carbon monoxide was
determined by infrared spectrophotometer.

"The four coals investlgated were a medlum- volatility
anthraclte, a North Dakota lignite, a Pittsburgh Seam:
bituminous’ coal and a low-temperature bituminous coal char.
The char was prepared from bltuminous coal from the Montour
‘No. 10 Mine by a fluildized-bed pretreatment process of the.
‘Consolidation Coal Co. Analyses of these feeds are shown
in Table 1.

Most runs were conducted for a total time of 15 minutes
or less. The reactor was first heated up to the desired
. operating temperature. Then gas flow, at the desired rate,

was started through the reactor. The heat input to the reactor _

was then adjusted so that all temperatures within the reactor
remained constant. When the system was stabilized completely,
the run was initiated by opening the valve between the feed
hopper and reactor.

At typlcal conditions of 1500 p.s.l.g., 1700°F. and a
hydrogen flow rate of 100 SCF per hour, the first hydrogasifi—c
catlon products appeared 1n the exlt gas at the sampling :
manifold in approximately 10 seconds. Durlng the initial
perlod of high conversion rate, samples were taken at time
Intervals as short as 5 seconds to delineate the exact course -
of the reaction. Temperatures at the center of the coal charge,
at a point 6 inches above the charge and at the bottom of
the 1nsert were recorded contimiocusly by means of a high—speed
temperature recorder which recorded each temperature at
approximately 3-second intervals.

" VWhen the reaction rate had reached a value too small to
be measured accurately at the high gas rates employed (usually
after about 600 seconds), the run was stopped. The electric
heaters were turned off and the reactant gases were purged -
from the reactor with nitrogen. The reactor was kept filled
with nitrogen until the temperature had reached a low enough
value to allow retrieval of the coal residue.

. RESULTS

BExploratory Tests

Before the test program was initiated several exploratory
tests were conducted at the base conditions of 1060 or 1500
p.s.1.g. and 1700°F., with a hydrogen flow rate of 100 3CF
per hour. It was necessary to select sample welghts which
gave small temperature changes and low concentrations of '
methane in the exit gas, without impairing analytical accuracy

el . .

-
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Coal
Type

Source

Particle Size,

U.S. Standard Sieve

Ultimate Analrsis,
wt % (dry basis)
Carbon
Hydrogen
Nltrogen and
(by difference
Sulfur »
Ash
Total

Table 1.-COAL ANALYSES

Bituminous Coal Char
Low Temperature
Consolidation Coal Co.
(Montour No. 10 Mine)

Proximate Analysis, wt %

Moisture
Volatile Matter
Fixed Carbon
Ash

Total

Coal
Type

Source

Particle Size,

-16, 420 =40, 450
78.3 79.5
3.46 3.46
gen , )
10.03%: 10.12
1.01 0.91
{.20 6.01
00.0 100.00
1.7 2.3
17.3 17.9
73.9 73.9

Bituminous Coal
Pittsburgh Seam
Consolidation Coal Co.

(Montour No. 4 Mine)

U.8. Standard Sieve . =16, 420
Ultimate Analysis,
wt % (dry basis)
Carbon 75.9
Hydrogen 5.01
Nitrogen and gen
(by difference 8.99
iulfur %-52
sh _ -5
Total 00.00

Proximate Analysis,

Molsture
Volatile Matter
Fixed Carbon
-Ash

vt %
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Anthracite
Medlum Volatility
Anthracite Experiment
Station,

U. S. Bureau of Mines

-16, +20

Idignite
North Dakota
Truax- Traer Co.
(Velva Mine) ’

-16, +20
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With 50- and 20-gram samples of low-temperature bituminous
coal char (-8, +16 sieve size) the maximm exit gas methane -
content was. too high and the temperature changes during the
run were too great to allow the assumption of differentlal.
reaction conditions. In tests with 10- and 5-gram samples
- of =16, +20 sieve size low-temperature bituminous coal char,

the exit g methane contents approached the desired levels,
.and react%in rates (expressed as pounds carbon converted. to
gaseous hydrocarbons per pound of carbon remaining in bed.per
hour) were similar.

With low-temperature bituminous coal char at nominal run

temperatures of 1700°F., two periods of high rate were observed

(Fig. 2). The second perlod of high rate, occurring after -
approximately 30% carbon gasification, was a result of . :
increases in the temperature of the char sample due to the -
inability to dissipate the high heat of reaction-to the
surroundings. Thils was substantiated by conducting a further
test with a 3-gram sample welght. Here only a slight increase’
in rate was obtalned at carbon conversions above 30%. In
tests with unpretreated coals, and with bituminous coal char
at 1300°F. and 1500°F., no sscond perled of high rate vas
observed. :
It was also necessary to selsct a coal particle size for
the remainder of the test program. An effect of particle size
on - the rate of reaction could indicate the presence of ,
gignificant diffuslonal reslstances. Tests were conducted
wilth 10-gram samples of -16, +20 and -40, +50 sieve gize
material Fig.agg. These test results indicate negligible
effects of particle size on the reaction rate. The displace-
mext of the rate curve for the -40, +50 sleve size material
was probably due to the slower feeding rate of the more
finely divided material, or to an inltial holdup in the coal

feed hopper. Based on duplicate tests to check reproducibility,.

1t was belileved that these small differences were within the
limlts of experimental and analytical accuracy.

From the results of these exploratory tests, the following
base condltlons were selected for the remainder of the tests,
unless otherwlse noted: .

Temperature: - lTOOOF. .
Pressure: ) 1500 p.s.1. g
Sample welght: 5 and 10 grams

Coal particle size: -16, 420 sleve size
Feed gas flow rate: 100 SCF per hour

‘Typ%cﬁ% rgsults for the four feeds used in this study are given
able 2.

P
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Table 2.-TYPICAL TEST RESULTS OBTAINED AT 1700°F. AND 1500 P.S.1.G.

Feed 5 m of Bituminous Coal, -16,+20 U.3.3. Sigve Sizs
Time of Sampling, sec. . 10 20 Bo 5 ) 60 30 120 2%
Temperature, . 17%0 1780 17#2 17h2 17 1735 1734 1732 1730 1732
Peed Hydrogen Rate, scr/u. 105.%  105.3 104.3 105.3 104. 105.3 108.3 104.3 10%.2 10h.1
Exit Gas Rate, 103.7 102.2 101.5 101.5 1loo. 100.8 101.5 100.1 10l.% 102.7
Exit Gas Canpou.uon, ‘mole % -

ll. + Co 0.05 0.05 0.51 0.89 0.61 .!9 0. 12 0.08 0.03 0.0%
Oa - - 0.03 0.02 0.0l ol - - -
99.9% g99.9% 94.28 38 89.36 9o T 96 25 98.22 99.19 98.96

CHa 0.01 0.01 5-13  11.%9 9.88 9.28 3.55 1.72 0.77 0.99
Cala - - 0.0% 0.02 0.02 0.01 - - - -
Bam.ens . -~ _0.00 _0.10 _o0.12 _0.07 _0.08 _0.02 0.01 _ 0.0l

Rata or Formation of Gasecus Hydrocarbon

Carbop, 1b./1b. carbon fed-hr. - -- 20,2 M. 3o 369 15.% 6.2 3.2 4.1
Total Conversian of Carbon in Peed, % - -- 0.4 7.0 135 171.5 32.6 8. 3.4 56.6
Total Carbon Recovery, % - - - - -— - - - - -
Peed 3 grams of mgu.tu, -16,+20 ¥.8.8. s:.ovv Sire.

Time of Sﬂmpling. ssc. 10 2 50 80 2% 380
Tempera . OF, 1712 1722 1723 1;25 1125 1726 1721 951.1 1;1“ 1713
Peed Hydmsa: Rate, scp/m- 98.6  98. g 99.0  98. 99.% 102.1  98.1 9 g 97.6
Exit Gas Rate, SCF, 98.7  98. 100.1 97.6 95.2 98.3 97.1 97. 96.6
Exit Uas Compoumm ‘mole %
Ra + 0.06 0.0% 0.56 1.82 1.91 1.02 0.08 0.05 0.0% 0.06
C0a - -- 0.0l o.gg o.og 0.03 o= - == - -
Ha 99.93  99.9% 96.99 Bg. 88.8 93.57 98.77 99.38 99.88 99.69
CRy 0.0 0.02 2.B3 38 9.5  5.37 "1.15  To.57 .38  T0.25
Catle -- - -= 0.01 - -- - - - -
Benzens - - Q.01 0.06 0.05 0.01 - - -— -
Total I00-00 IOU.30 100.00 100.00 I00.00 I00.00 I00.00 I130.00 I00.00 I00.00
Rate of Pormation of Gsseous Hydrocarbon )

Carbon, 1b./1b. carbon fed-hr - 0.1 11.6 39.7 31.7 25.8 5.2 2.6 1.7 1.1
Totgl Converaion of Carben in Peod, % - - 0. 5.9 20,0 32.2 2.1 6.0 53.3  62.9
Total Carban Recovery, % -~ - - - - - - - -— -
Peed s 5 grams of Msdium Volatility Anthraoits, -16,+20 U.S.S. 3leve Size.
Time of Sampling, sea. ,18 20 25 30 30 60 120 2% 360
Temperature 165 169% 1693 1655 bt 1702 1702 1702 1700 1700
Peed Hydrogen Rata, SCP/hr. 97.%  97.3  97.3 97.3 97,3  97.3  97.3 97.2 97T.0 96.2
Exit Gas Rats, SCF/hr. 96.9 95.8 95.3 95.7 93.6 93.1 9%.3  95.%4 Sh.5 95,
Bxit Gas Campcs!.tmu. mole $

Ha + 0.0%  0.10 0.29 0.17 0.07 0.0% 0.05  0.03

€0z 99.95 0.01  0.03 -— -- - pes --

Ea 0.01 99.67 96.65 9%.58 97.51 98.90 99.11 99.15

CHa - o. . 5.25 "2.81 "l.08 "0.86 0.82

Cals - . 0.0 - - - - pon

[o2: - -- 0,01 - -

Mono-olefins - 0.01 0.01 - -

Benzens 0.01 - -= - -~ -

Total P 15000 195.00 T00.00 T00.00 IO00.00
Rate of Pomat!.ou of Oaseous Hydrocarben -

Carban, 1b./1b. carbon fed-nr . 10.1 18.1 18.7 16.T 7.9 3.7 2.8 2.7
Total Conversian of Carbon Ln Poed % . 0. 2.9 5.6 8.1 14.6 2¥.0 34.8 3.9
Total Carbon Recovery, % - - - - - - - - -- -
Paed 5 grams of Iov-'l‘emperatm Bituninous Cosl Chu, -16 +20 U.8.S. Sisve Si.u
Ti.me of Samvling, 8e0. 10 60 290 320 300

Tempera , °F. 1708 1 18 1720 1720 1717 171“ 1712 1720 1720 1715
Peed !{ydmgan Rate, SCP/br. 98.2 98.2 98.2 9.2 98.2 98.2 98.2 98.2 98.2 98.2
Exit Gas Rate, SCF/hr. 96.% 949 95.3 93.9 95.7 96.0 96.7 949 57.8  96.0
Exit Gas Composition, mols %

Na + CO 0.08 -- 0.98 0. 95 0.08 0.06  0.05

COa --  0.03 0.0l - - o

Ha 99.90 9;.6) 89.22  99. 08 98.72 98.56 99.26

CHe 0.0l 230 9.77  8.95 20 1. .

Catla -- 0.01 0.0 - - -

n-CeHy0 - 0.01 - - -

CsHyo 0.01 0.0l - - --  0.01

+H) 4 - - - — - o

Berizene == 0.01 0.01 0.02 - == ~

Total 10000 ) . I50.30 I0D.00 VI TO0.00
Rate of Pormaticn of Gaseous Rydrvcarbon

Carbon, 1b./1b. oarbon fed-br. 0.2 15.5 3!.2 3.3 8.2 1.5 ».6 7. 1 2.6,
Total Copversion of Car in Feed, % - 1.9 5. 10.5 24.8 28.5 33.8 43,2 .2 352
Total Carbon Recovery, % -- - - -—- - - - - -— 6.

380
1725
103.6
100.8

0.01
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Effects of Variables

The effect of temperature and extent of conversion on -
the rate of reaction of low-temperature bituminous coal char
and hydrogen was measured In a serles of tests conducted at
1500 p.s.1l.g. and at 1300°F., 1500°F. and 1700°F. (Fig. 4).
During the initial phases, the reaction rate was not
significantly affected by temperature in the range studied.
only after approximately 20% carbon gasification did the
effects of temperature become apparent. The rate constants
for the residual char would be expected to follow the pseudo-
first-crder relationship: - .

r = kp
where r = rate of reaction in pounds of carbon as methane
equivalent per hour per pound of carbon in bed.
Methane equilvalent 1ncludes carbon in all gaseous-
hydrocarbons produced.
k = rate constant. .
P = hydrogen partial pressure in atmospheres.

This expression has been shown by Blackwood (2 ) to be
applicable in the temperature range of 650° to 8709C. (1202°
to 1598°F.) for the reactlon of coconut char with excess
hydrogen at pressures up to 40 atmospheres. Birch (1) has
also applied 1t successfully to correlate data on the hydro-
genatlion of the residual (aromatic) carbon portion of
Australian brown coal with excess hydrogen in a fluld-bed
reactor for the temperature range from 750° to 950°C. (1382°
to 1742%F.). Zlelke and Gorin (15) showed that, in the
temperature range of 1500° to 1700°F. and at 1 to 30
atmospheres, wilth devolatilized Disco bltuminous coal char
the apparent reaction order 1s 2 at low pressures and .
approaches 1 at high pressures.

In Table 3, pseudo-filrst-order hydrogasification rate
constants for these chars are compared with the values for-
low-temperature bituminous coal char after 25 to 30% carbon
conversion (Fig. 4). Agreement is quite good, except for the
acld-extracted, high-temperature coconut char. The rates
for this speclally-prepared low-reactivity material are up
to one order of magnitude lower, as would be expected.

All of the above results were obtained in differential-

‘bed reactors of varlous types, except for the data for

Australian brown coal, which were obtained 1n an integral
fluid-bed reactor. However, methane concentratlions in the
product gases were low enough to minimize equilibrium
hindrance effects. The data for cocomut char are based on
the carbon initially present in the bed, biut this is not
Significant in vliew of the low conversions.
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Table 3.-COMPARISON OF RATE CONSTANTS OF VARIOUS INVESTIGATORS

! Investigator Blackwood (1,2) Birch (1) Zielke and  This Study

| Gorin (15)
) Coal High-Temperature Brown Coal Disco Bit. Low-Temp.
. Coconut Char Coal Char Bit. Coal
i Char
: Conversion Less than 10%  More than 0-30% 25-30%
‘ Char Conversion 40% Carbon Carbon Carbon
. ‘ Conversion Gasification Gasification
Temperature, °F.
A ~ k, rate constant*
1300 1x10 ¥ 6x10 ¢ -- 2x10°
1500 9 x 107* 4 x 107° 6-2 x 1072 4 x 1073

1700 6 x10°° 2 x 1072 1x10°2 3x 1072

* For Birch, Zlielke and Gorin and this study,k has unlts
of 1b. of C as CHs equiv./1b. C in bed-hr.-atm. Ha
part. press. For Blackwood, units are 1b. of C as CH,

) equiv./lb. C fed-hr.-atm. Hz part. press.



200.

Fig. 5 further demonstrates the similarity in hydro-
gasificatlon rate constants of the residual portion of
coals and chars with greatly different initial properties.
The rate constants during the high-rate period are roughly
proportional to the volatile matter content of the feed, but
at high conversion levels they approach one another. It can
be seen that the results obtalned with 5-gram samples of
lignite and anthracite could not be closely duplicated with
10-gram samples, whereas wilth bituminous coal good agreement
was obtained. The apparent rate constants with the larger
samples were much higher for llgnite and considerably lower
for anthracite. This is not believed to be primarily due to
lack of reproducibility.

The combined effect of changes 1n total and in hydrogen
partial pressure at 1500° and 1700°F. 1s shown in Flgs. 6 and
7. The separate effect, at 1700°F., of a decrease in hydrogen
partial pressure from 1500 to 1000 p.s.i. by the addition of
nitrogen, 1s shown in Fig. 8. These results apparently
reflect that, during the initilal high-rate period, both
pyrolysis and hydrogenolysils occur. Increases in hydrogen
partilal pressure would lncrease the rate of hydrogenolysis
compared to pyrolysis. Thus, an increase in total pressure
tended to broaden the range of the initial high-rate
period. An increase in hydrogen partial pressure at constant
total pressure both broadened the rate curve, and lncreased
i1ts peak, during the initial high-rate period.

The. true effect of hydrogen partial pressure during the
highly exothermlic residual char hydrogenolysis period was
obscured at 1700°F. by the large temperature increases,
depending on sample weight. However, 1t can still be observed
qualitatively that increases in total pressure as well as in
hy%rogen partial pressure gave the expected increases in
rate.

With devolatilized Disco biltuminous ccal char, Zlelke
and Gorin showed that the effect of methane partial pressure
on hydrogasification rate 1s simple equilibrium hindrance (15).
However, the results obtained with a partial pressure of 500
p.s.1. of nltrogen and with a partial pressure of 500 p.s.i.
of methane were not significantly different during the
initial high~rate period (Fig. 8?. This indicates no- sub-
stantlal equilibrium hindrance effect during this period, in
spite of the large reductlon in driving force for the
reaction C + 2H —= CH,, if a carbon activity of 1 is
agssumed. Qn that basis, theeguilibrium methane partial
pressure at 1700°F. and 1500 p.s.i. is only about 700 p.s.i.
The absence of a hindrance effect at low conversions is
further evidence of the much higher initial carbon activity.
The effect of 500 p.s.i. methane partial pressure in the feed
gas during the low-rate period could not be determined because
the product gas methane concentration measurement was not
accurate enough to obtain meaningful data.
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Course of Coal-Hydrogen Reactions

The description by Birch and others (1) of the sequence
of coal-hydrogen reactions, at sufficlently high temperatures,
pressures and residence times to glve methane as the major
product, 1s in agreement with observed experimental results
of this study. In somewhat modified form, this sequence 1is:

1. A high-rate period comprising pyrolysis of the more
reactive structural units such as aliphatic
hydrocarbon side chains and oxygenated functional
groups, and hydrogenation and hydrogenolysis of
the intermediste pyrolysis products.

2. A low-rate period of direct attack of hydrogen on the
residual aromatic carbon structure. .

Evidence for the two steps during the high-rate period can be
found in the increase In organic liquid products formation
wlth decreases in product gas residence time observed by
Hiteshue and others(7) at relatlvely low reaction temperatures
encountered during heatup. Absence of substantlal organlc
liquid product ylelds would correspond to the completion of
the vapor-phase hydrogenolysis reactions, whilch would then be
the chemical rate-controlling step in methane formation during
the initial high-rate period. Since, in this study, there was
no major effect on the high-rate period from temperature
changes in the 1300° to 1700°F. range at a pressure of

1500 p.s.i.g., a physical process may have been controlling
under these conditions of extremely rapld hydrogenolysis.

Although no measurable liquid hydrocarbon formation
occurred, even at 1300°F., as a result of rapid heatup of
the coal charge, the presence of small amounts of Ca- to
C4-allphatic hydrocarbons during the high-rate periocd
indicates the 1nitial formation of higher molecular welight
intermediates which have been converted to methane by hydro-
genolysis (12-14%). 1In this case, ethane would have to be
present in dquantlities exceeding the methane-ethane-hydrogen
equllibrium vaiues. In tests with bituminous coal char,
ethane concentrations actually did exceed equilibrium values
at the peak of the high-rate period (Fig. 9). The formation
of small amounts of benzene during the high-rate period is
further evidence of the similarity with hydrocarbon
hydrogenolysis.

A better pilcture of the sequence of coal-hydrogen
reactions under coal hydrogasification conditions can be
obtained from the changes in hydrogen distribution with
conversion of varlous feeds. The upper set of plots in
Flg. 10 shows the ratlo of total hydrogen in the exit gas to
the total hydrogen in the feed gas for a series of tests
conducted at 1700°F. and 1500 p.s.l.g.. The lower set of
curves in Fig. 10 shows the changes In gaseous feed hydrogen
consumptlon with conversion, for the same series of tests.
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It can be seen that the initial high rate period is
characterized by donation of hydrogen from the coals and
char: , as well as by large consumption of feed hydrogen, .

indicating the occurrence of both pyrolysis and hydrogenolysis

- reactions. The maximum feed hydrogen consumption tends to
occur at higher carbon gasifications than the maximum hydrogen
evolution, in accordance wlth the sequentlal nature of the
pyrolysis and hydrogenolysis reactions. The rate of feed

- hydrogen consumption is an excellent indication of feed
reactlvity, except that with the low-temperature bitumlnous
coal char, a second period of high consumption cccurs as a
result of uncontrollable temperature increases.

- Llgnite, because of 1ts high oxygen content, donated
relatively little hydrogen and consumed a disproporticnately
large amount of gaseous feed hydrogen. This 1s due to the
large amount of water formatlon which can be readlly measured
in flow reactors, but could not be determined experimentally
in the present work. It should be noted that, at the
hydrogen partial pressures used in this study, the only other
ma jor path for coxygen rejectlon 1s as carbon monoxide, since
carbon dioxide formation is practlcally suppressed.

Steam-Hydrogen Coal Gasification

Much kinetic information on the reaction of steam-hydrogen
mixtures and char exists for temperatures of 1500° to 1700°F.
at hydrogen partial pressures below 30 atmospheres (3,5,6,186).
The additlion of steam was found to substantially increase the
rate of methane formation at these low hydrogen partial
pressures. Extrapolatiaon to hydrogen partial pressures
sufficiently high to glve rates of methane formation which
are of practical Interest, indicates that the effect of
steam becomes less significant. In the present study, the
rates of the steam-char and hydrogen-char reactions with an
equimolal steam-hydrogen mixture were measured at 1700°F. and
1500 p.s.l.g. The rates of these two reactions (measured by
the rates of evolutlon of gaseous carbon oxldes and gaseous
hydrocarbons) are shown in Fig. 11 as functions of total carbon
gaslification. The results of the two tests conducted with
5~ and l0-gram sample welghts are in good agreement, and the
second high-rate perlod,characteristic of the char-hydrogen
tests at 1700°F.,1s absent. This 1s probably due to smaller
temperature changes, with both exothermic hydrogenation
reactions and endothermic steam-carbon reactions occurring
s3imiltanecusly.

Unlike much of the earlier work at relatively low hydrogen
partlal pressure, the char-hydrogen reaction proceeded much -
more rapldly than the char-steam reaction, especlally at the
higher conversions. However, from comparlson with Figs. 7
and 8, the rate of char converslon to gaseous hydrocarbons
was below the level expected for a feed gas hydrogen partial
pressure of 750 p.s.l. Thus, the relatively high rates of
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carbon oxide formation at low conversion levels may have been
largely due to steam reforming, catalyzed by the reactor walls,
of a portion of the gaseous hydrocarbons produced. However,
even 1f the total gasiflcation rate 1s considered in a
comparigon with char-hydrogen results, there 1s no indication
of the acceleration of methane formation by steam addition
which has been observed at lower hydrogen partlial pressures.

The rate of the steam-char reaction with an equimolal
steam-helium mixture at 1700°F. and 1500 p.s.i.g., shown in
Fig. 12, was much higher than in the previous test wilth a
steam-hydrogen feed at equal steam partial pressure. This 1s
the result of the well-esteblished inhibitlon of the steam-
carbon reactions by hydrogen (6). Substantlal gquantities of
gaseous hydrocarbons were also formed initially, probably
largely by pyrolysils rather than by reaction of char with
hydrogen formed 1n steam decomposition, or direct reaction of
8team and char. This 1s supported by the fact that more
hydrogen was produced than could be accounted for by carbon
oxide- forming reactions.

CONCLUSIONS

Gasification of various coals with hydrogen and added
steam at high temperatures and pressures, under conditions
of very rapld coal heatup and product gas residence time of
only a few seconds, has confirmed the generally accepted model
derived from data without as detalled a definition of the
critical initial stages of conversion. During this Initial
veriod, gasification rates are very rapld and the course of
the methane-forming reactions is similar to that 1in
hydrogenolysis of hydrocarbons. However, the reactivity of
the pyrolysis intermediates formed dur¢ng the high-rate
period appears to be much greater than that of typical
petroleum hydrocarbons gince no measureable ligquid products
were obtained at temperatures as low as 1300°F., and methane
was the predominant product. Materials as different as
lignite, bituminous coal, anthracite and low-temperature
bltuminous coal char behaved 51m111arly, except that inttial
conversion rates increased roughly in proportion to their
volatile matter content, and hydrogen consumptlion and carbon
oxlide formation was affected by oxygen content. However,
the conversion rates of the relatively unreactive residues

“were approximately the same. At the high hydrogen partial
pressures employed in this study, steam addlition did not
accelerate methane formation as observed 1n previous studles
at relatively low hydrogen partial pressures. The inhibiting
effect of hydrogen, on reactions with steam which form
carbon oxides, was observed for the initial high-rate perilod,
as well as during the converslon of the residual char.
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