In our analysis, experimental values of k were obtained using two pro-
cedures. In cases where the total weight loss fraction after a test was less
than 0. 6, k was computed from the expression -

X 2 ‘
f BX® 4x (2)
(1 _ X)Z/3
Kk = 9,43
T i:f
where
Xf = base carbon conversion fraction at end of test
tf = test period, min

When values of the total weight loss fraction at the end of a test were greater
than 0. 6, Equation 2 could not be used to provide an accurate value of kT. A
graphical procedure was used, based on the expression —

o

x
BX?
e dax :
= = k.t 3
M(X) 0.43 (I —X)2/3. T ( )
where
X = base carbon conversion fraction at any time, t, during a test.

According to the reaction model assumed, a plot of M(X), determined from
the experimental data, versus time t should yield a straight line with a slope
equal to k... X was computed from the weight loss fraction, W, using the
following équation:

- W-—-V
X= fg=v—x) A1-X)+ X, (4)
where
V = 'moisture plus volatile matter in char, g/g feed char
A = nongasifiable fraction of feed char, g/g feed char

The value of V, based on the feed char analysis, was estimated at 0,04, A
was estimated at 0, 248, based on the residue analyses obtained in this study.
Thus, Equation can be quantitatively represented as follows:

X=0.801 W + 0,398 (5)
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Figure 4b-3 illustrates the typical weight loss versus time characteristics
obtained in this study. Corresponding plots of X versus time and M(X) versus
time for Runs HT-39 and HT-44 are shown in Figures 4b-4 and 4b-5. Table
4b-2 summarizes the conditions and results of the experimental tests con-
sidered in this initial analysis, The comparison of the calculated and ex-
perimental values of k,., included in Table 4b-2, is graphically illustrated
in Figures 4b-6, 7 and 8. Their generally good agreement indicates that
no adjustment of the parameters used in the mathematical model is necessary
for the conditions studied thus far.
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Table 4b-2. CONDITIONS AND RESULTS OF TESTS
CONDUCTED ON THE HIGH-PRESSURE THERMOBALANCE

Weight Solids Residue Rate Constant
Gas Composition, atm Time, Loss Combosition, wt% min~!
RunNo, &0 €0, FH KO CH _min Fraction C 5 Galed,  Exptl.
- 1700 °F -
16 -- - 35.0 -- - 59.0 0.492 48.9 0.50 0.0175* 0,0179
37 - b 28.3 1.5 - 39,6 0.540 44,4 0,49 0.0564: 0,0474
40 .- bl 46.5 16,2 - 30.6 0.477 5§51 .50 0.0385%* 0, 0449
42 .- hed 13,7 48.5 .- 35,8 0.635 55,6 0.93 0.111% 0,0820
45 5.3 9.4 19.8 25.8 2.1 35,0 0.330 67.9 0.75 0.0169« 0.0200
52 1.8 3.1 6.3 19.2 0.4 35,6 0.325 61.7 0.62 0.0274* 0.0188
59 5.9 10.8 13.2 28.0 0.9 50,0 0,327 53,7 0.60 . 0.0172#% 0,0136
66 4.3 5.1 6.7 16.8 0.5 29.3 0.196 67.6 0.73 0,0117% 0.0110
1760°F
44 -- - 32.5 4.! - 33.3  0.750 30.8 0.60 0.124 0.134
1400°F
17 - - 35.0 e " 57.6  0.661 22.2 0,25 0.0418% 0,0380
33 .- == 32.4  27.6 - 39,3 0.726 14,7 0.26 0.171 0.160
34 -- -- 48.4 16,6 i 4.6 0,69 20.8 0.32 0,113+ 0.123
46 6.2 7.4 18,1 3.6 0,1 40.7  0.667  19.5 n. 39 N 0880 0,/0840
48 .8 4.9 11,6 7.7 0.2 21.7 0,724 17.6 0. 5606 1,244 0,236
50 0.7 6.7 17.7 19,1 1.5 31.0 0,471 SH. 4 0.58 1, 0300+ 0.043%0
53 4.5 2.6 7.4 13,3 0.3 35.2  N.481 58.3 0,46 0.0444* 0,0395
55 6.9 3.4 10.7 8.4 0.4 33,3 0,348 55.4 0.57 0.0193% 0.0229
60 6.0 9.7 13,4 30,5 0.4 34,0 0,598 47.5 0.5 0.0849* 0.0736
64 2.9 1L 14.1  36.5 0.4 27.0 0.624 26.8 0.43 0.146 0.105
67 5.9 4.9 7.6 14,1 0.2 30,0 0,465 63.4 0.54 0.0389% 0.0431
69 1.1 3.3 4,3 24.7 0.2 25.1 0.699 -- .- 0,199 0.182
1850°F
43 - i 3.7 3.2 -- 20.7 0.862 6.5 0.44 0.377 0.432
1900 °F
I8 il -- 35.3 - = 48.4 0,752 6.9 a.tl n.0922 0,102
M -- -- 1. 3,2 - 20,7 0.768 0.7 019 0,607 0, h49
49 -- -- 17,0 2.0 - 17.1  0.749 0.7 0,17 0,390 0,421
41 -- b 17.2 42,7 b 15,0 0,796 0.3 n.24 0. 475 0727
41 4.0 7.4 18,0 35,7 0,2 5.4 0,830 1.5 0,26 0,395 0,391
44 3.2 5.3 1.8 42,9 0.1 14.7 0,763 2,0 1.9 0.513 0.579
51 12.3 1.8 23.7 16,0 1.3 25.4 0.557 58.4 0.52 0.0964# 0,0820
54 3.9 2.9 8.8 1i.9 0.1 31.1 0,695 12.7 0.24 0.l.69 0,141
56 7.1 3.3 1.4 7.9 0.2 30.3 0.550 24,6 0.43 0.0713% 0.0638
A 5§ 1.5 3.1 6.6 20,7 0.2 18,5 0.726 1.7 0.18 0,415 0.364
61 8.9 1o.5 15.2 28.2 0.5 30.5 0.825 7.6 0.28 0.200 0.227
63 19,2 11.6 16,6 15.5 0.7 25,0 0.530 45.8 0.43 0, 06092 0.0721
65 3.8 7.8 11,0 4l.0 0.3 19.3 0,761 3.5 0.18 0.442 0,438
68 6.1 5.3 8,3 13,5 0,1 22,0 0.731 b - 0.142 0.191
*Experi tal rate for these runs were based on the final fixed carbon conversion fraction,

“he rate constants for all of the other runs were obtained graphicaily, using weight loss versus time dats,

A7506 1564
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4b. 3. Stcam-Oxygen Gasifier Development

4b.3.1 Experimental Equipment

4b,3.1.1 Fluidized-Bed Studies

The fluidized-bed studies, as well as the initial synthesis gas test pro-
gram were conducted in the balanced-pressure, high-temperature hydro-
gasification unit, This unit, with a 4-inch~diameter reactor tube, has been
described in Part II of this report, which covers the hydrogasification de-
velopment test program. Only minor modifications were made in order to
adapt the unit for synthesis-gas generation studies. A gaseous oxygen supply,
feed, and metering system was added to the unit. Purchased, technical-
grade gaseous oxygen was stored in a manifolded bank of high-pressure
storage cylinders. The oxygen was transferred to the bottom of the reactor
through a feed line with an orifice disk for metering the oxygen flow., Oxygen
flow was regulated by a needle valve downstream of the orifice flanges. There
was no provision for preheating the oxygen.

In the first three synthesis gas tests that were performed, char was fed
to the reactor through an 80-inch-long char-feed tube equipped with a ro-
tating coiled stirrer through the length of the tube to promote char flow.
Although successful in hydrogasification tests, the coiled stirrer was not
effective in keeping the feed tube from plugging. The coiled stirrer was
therefore replaced with a short vertical feed screw for Run SO-4, The feed
screw, with its positive displacement, would keep the throat of the insert and
the top of the char-feed tube clear of obstructions., Dimensions of the vertical
feed screw were: 7/8-inch OD x 3/8-inch shaft diameter, 5/8-inch pitch. The
feed screw extended to 1 inch below the throat of the insert and into the top of
the 80-inch-long char-feed tube. It was coupled by a 3/8-inch-diameter flexi-
ble cable to the drive shaft of a Magna Drive, and rotated at a speed of 40 rpm,
the same as that of the coiled stirrer.

In Run SO-4, we found that the vertical screw kept the char-feed tube clear,

but the hopper feed screw jammed when char packed in the throat of the in-

sert at the top of the vertical feed tube. Because the char packed in a zone

the vertical screw could not keep clear, the vertical screw was removed

after Run SO-4 in order to have an unobstructed cross-section in the throat

of the insert. The char-feed tube was also shortened to a length of 50 inches
to allow a longer free-fall distance for the char, Later, for Run SO-7, to
further promote char feeding, a purge-nitrogen injection tube was installed;
this injected nitrogen at high velocity just abnve the throat of the reactor
insert. This purge nitrogen proved effective in keeping the throat area clear.

Steam and oxygen were fed to the bottom of the fluidized char bed through
a multiple-port feed-gas distributor, as shown in Figure 4b-9. This feed-gas
distributor was used successfully in hydrogasification tests. In the synthesis-
gas generation tests, however, we found that when ash slagging occurred, it
was near the gas inlet ports. Slag formation could be attributed to one or
more of the following reasons:
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a. Insufficient gas velocity in the bed.

b. Too many small bubbles at the gas inlet, providing a large mass-
transfer area and resulting in a poor distribution of oxygen along the length
of the char bed with most of the oxygen reacting near the inlet.

c¢. Direct contact of oxygen with the stagnant solids just below the in-
let ports.

For Run SO-11, a new feed-gas distributor was installed. This single-
port, coned distributor, shown in Figure 4b-10, was designed to correct the
deficiencies in the multiple-port side-feed distributor. The feed gas dis-
tributor consists of an inverted cone with a slope of 70° placed over an
orifice inlet through which the steam-oxygen is injected into the reactor.

A basis of the design was to avoid direct contact between the oxygen and

the stagnant solids and, also, to generate large bubbles. Large bubbles

have an advantage: They rise faster and have less surface area per unit
volume; therefore, they should distribute the feed gas better along the length
of the char bed, thereby avoiding slagging temperatures.

The feed gas inlet port size in the cone-shaped feed-gas distributor was
initially 9/32-inch diameter. It was sized to handle feed gas flow rates that
would result in a fluidization velocity of 0. 30 ft/s at a reactor pressure of
500 psig. To obtain the same fluidization velocity at 1000 psig, the feed
gas flow rates had to be twice as large as at 500 psig. For these higher
flow rates, the port size was increased to 3/8-inch diameter for Run SO-14.

4b.3.1.2 Steam-Oxygen-Char Gasification

One of the requirements for the test operation of an integrated steam-
oxygen gasifier was that it be of sufficient size to operate at essentially
adiabatic conditions. The volume of the char bed and the heat release from
the reaction of the char with the oxygen must be large enough so that heat
losses from the reactor are negligible. Calculations indicated that a reac-
tion bed 6 to & inches in diameter, by 4 to 8 feet in depth would provide
sufficient volume for adiabatic operation at temperatures in the range of
1800° to 1900°F, over a range of char feed rates of from 40 to 120 1b/hr,
at gas velocities of 0.1 to 0.3 ft/s and solids residence times of 20 to 60
minutes. This reaction bed would be contained in an internally insulated
pressure shell. To cover the above range of operating variables, the reac-
tion bed should be contained within a thin-walled liner that can be readily
changed without affecting the configuration of the cold pressure shell, About
6 inches of internal insulation between the liner and shell would be sufficient
to iminmize heat loss from the system, Thus, a reactor shell of 20 inches
would allow for operation of an 8~inch-diameter liner with 6 inches of in-
ternal insulation.

The above design requirements were very nearly met by a 6-inch-
diameter internally insulated reactor, with a 24 inch outside shell, used
for electrothermal char gasification studies for hydrogen production. The
electrothermal gasification unit was modified, therefore, to satisfy the de-
sign requirements of the steam-oxygen-char gasifier. The principal modi-
fication concerned the reactor liner and the exit gas-cooling system.

4h-.18
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The liner was designed with an upper expanded section to minimize
solids carry-over from the bed. Solids are fed directly to the bed and
exit gas is removed well above the solids feed point (in a low gas velocity
zone) to elirninate carry-over of fines. Provision was also made for special
steam-oxygen inlet ports to ensure good solids mixing at the gas-injection
point. These ports are coned so that solids cannot stagnate and initiate
slagging. Some of the feed steam is fed below these coned ports to fluidize
the bed adjacent to the coned ports.

A novel steam-oxygen injection feed system was de signed for the 6-
inch-diameter reactor based on IGT experiences with the coned-shaped
feed port in the 4-inch-diameter reactor. Details of this triple-coned
feed gas system design are given in Figure 4b-11, These cones are mani-
folded and sized to split the main steam-oxygen feed stream at three sym-
metrically located feed points across the area of the reactor. Not illus-
trated is a provision for diverting a part of the feed steam (about 25% of
the total flow) to a nozzle located below the cone feed ports to fluidize the
solids around the feed cones and keep them from stagnating. Flows of
steam to this nozzle came from the steam generator and into the lower coil
of the steam superheater through an orifice meter.

The exit-gas system was designed so that hot gases from the gasifier
quickly cooled (in 1 to 2 seconds) from 1900° to 1000°F. Rapid cooling to
below 1200°JF is important to prevent the water-gas shift reaction from
occurring and altering the true hot<gas composition. A water-jacketed
cooler was designed for indirect cooling of the gases. The gas cooler
consists of a 10-foot-long, 1-1/2 inch diameter, Schedule 160, Type 316
stainless steel pipe. It is jacketed with a 3-inch-diameter Schedule 40
carbon steel pipe and is erected so that hot-reactor product gas directly
enters the cooler. Gas from the cooler is filtered in a 6-inch-diameter
6-foot-long filter vessel in which char fines are removed as the gas passes
through a sintered-metal bayonet-shaped filter, This vessel is operated
at 1000°F to avoid condensation until the gas enters the condenser, where
it is further cooled at 150°F, Condensate is removed by a float-actuated
valve located at the bottom of the condenser. This valve discharges all
the condensed water (up to 8 gal/hr) from 1000-psig operating pressure to
atmospheric pressure, where it is continually weighed during the course
of the run. (Gas from the condenser passes through a mist filter before
entering the exit-gas metering system.

In summary, modification of the electrothermal gasifier development
unit to adapt it for steam-oxygen gasification include:

e The installation of a new 6-inch-diameter reactor tube with thermo-
couples peened to the outside wall of the tube.

® an exit-gas precooler,
® 3 filter body with a porous metal filter element,

® a water-jacketed condenser with an automatic float-actuated drain
system, and

® a modified reactor head for product gas offtake and char feeding.
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A simplified flow diagram of the modified electrothermal gasification
unit is shown in Figure 4b-12. In Figure 4b-13, the gasifier shell is shown
in section, with details of the 6-~inch-diameter reactor tube, electrode, and
the reactor head with its passage for solids feed and make gas outlet. The
positions of 22 tube-wall thermocouples are indicated., These thermo-
couples are oriented 120° apart, staggered with position, around the outside
wall of the reactor tube.

After Run EGO-15, the original 6-inch-diameter reactor tube was re-
placed; the tube had been damaged during Run EGO-9., The dimensions and
composition of the replacement tube were similar to the damaged tube (6-
inch-diameter, Type 316 stainless steel, 83-inch-long Schedule 5 pipe). Six-
teen new Chromel/Alumel sheathed, 1/16-inch-diameter thermocouples were
also installed for sensing the outside tube wall temperatures. They are
housed in the three longitudinal thermowells tackwelded to the outside of the
reactor tube. The thermowells have a 5/16-inch outer diameter, a 20 gauge
wall, and are made of Type 304 stainless steel tubing, capped at the top. For
tests in which no electrode would be used, we also installed four thermo-
couples through the top reactor closure to sense char-bed temperatures
at levels of 30, 45, 60, and 87 inches above the bottom of the reactor tube.
The positions of the tube wall thermocouples along the tube wall and the
orientation of the three thermowells around the outside of the tube are shown
in Figure 4b-14.

For Run EGO-33 we installed a new six-port feed gas distributing sys-
tem at the bottom of the reactor to replace the original three-port distributor.
As in the original distributor, cones were used at each port to keep the ports
clear of stagnant solids. A distributor with a larger number of ports was
chosen to improve feed gas distribution and gas-solids contacting at the
bottom of the char bed. The improved feed gas distribution was intended
to increase carbon and steam conversions, and result in smoother fluidi-
zation of the char. The feed ports of the six-cone distributor have a 23/64-
inch diameter, in contrast to the 9/32-inch-diameter ports of the original
three-cone distributor. Because of the larger cross-sectional port area
of the six-cone distributor, the feed gas bubbles should be smaller than those
formed in the three-cone distributor. The smaller feed gas bubbles should
~ result in longer gas residence time and better oxygen utilization., In addition,
char-bed slagging should be minimized and a smoother fluidization should be
obtained. The six-port feed gas distributor was used in all tests following
Run EGO-33. A dimensional drawing of the feed gas distributor is shown
in Figure 4b-15.

4b, 3.2 Char Feeds

For the fluidized-bed study phase of the gasifier development program
performed in the 4-inch-diameter balanced-pressure reactor, the char feed
was a hydrogasified Ireland mine bituminous coal. This Pittsburgh No. 8
seam coal was first pretreated with air and then hydrogasified with hydro-
gen and stearn. Typically, the hydrogasified Ireland mine bituminous coal
was composed of 24% ash and 72% carbon.

.
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The hydrogasified Ireland mine bituminous coal was used in only a small
number of tests in the steam-oxygen gasifier development phase conducted .
in the 6-inch-diameter reactor. Feed for all of the other tests was char
obtained from the FMC Corporation, Project COED {Char Oil Energy De-
velopment). This char was produced from an Illinois No., 6 seam, Crown »
mine, high-volatile C bituminous coal. Typically, ash content of the FMC
char was 12%and the carbon content was 82%.

Critical temperature points of the ashes of both feeds were determined
in the laboratory. These are listed below:

Ireland Mine
FMC Char, °F Char, °F

Initial Deformation Temperature 2405 1950
Softening Temperature 2520 2025
Hemispherical Temperature 2580 2060
Fluid Temperature 2600 2440

All feeds were ground and screened to a — 10 + 80 U. S, Standard sieve
size. The ground feed was air dried to a moisture level of 3%, or less.

4b. 3.3 Fluidized-Bed Tests in 4-Inch-Diameter Reactor

Two steam gasification tests were performed to determine the operability
of the 4-inch reactor under highly endothermic operating conditions. No
oxygen was fed to the char bed. Sweep nitrogen was fed with the steam to
attain the desired fluidization velocities. The char feed in the two tests —
Runs S-1 and S-3 ~ was hydrogasified Ireland mine bituminous coal. Both
tests were performed at a nominal pressure of 1000 psig. Good fluidization
was established in Run S-1 with the char bed temperature at 1505°F and a
fluidization velocity of 0.12 ft/s. In Run S-3, with a steam feed rate nearly
twice that of Run S-1, the fluidization velocity was 0,19 ft/s, but the char
bed temperature was only 1280°F. Electrical heat input to the reactor tube,
which was 16,30 kW, was insufficient to maintain higher temperatures in
Run S-3 at steam feed rates required for gasification. The electrical heat
input rate was limited because of a faulty reactor heater section which was
repaired for the steam-oxygen gasification tests that followed.

Steam-oxygen gasification of Ireland mine bituminous coal char was con-
ducted at a nominal pressure of 1000 psig in a fluidized bed of 3-1/2 feet and
bed temperatures of 1650° to 1850°F, Fluidization velocities were in the
range of 0.13 t0 0.17 ft/s. In Run SO-7, at a2 maximum bed temperature of -
1880°F, we attained a carbon gasification of 69%. To investigate the effect
of char residence time on carbon gasification, tests were also performed in
a 7-foot fluidized bed (Run SO-9 and SO-10), Because of low char bed tem-

peratures, however, limited by faulty reactor heaters, carbon conversions -
were 53.5% in Run SO-9 and 28, 4% in Run SO-10. In the steam-oxygen
gasification tests through Run SO-10, steam and oxygen were fed to the -

reactor through a multiple-port feed-gas distributor, with ports on the side
of the feed tube. Except for Run SO-9 (1650 °F maximum temperature, and
0.145 ft/s fluidization velocity), some ash sintering, or slagging was
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cxperienced in tests with this feed-gas distribution, Slag normally formed
just above the feed ports, but in Run SO-7 (1850 °F) it formed in the upper
part of the 3-1/2 foot fluidized bed.

Starting with Run SO-11, a single vertical port feed-gas distributor with
a cone above the port was used. Four tests were performed with this feed
port, For Runs SO-11 and SO-12, the inlet port diameter was 9/32 inches.
This port size was reduced to 7/32 inches for Runs SO-13 and SO-14 to ob-
tain higher inlet port velocities. Higher velocities at the inlet port keep the
bottom of the char bed sufficiently agitated and backmixed to inhibit ash
slagging at this point, A higher velocity at the inlet port also results in
bigger bubbles, which distribute oxygen (and the corresponding heat re-
lease) along a greater length of the reactor,

In Run SO-11, performed at a nominal pressure of 500 psig, a maximum
bed temperature of 1555°F, and a fluidization velocity of 0. 298 ft/s, 47. 64
of the carbou in the char was gasified. No ash sintering or slagging was
observed. A carbon gasification of 74. 4% was obtained in Run SO-12 at a
nominal reactor pressure of 1000 psig and a maximum bed temperature of
1905°F. However, slag formed on the reactor tube walls 6 to 12 inches
above the gas-feed port. Fluidization velocity in this test was 0.17 ft/s.
Slag-free operation was obtained in Run SO-14 with a fluidization velocity
of 0.25 ft/s. In this test, performed at 1037 psig and a maximum bed tem-
perature of 1750°F, 54, 1% of the carbon was gasified.

These tests in the 4-inch-diameter reactor served to establish char and
steam conversion levels and, also, to define operating conditions for slag-
free operation by using a properly designed steam-oxygen feed gas inlet
system and by maintaining linear gas velocities through the char bed sub-
stantially above minimum velocities required for fluidization.

An analysis was made to compare the experimental results of the steam-
oxygen gasification tests with predictions of an idealized kinetic model for
char gasification previously developed at IGT. Because this model was de-
veloped from experimental gasification data obtained at temperatures below
1750°F and for gas environments derived from steam-hydrogen feeds, its
application to gasification with steam and oxygen at temperatures as high as
1840 °F is intended only to provide preliminary indications of the modifications
which may be necessary to describe gasification kinetics at these more ex-
treme conditions,

The model essentially consists of a quantitative correlation which defines
the rates of char gasification in terms of carbon oxide and methane formation
as functions of temperature, pressure,gas composition, carbon conversion,
char temperature history, and char type. In any experimental system this
infornm tion, along with a definition of the nature of gas and solid contacting,
theoretically provides a basis for predicting the chemical behavior of that
system. In this preliminary analysis, the following assumptions were made:

1) The gas in the experimental fluidized bed (4-inch-diameter balanced-
pressure reactor) was perfectly mixed, implying that the uniform gas com-
position in the fluid bed is identical to the product gas composition.
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2) All of the char particles fed to the reactor remained in it for an
iclentical time period, prior to discharge.

3) The gas species in the fluidized bed were in equilibrium with respect
to the water-gas shift reaction and were the same temperature as the fluidized

bed.

4) Oxygen fed to the fluid bed reacted instantaneously with the char
particles to form carbon dioxide, just prior to their discharge,

With these assumptions and using reasonable values for fluidized bed
densities, the methane and carbon oxide forma=ation rates were predicted for
the four ecxperimental tests conducted. The calculated and experimental rates
are numcrically compared in Table 4b-3, which also includes the test con-

ditions, and are graphically compared in Figures 4b-16 and 4b-17,

Table 4b-3. COMPARISON OF CALCULATED AND EXPERIMENTAL

GASIFICATION RATES

Run No.
Conditions

Feed Gas, mole/mole feed
carbon

. H,0
O;

Equivalent Kinetic Temp,
°F

Pressure, atm

Solids Residence Time, min

Carbon Oxides,
mole/mole feed carbon
Experimental
Calculated

Methane,
mole/mole feed carbon
Experimental
Calculated

S0O-10 SO-9
1.326 1,347
0.173 0.159

1520 1650

72.5 72.5
30.5 33.1
0.234 0. 445
0.272 0.403
0.047 0.094
0.024 0.068

SO-5 SO-7
1.009 1.200
0.147 0.216

1750 1840

70. 7 72.4

16.4 18.3
0.482 0.602
0.430 0.685
0.079 0.086
0.058 0.072

AT7506 1565 _

Actual experimental data for the tests described in Table 4b-3 indicated
that significant temperature gradients existed in certain portions of the fluidized
bed. Although such temperature gradients can be literally interpreted in
computing gasification rates with the idealized model, such a procedure is
quite complicated and was not justified in this preliminary analysis, There-
fore, a relatively simplified procedure was used to compute an '"equivalent
kinetic' temperature for each test — those values of temperature at which
the integrated gasification rates are the same as would be obtained with the

corresponding temperature gradient.

The following equation represents an

approximation; however, an indefinable degree of error in calculated gasifi-
cation rates may accrue from use of the equation:
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- —-E

T - equivalent kinetic temperature =

i _ \
v Jo L
where
z = distance above bottom of the fluid bed
T = temperature of fluid bed at =z
L = total fluid bed height
E = representative temperature coefficient for the net gasification

reaction

Some measure of confidence in the use of the computed temperatures
given in Table 4b-3 can be obtained by comparing values of the water-gas
shift reaction equilibrium constant corresponding to the computed tempera-

tures, with the experimental-approach factors, X - X (where X, = mole
co, *H, i

Xco” *m0

fraction of species i in the product gas). Such a comparison made in Table
4b-4 shows a reasonable consistency over a wide temperature range.

Table 4b-4., APPROACH TO WATER-GAS SHIFT EQUILIBRIUM

Run No, ‘ S0O-10 SO-9 S0O-5 SO-7
Equivalent Kinetic Temperature,

°r 1520 1650 1750 1840
Water -Gas Shift Equilibrium

Constant 0.93 0.75 0. 64 0.56
Experimental Approach Factor:

X - X

H
XCOZ, - 0.84 0.80 0.53  0.51
co ' “H,0

Figure 4b-16 shows that calculated and experimental values of carbon
oxide formation rates are reasonably consistent for temperatures ranging
from 1520° to 1840°F. Figure 4b-17, however, shows that experimental
methane formation rates are about 50% greater than their calculated rates.
Although methane formation rates are only about 15% of the total gasification
rates, this trend appears to be systematic. This behavior is essentially
the same as that observed in a previous analysis in which the predictions of
the idealized model were compared with experimental gasification rates of
Disco char, obtained with steam and oxygen in batch fluid-bed tests, as re-
ported by May et al.! Those results, obtained at pressures ranging from
60 to 140 psia, also indicated that, although the predicted carbon oxide
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formation rates were reasonably consistent with experimental values, ex-
perimental methane formation rates were consistently greater than the
calculated methane formation rates, This behavior appears to be related
to the use of oxygen, since such trends have not been previously observed
when only steam, or steam and hydrogen were used as gasifying agents.

4b. 3.4 Gasifier Development Tests in 6-inch Diameter Reactor

4b. 3.4.1 Three-Feed Port Gas Distributor

41,3.4.1.1 Gasification with Electric Heat Input

To assure adiabatic operation steam-oxygen gasification studies in the
6-inch diameter reactor were started using internal electrical heating.
Direct current was applied to the metal electrode immersed in the fluidized

char bed with a 1-1/2-inch diameter electrode of the same length. Resistance
of the char bed to the current flow generated the heat for preheating the char
bed and for balancing the heat losses during the gasification phase. Ina
shakedown test to determine reactor heat losses, the reactor was operated
for several hours at 1000 psig and 1750°F, using only nitrogen to fluidized

the bed. Thus, there were no exothermic or endothermic reactions, and

the electrothermal power input was used in heating the feed nitrogen and

to balance the reactor heat losses. It was determined, in this test, that

about 5kW of power is necessary to balance the heat losses in steam-oxygen
gasification tests. '

A 3/4~inch diameter metal electrode was first used. The electrode
was immersed for a length of 43 inches in a fluidized bed of 50 inches.
This electrode was damaged because of high temperatures that developed
at the tip, and was replaced after Run EGO-8 with a 1-1/2-inch diameter electrode
of the same length. The larger diameter rod allowed for lower current
densities and lessened the probability of damage.

In the limited number of gasification tests performed with internal elec-
trical heat supply we attained a carbon gasification of 40. 4 percent, and a
steam conversion of 17, 3 percent, These results were obtained in Run EGO-8,
performed at 946 psig, a maximum char bed temperature of 1475°F, and with
FMC char, Electrical power to the electrode was 7,32 kW and the fluidi-
zation velocity was 0.18 ft/s,

One of the major difficulties in operations with the electrode was the
control of current flow, In periods of unsteady fluidization during test
operations, the resultant low char bed resistance allowed a high current
flow between the electrode and the wall. Electrical shorting at the tip of
the electrode was also experienced. This led to the generation of high tem-
peratures, that resulted in damage to the electrode, and to slagging of the
char ash, Generally, electrode shorting occurred in unstable operating
periods during start-up, and in periods of a loss of fluidization following
the addition of steam to the reactor. In view of these difficulties internal
electrical heating was not used in gasification tests after Run EGO-9. Pre-
heated nitrogen was used to heat the char bed up to 850 °F at which time oxy-
gen was added to further raise the temperature to 1500°F before steam was
added.
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4b.3.4.1,2 Gasification with Heat Input from Carbon-Oxygen
Reaction

The steam-oxygen gasification tests for synthesis gas production were
designed to study operating conditions that would result in optimum carbon
gasification and steam conversion, Related to this study, it was equally
important to investigate the effect of fluidization velocity, char bed tem-
perature, and oxygen concentration on the sintering of ash in the fluidized
bed,

Gasification tests through Run EGO-17 were performed at a nominal
reactor pressure of 1000 psig. At this pressure it was not possible to
exceed a fluidization velocity of about 0. 35 ft/s because of limitations on
the steam feed rate and the unreacted steam condensing system. To attain
higher fluidization velocities, we began performing additional tests at a
reactor pressure of 500 psig, except for three tests that were performed at
a pressure of 350 psig. The effect of char residence time on char gasifi-
cation was studied by performing tests with 30, 34, 50 and 66 inch high
fluidized beds. We also studied the effect of ash content of the char as to
whether it sintered, or not, at a given temperature, in the fluidized bed.
Previously ungasified FMC char had an ash content from 10 to 14 percent.
By reusing the partically gasified FMC char with an ash content of from 20 to 50
percent we were able to study the effect of the higher ash content feed on
possible sintering.

4b.3.4.1,2.1 FMC Char Gasification at 1000 psig

At 1000 psig we were able to attain sinter-free operation at fluidization
velocities of 0,24 to 0,28 ft/s with char bed temperatures at 1610°F. (Runs
EGO-13 and EGO-14) when gasifying FMC char. A carbon gasification up
to 54 percent, and a steam conversion of 22 percent were obtained at these
conditions. Additional tests at 1000 psig (Runs EGO-15, EGO-16 and EGO-17)
indicated that the superficial gas velocity necessary to inhibit sintering
increases with an increase in operating temperature; a velocity of 0.6 ft/s
will prevent sintering up to a temperature of 1800°F, whereas one of 0. 65 to
0.70 ft/s is required to attain 1850°F. These velocities are well above the
minimum fluidization velocity (about 0.1 ft/s) and serve to promote good
solids mixing in the bed, which prevents solids stagnation and subsequent
sintering.

4b.3.4.1.2.2 Hydrogasified Ireland Mine Coal Gasification
at 1000 psig

With hydrogasified Ireland mine bituminous coal having an ash content of
22. 7 percent (Run EGO-16) we obtained practically sinter-free operation with
a fluidization velocity of 0,312 ft/s and a maximum char bed temperature of
1690°F and a pressure of 1036 psig. Carbon gasification was 46, 7 percent, S
and steam conversion was 10.1 percent of the steam fed,

4b.3.4.1.2.3 FMC Char Gasification at 500 psig

Fluidization velocities of 0. 65 to 0. 70 ft/s were obtained in tests per-
formed with FMC char at a nominal pressure of 500 psig. In one of these
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tests, Run EG(-23, we gasified 64, 0 percent of the carbon in the char,with-
out any ash sintering at a maximum char bed temperature of 1830°F. Steam
conversion was 27.5 percent of that fed, Hydrogen yield was 11, 64 SCF/1b
of char fed. The residue char had an ash content of 27. 8 percent.

4b.3.4.1.2.4 FMC Char Residue Gasification at 500 psig

In other tests at 500 psig, we utilized partially gasified FMC char with
an ash content greater than 20 percent to study the effect of ash content on
sintering. These tests were performed at superficial velocities of 0. 65 to
0.82 ft/s and at char bed temperatures of 1800° to 1860°F. Results of the
tests indicate that with higher ash content chars that a slightly higher gas
velocity, about 0.8 ft/s, is necessary to keep the ash from sintering. Tests
with previously ungasified FMC char indicated that a superficial velocity of
about 0,7 ft/s would be sufficient to overcome sinter formation, In one of
the successful gasification tests with partially gasified FMC char (Run EGO-29)
we gasified 74. 9 percent of the carbon in the char at a temperature of 1840°F,
and with a fluidization velocity of 0.82 ft/s. Hydrogen yield was 10,72 SCF/1b
of char fed.

In the tests performed with the three-coned feed port gas distributor
(9/32 -inch diarneter), we found that, although increased gas velocity promotes
ginter-free operation, at the same time, it has resulted in decreased hydrogen
production, This is due to the fact that larger gas bubbles are formed in the
bed at the higher velocities. These bubbles rise very rapidly through the bed
with short residence time and decreased oxygen utilization, giving rise to
afterburning above the bed. Indications of afterburning have been noted with
thermocouples in some of the tests, To overcome this problem, we rede-
signed the steam-oxygen injection ports increasing the number of ports from
3 to 6. This would result in smaller bubbles, longer resident time, and better
oxygen utilization and heat release throughout the bed. The six port steam-
oxygen injection feed system is illustrated in Figure 4b-15, referenced earlier.
With the use of the 6-port feed distributor we have reduced the feed gas velocity
from 30 ft/s to 20 ft/s in order to generate smaller bubbles than before. The
smaller bubbles will give a higher reaction rate and will rise slower and give
more conversion in the bottom of the bed.

4h,3.4.2 Six-Feed Port Gas Distributor

Gasification tests with the 6-port feed gas distributor were performed
with FMC biturninous coal char, partially gasified FMC bituminous coal char,
and with hydrogasified Ireland mine bituminous coal char. Except for a
limited number of tests performed at 350 psig, all of the tests were per-
formed at a nominal pressure of 500 psig. The effect of char residence
time on char and steam conversion was studied by varying the fluidized char
bed height. Tests were performed in fluidized beds of 30, 34, 50 and 66 inch
heights.

4b,3,4.,2.1 FMC Char Gasification at 500 psig

Initial tests with the 6-port feed gas distributor with FMC char, performed
at 500 psig with a 50-inch fluidized bed, and maximum bed temperatures of
1925° to 1995°F (Runs EGO-33, EGO-34 and EGO-35) produced ash sintering
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at fluidization velocities of 0. 60 to 0.865 ft/s. Carbon gasification in these
tests ranged from 64, 4 percent to 39.1 percent. However, in a later test -
(Run EGO-38) we obtained sinter-free operation at & fluidization velocity of

0. 62 ft/s by starting the gasification with a 30-inch fluidized bed, and later
increasing the bed height to 50 inches., Maximum temperature in this test »
was held to 1930 °F with occasional peaks to 1990°F., Carbon gasification
was 64. 4 percent while operating with the shorter bed, and 67.0 percent
during operation with the 50-inch bed.

We extended our tests with FMC char to gasification of the char in a 66-
inch fluidized bed in order to increase char residence time and thus improve
carbon conversion. In these series of tests we were able to demonstrate
sinter-free operation by gasifying FMC char at maximum temperatures in the
range of 1815° to 1900°F, and with fluidization velocities of 0. 70 to 0. 85
ft/s. Carbon conversions above 90 percent were obtained in a number of
the tests. Highest carbon conversion was obtained in Run EGO-57 where
94. 4 percent of the carbon was gasified. Steam conversion was highest
in Run EGO-55 as 56 1b/hr of steam was converted, representing 24.9 per-
cent of the steam fed. In addition to other factors, the amount of steam
converted depended on the char feed rate and the total steam fed, generally
increasing with an increase in both of the feed rates.

4b.3.4.2.2 FMC Char Residue Gasification at 500 psig and
350 psig

Gasification of partially gasified FMC char, having an ash content of
from 19,2 to 23.0 percent, at 500 psig and in a 30-inch fluidized bed showed
that fluidization velocities above 0.6 ft/s are necessary to keep the ash from
sintering. Three tests (Runs EGO-40, EGO-41, and EGO-42) were performed
with the residue char with maximum bed temperatures of 1830° to 1890 °F,
Sinter -free operation was obtained with the FMC residue char at a fluidi-
zation velocity of 0.79 ft/s in Run EGO-44. In this test, performed in a 50~
inch fluidized, at a reactor pressure of 329 psig, we gasified 51,3 percent
of the carbon at a maximum bed temperature of 1845°F,

4b. 3.4.2.3 Hydrogasified Ireland Mine Coal Gasification at
500 psig

In two tests, Runs EGO-36 and EGO-37, we demonstrated successful
steam-oxygen gasification of hydrogasified Pittsburgh steam bituminous
coal from the Ireland mine. Ash content of the char was 21.2 to 23.2 percent,
These two tests were performed at a nominal reactor pressure of 500 psig
jin a 50-inch fluidized bed. Highest carbon and steam conversions were ob-
tained in Run EGO-37 at a maximum temperature of 1910°F as 73. 3 percent v
of the carbon was gasified, and 33.5 lb/hr of steamn was converted. The con-
verted steam represents 28. 4 percent of the steam fed. There was no ash
sintering in either test with fluidization velocities of 0. 62 ft/s in Run EGO-36,
and 0. 78 ft/ s in Run EGO-37. Maximum char bed temperature in Run EGO-36 .
was 1930°F.
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4b.3,4.3 Correlation of Experimental Data with Operating Variables

The sf:ear:n-oxygen fluidized bed gasification studies performed in the 6-
inch diameter were of sufficient number and range to allow for a reliable
correlation of some of the key experimental results with operating parameters.
These correlations have utility as guides for steam-oxygen fluid-bed gasifier
operation at similar conditions, or, with limited extrapolation at other con-
ditions. They are also applicable as a basis for the design of larger steam-
oxygen gasifiers.

Steam conversion as a function of the average char bed temperature for
two types of chars is shown in Figure 4b-18, One of the chars is an FMC
Project COED char gasified as received, the other is an FMC Project COED
char that was previously partially gasified with steam-oxygen in the 6-inch
diameter reactor. The original coal of both chars was the same. The as-
received char, with a typical ash content of 12 percent, was pyrolyzed at a
temperature of about 1450°F when produced, and is, therefore, a low-tem-
perature char. The partially gasified char, with an ash content greater than
20 percent, was gasified at temperatures of 1800° to 1900°F, resulting in a
high-temperature char. Steam conversions are shown to increase with tem-
perature for both chars. The rate of increase in steam conversion with tem-
perature is greater for the low-temperature char than for the high-temperature
char. Also, at any given temperature, steam conversions are larger with the
low-temperature char. These results show that the high-temperature char,
having been previously exposed to higher temperatures has a lower reactivity
to steam gasification,

Gasified carbon appears in the product gas as carbon monoxide, carbon
dioxide, and miethane. The proportion of carbon appearing in each of these
gaseous species is influenced by the char-bed gasification temperature as
shown in Figure 4b-19, As the average bed temperature increases, the mole
ratio of methane to the total carbon oxides decreases. The lower equilibrium
methane concentration at higher temperatures is partially responsible for
this, A contributing factor is the increase in carbon oxides formation asso-
ciated with the increased carbon and steam conversions at higher tempera-
tures. Figure 4b-19 also shows that the ratio of methane to carbon oxides
formed by the carbon-steam reaction, CH,/CO4x — O,, decreases at a greater
rate than the ratio of methane to total carbon oxides, CH,/CO,(total).

A typical temperature profile through the fluidized char bed is shown
in Figure 4b-20 for a steam-oxygen gasification test Although the char bed
is well fluidized, a gradient still exists between the bottom and the top of the
char bed., This is explained by the differences in the predominant reactions
taking place at the bottom of the bed and the top of the bed, and the different
feed steam preheat requirements. At the bottom of the bed where the oxygen
enters, there is a high heat release as the oxygen is rapidly consumed, Fur-
ther up through the bed, the temperatures tend to moderate as the endothermic
carbon-steam reaction continues in the absence of free oxygen. At the top
of the bed the temperature is further lowered by the preheat requirements
for the char entering the top of the reactor.
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From residue char samplings from various levels in the reactor bed we
obtained analyses showing the variation of ash concentration through the char
bed. An ash distribution in the fluidized bed after a typical steam-oxygen
test is shown in Figure 4b-21. The uniformity of ash concentration through
the bulk of the bed indicates a generally well mixed fluidized bed. However,
there is an ash gradation at both the top and the bottom layers of the char
bed. At the top, the ash concentration is lower since the feed char has not
yet attained the average conversion level. At the bottom, the ash concen-
tration is higher because of the somewhat higher reaction rates, The higher
concentration of ash at the bottom indicates that a gasifier may be designed
to preferentially discharge a high-ash, low-carbon content residue from the
fluidized bed.

In Figure 4b-22 is shown a correlation between the maximum temperature
in the char bed and the superficial fluidizing-gas velocity required for opera-
tion without sintering of the ash. Smooth operation with no ash sintering may
be expected when operating in the area below the curve. The maximum tem-
perature in this correlation is a temperature sensed by thermocouples in
the char bed. In the steam-oxygen gasifier tests this temperature has gen-
erally been several hundred degrees (°F) lower than the ash-softening tem-
perature as determined in the laboratory tests. However, since the unsensed
temperatures of the char particles inside of gas bubbles may be higher than
the measured and recorded temperatures, ash sintering may occur if the
fluidization velocity is not sufficiently high., Also, as the temperature of
the char particles increases, the inter-particle forces between the ash par-
ticles increase so that higher fluidization velocities are needed to counter
the agglomerating tendency. The correlation of Figure 4b-22 is based on
the gasification of FMC char and is applicable to operation with this char
only. Even though other coals or chars may have ash softening temperatures
similar to those of the FMC char, the behavior of the ash at gasification
conditions could not be predicted from this correlation and a new relation-
ship would have to be established for each char,

4b. 5 Reference Cited

1. May, W. G., Mueller, R. H. and Sweetser, S. B., ''Carbon-Steam
Reaction Kinetics From Pilot Plant Data, ' Ind. Eng. Chem. 50, 1289-96,
(1958) September.
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PART 4c

Steam-Iron Gasification
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4c.0 Summary of Steam-Iron Gasification

A sumrnary of this work appears in section 4.0.

4c.1 Introduction

4c. 1.1 Equilibrium Considerations

The steam-iron reactions are based on reversible, cyclic reduction
and oxidation of iron oxides. Three ‘ron phases enter into these reactions —
magnetite (Fe;0,4), Wustite (FeO) and metallic iron (Fe). The highest oxi-
dation form, Fe,0; (hematite) is not produced in the system,

The following reactions describe the steam-iron system:

Reduction
1 Fe304+ H2 - 3FeO + Hzo (1)
2. Fe;04+ CO~ 3FeO + CO, (2)
3. FeO+ H, » Fe + H,0 (3)
4 FeO+ CO~ Fe * CO, (4)
Oxidation
5. Fe + H,O = FeO + H, (5)
6. 3FeO + H,0 = Fe; 04 + H, (6)

Note that reactions 5 and 6 are the reverse of reactions 3 and 1, re-
spectively,

The equilibrium constants for the steam-iron process reactions are
shown in Figure 4c-1 as a function of temperature in the range of 1050°F
and 1800°F. It can be seen that, as oxidation progresses and the H,O/H,
ratio decreases, the oxidation of Wustite ceases before the oxidation of
metallic iron. In like manner, as reduction progresses and the H,0O/H,
and CO,/CO ratios increase, the reduction of Wustite ceases before the
reduction of magnetite.

For steady cyclic operations, the moles of elemental iron (Fe), oxidized
by steam, must be formed by reduction of Wustite (FeO) by CO and H,. Also,
the moles of magnetite (Fe;0,) formed in the oxidizer by reaction 6 must be
reduced by reactions 1 and 2 in the reductor.

The problems of equilibrium and conversion connected with operation: of
the steam-iron process will now be considered.

Aec 1
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Figure 4c-1, EQUILIBRIUM CONSTANTS FOR STEAM-IRON PROCESS
REACTIONS

Table 4c-1 summarizes oxygen transfer and resulting gas conversions
for the system operating under isothermal conditions when using a typical
reducing gas (CO, + H,O/CO +H, ratio of 0. 25). As shown, production of Fe
stops when the H,O/H, ratio exceeds 0.52 at 1500 °F, and production of FeO
stops at a H,O/H, ratio of 2.52. This corresponds to 2. 6 atoms of oxygen
transferred by reactions 1 and 2 for each atom of oxygen transferred by
reactions 3 and 4.

Table 4c-1. CYCLIC COUNTERCURRENT CONVERSIONS
(Isothermal Operation at 1500 °F)

Reduction Reducing Gas FeO~ Fe Fe;0,~ FeO
H, + CO, mol 5.6 4.6 2.0
H,0 + CO,, mol 1.4 2.4 5.0
Oxygen Transferred,

mol -- 1.0 2.6
H,0+ CO,/H, + CO 0.25 0.52 2.52
Gas Conversion, % 0 18 64

Oxidation | Steam FeO = Fe;0,4 Fe - FeO
H,, mol ‘ 0 2.6 3.6
H,0, mol 9.2 6.6 5.6
Oxygen Transferred,

mol - 2.6 1.0
H,/H,0 | 0. 40 0.64
Steam Conversion, & 0 28 39

A7506 1574
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In subsequent oxidation at 1500 °F, this stoichiometry, rather than the
thermodynarnics, is limiting, To maintain cyclic material balances, the
feed steam must add 2. 6 atoms of oxygen to the iror solids by reaction 6
beforc 28% conversion of the steam is attained, Because the Fe content of
the feed solids is sufficient to transfer only 1 atom of oxygen by reaction 5,
maximum steam conversion is 39%, not 66% as the equilibrium ratio of 1.92
would indicate. '

The only way to balance the stoichiometry so that both reducing and
oxidizing gases can achieve equilibrium conversion is to operate the reducer
at a higher temperature than the oxidizer., For example, if reduction is
carried out at 1750 °F and oxidation at 1350 °F, near-equilibrium conversions
of 80 and 60% can be achieved for the reducing and oxidizing gases. This
requires manipulating reaction zone temperatures, which is difficult because
of the large recirculating stream of solids and their relatively large heat-
carrying capacity. However, several schemes can be used for this purpose
which would normally be applied where high steam conversion is desired, such
as for the production of hydrogen.

For the HYGAS process, it is not necessary to attain high steam con-
version, because the process requires only about 40-45% hydrogen in the feed
steam for thermal and kinetic balance. In this application, then, the
steam-iron process is designed to attain high reducing gas conversion to
maximize total carbon utilization in the process, while at the same time only
40 to 45% steam conversion is attained in the oxidizer.

Because of the cyclic nature of the process chemistry, one may note,
the recirculating solids streamn tends, after several cycles, toward a high
FeO concentration, Once steady-state chemistry is achieved, all Fe and
Fe;0,4 produced are subsequently consumed in their respective reverse
reactions. Furthermore, process kinetics and thermal requirements dic-
tate that the amounts of Fe and Fe ;04 produced be very small relative to
the FeO content; for example, only about 10% of the total iron content is
converted to Fe in actual cyclic operation.

4c.1.2 Summary of Experimental Results

During the 1960's, IGT investigated all types of iron solids, ranging
from raw ores to high-temperature sinters, to determine their kinetic
behavior in cyclic reduction and oxidation. As expected, most of these
solids were unsuitable for the process, although several were found to be
acceptable from a kinetic standpoint. These included commercial ammonia
synthesis catalysts, raw and sintered siderite ores (iron carbonates), and
several different iron ore sinters. In addition to kinetic activity, IGT in-
vestigated the attrition resistance of the various solids and the tendency
of these solids to agglomerate at the operating temperatures necessary
for the process. These criteria are summarized in Table 4c-2 for several
different types of iron solids tested.

As shown in Table 4c-2, the most suitable solid for the process is the

siderite sinter which has high chemical activity, will not cause excessive
fines production, and does not agglomerate at steam-iron process operating
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temperatures, Siderite, in its natural form, is iron carbonate which de-
composes to wustite and carbon dioxide upon heating. This decomposition
results in high porosity which probably leads to a high kinetic activity.

The particular presintered siderite ore used contains a sufficient con-
centration of gangue to prevent sticking at operating temperature, and
presintering at high temperature also produces a high, attrition-resistant
material.

Table 4c-2. CHEMICAL AND PHYSICAL BEHAVIOR OF VARIOUS
IRON SOLIDS IN THE STEAM-IRON PROCESS

: Initial Agglomerating Attrition
Solids Kinetic Activity Temp, °F Resistance

Ammonia Catalysts High 1500 Good
Magnetite Ores Low 1100 Good
Raw Siderite Ores High 1800 Poor
Siderite Sinter High 1800 Good
AT7506 1575

Other types of iron solids can be used in the process. The above three
properties should be considered, however, before final selection is made,
We believe, for example, that magnetite ores can be chemically promoted
to produce ideal solids for the steam-iron process using techniques already
developed for making ammonia synthesis catalysts.

Additional work at IGT in the 1960's included the operation of large
bench-scale reactors to separately test the reduction and oxidation reactions
batchwise., Cyclic operation was achieved by refeeding the solids reduced in
one test to a subsequent oxidation test, Thus, about 1 week was required to
complete a reaction cycle.

In later operations, the bench reactor was modified to include solids
recirculation between separate reducing and oxidizing zones. This unit
was operated at 1000 psi at solids recirculation rates up tc 1000 1b/hr pro-
ducing up to 10 complete cycles per hour,

4c.1.3 Pilot Plant Design

Figure 4c-2 is a diagram of the major equipment in the pilot facility
now (1974) being designed and built for steam-~iron system development.
It includes a high-pressure slurry heater, a fluidiz:d-bed steam-iron
reactor. Char-grinding and slurry-mixing equipment, product-gas quench
and disposal systems, and spent-char pressure letdown and disposal units
are not shown in Figure 4c-2.

Initially, all gases including the make hydrogen will be incinerated.
In later operations with stockpiled HYGAS char, the make hydrogen will be

fed back to the HYGAS reactor so that integrated operation can be demon-
strated.
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Figure 4c¢-2. STEAM-IRON PILOT PLANT REACTOR SYSTEM

In operation, a char-water slurry containing from 35 to 50% char will
be heated in a direct-fired furnace to produce a lean-phase mixture of char
and steam. The steam will serve to vapor-lift the char to the top of the
producer, where the char will be fed, essentially dry, to the upper-stage
preheat bed. This bed, fluidized with air and steam, will combust about
10% of the feed char, thus raising its temperature from 600° to 1750°F —
the typical operating temperature of the high-temperature bed in the HYGAS
reactor. This step is necessary to avoid an unusual heat load on the producer
which, in integrated operation, would receive 1750°F char solids.

The preheated char next enters the producer bed, where it is essentially
completely gasified at about 2000°F with air and steam to produce a high-
quality reducing gas, which has a CO* H,/CO, + H,0 ratio of at least 4:1.
Spent char is cooled with additional steam (not shown in Figure 4c-2) and
is discharged at about 1000 °F from the bottom of the producer,

The make producer gas, at a temperature ranging from 1900° to 2000°F,
enters the steam-iron reactor as feed to the lower reducer stage, where,
because of its high reducibility, FeO is converted to Fe, Because of its
high temperature, the producer gas also serves as a hecat source for the
endothermic reduction reactions. The producer gas reaches a conversion
level of about 20% in the lower stage before entering the upper stage, where
the bulk of the final conversion level of the producer gas (65%) is attained
by the conversion of Fe;O4 to FeO. The pressure energy in the spent gas
is further used to maintain circulation of the iron solids in the upper, lean-
phase portion of the solids lift system, Countercurrent operation in the
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reducer permits production of Fe in the lower reducer stage and conversion
of Fe;O, in the upper stage. Thus, high reducing gas conversion is attained,

and sufficient metallic iron is produced to ensure the necessary hydrogen
production.

Steam fed to the lower oxidizer stage converts FeO to Fe;0, Steam
conversion in this bed is limited to about 30% by equilibrium. Further
conversion (above 30%) in the upper oxidizer stage, must be effected by
conversion of Fe to FeO. Although the equilibrium limit of about 667.
steam conversion is possible, conversion is limited by the amount of Fe
formed in the lower reducer stage. For use as feed to the HYGAS reactor,

the production of Fe is controlled to produce a final steam conversion of
about 45%

Overall, four fluidized beds are used in the steam-~iron process to
avhieve full countercurrent operation. Also, because of other considcra-
tions, the reducing stages are located above the oxidizing stages with ex-
ternal recirculation of the Fe;O0;-rich solids from the bottom to the top of
the vessel. This configuration avoids dual, vertical solids transport that
would be required if the oxidizing and reducing stages were located side
by side; also, Fe, the most reactive species, is rapidly transferred to the
oxidizer and not contacted by undesirable lift gases.

Because of pressure differentials created in the system, a large part
of the solids conveying is effected in a dense phase with steam prior to

adding the spent reducing gas for lean-phase solids conveying near the

middle of the lift pipe. IGT investigated several alternative schemes for

solids transfer and decided that this method is most desirable because it
minimizes solids reaction (usually opposite to that desired) in the lift

system. This configuration is very similar to Model IV FCC units, which
utilize combined dense- and lean-phase solids transfer. The major differ-
ence, of course, is thatthe steam-iron process operates at elevated pressures.

4c.2 Present Program Status

IGT and the Blaw-Knox Division of Dravo are now working on the pro-
cess design details for the steam-iron pilot facility. Process flow sheets
have been completed and work is in progress on piping and instrumentation
diagrams. Initial efforts were directed toward design of the reactor sys-
tem so that orders for long-delivery items (principally reactor vessels)
could be placed with a fabricator as soon as possible. A contract has been
awarded Belmas Corporation for the fabrication of both the producer and

steam-iron reactors, and delivery is anticipated in early 1975 (as of
August, 1974).

Details of all steam-iron contract work to date — including process flow
sheets — may be found in the U.S. Department of the Interior, Office of
Coal Research, R&D Report No. 95, Interim Report No. 1, Development
of the Steam-~Iron System for Production of Hydrogen for the HYGAS Process,
Washington, D.C. 1974. Orientation regarding the application of the Steam-
Iron Process with reiation to more recent HYGAS operations may be obtained
by studying HYGAS: 1972 to 1974, Pipeline Gas From Coal — Hydrogenation,

OCR, R&D Report No. 110, Interim Report No. 1. In preparation, for
publication during 1975.
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ABSTRACT OF THE DISCLOSURE

An improved process for making hydrogen by the
steam-iron reaction in which a dual solids system is used
to cffect the oxidation of Fe to Fe;04 in two oxidation
steps, nanely Fe to FeO und FeO to FeyQ,, and also
the reduction of the resuliing oxides in 1wo separate steps,

e ——————

This application is a coatinuation-in-part of our <o-
pending application Ser. No. 477,512 filed Aug. 5, 19635,
now abandoned.

This invention relates to the production of hydrogen
and steam-hydrogen mixtures for wse in synthesis proc-
esses, such as the production of ammonia, methanc, or
other products of hydrogenation processes. [n particular,
this invention relates to the production of hydrogen by
an improved dual cscle steam-iron process wherein hy-
drozen is produced efliciently and in mazimized yiclds.

The art has sought mcthods of producing hydrogen
gis in large quantities for use in processes as noted above.
Lor exumple, al present, hydrogen is oblained in most
instances by reforming mwethane  (natural gas)  with
steam. However, methane reformation is not so attrac-
tive for hydrogen production since the product gases von-
tain not only hydrogen but ulso carkon monoxide, carbon
dioxide, methane, and steam, which gases must be treated
in conventional carbon monoxide shilt and carbon dioxide
removal equipment to achieve a final gas product rich in
hydrogen.

There are also hnown provesses for producing hydro-
gen which use the steam-iron reaction wherein steam s
reacted with elementd iron or lower onides of iron 10
produce hydrogen and iron onides. The resultant iron
onides are then reduced with a redueing gas, usuatly con-
taining carbon monoaide and hydrogen, o produce ¢le-
mental iton and lower ovides. There have been proposed
variows fixed and Mndised bed cyclic processes, all ot
which sutler from puor hydrogen womversion due to ime
proper design from thermody nasic and equilibrium won-
siderations.

For cxample, Parsons in U.S. Patent 1,658,939 de-
seribes 4 process wherein elenwental iron iy ovidized by
steam W form FeQ; and the formation ol Fel)y is
spevifically avoided by low temperature operation. ‘His
process results in unduly low hydtogen production and
is cormiercinlly umitiractive,

Marshall in LLS. Patent 2382747 deseribes a steam-
iron process sing s an osidizing agent liquid water
under pressure at 450 to 700 FoHigh hydrogen yichds
ate rot commiercially teasible with this process because
of cquilibrium limitations in the operation of a liguid-
gas phase system,

Benson el al. in UK. Patent 3,031.287 desribe o steam-
iron process for muking syathesis gus containing bydrogen
which ultilizes as i ondizing agent o gascous misture of
carbon dioside wnd steam at relotively low prossuies.
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‘This process is for the production of gas mixtures con-
taining primarily Hp, CO, and mixtures thereof.

It is thus un object of this invention to produce hy-
drogen by a dual solids cycle steam-iron process wherem
there is effected a high ultilization of the reduding pas
in reduction of the iron oxide solids.

It is a further object of this invention to produce hy-
drogen by a dual solwds cycle steam-iton process wherein
the oxidation and reduction phases of the provess are el-
fected at relatively high pressure to attain high seaction
rates and rapid approaches to equilibrivm.

It iy yet another object of this invention o produce
hydrogen by s duad solids cycle steam-iron process where-
in the oxidation and reduction phases of the process are
effected separately and continuously at conditions which
provide nearly cquilibrium conversions of steam amd re-
ducing gas.

It is yet another object of this invention to produce
hydrogen by a dual solids cycle steam-iron process where-
in the oaidation and reduction phases are ellected con
tinuously in separate reactors in which the ordation
and reduction phases each oveur in step-wise Lashion m
two dstinet reactors whereint gas-solids contact 1y cither
countereurrent or cocurrent,

Other objects will become apparent as the invention is
more fully described hereinafter. In the drawings:

FIGURE [ iy a diagrim showing tiie process of one
embadiment of the invention illusteating countercurrent
gas-sulids coatact; and

THGURE 2 s a diagram showing the process of another
cmbodiment of the invention ilfustrating part counter-
culrent, part cocurrent pas-solids contact,

In the process of this inveation, hydrogen is produced
by onidution of reduced iron solids with steam, “The 1
sulting product gas, hydrogen and unreacted stean, s
ewsentully free of other contaminants, “The steam used
the oaidation phase may alho be wdmixed with nomon-
denssble gases such as nitrogen or carhon diovide. “Fhe
oxidation is elfecied in two separate reacton with one
oxidation stage oceurring in cach reactor; in the fist
stage, elemental iron is osidized 10 1¢O, and in the sev
ond stage, FeQ is oudized o e Oy 1o this disclosare
we denote the lower oxide of iron us FeQ. As s well
hnown in the art, the ratio of T to O in this ovide s
slightly less than one, and this ratio will vary depemdiog
on the gas composition with which it is s equilibiinm
Iron solids in the oaidation reaclors wan be conbwhed
cither cocntrently ar conntercurrently with gases as heie
inatter more fully desaribed. A continuous supply ol 1e-
Jduved iron solids for the ondation stayes is provided by
subseguent reduction of the osidized iton solids with o
reducing gas, Reduction is bo effected in tno sepatate
reactors with one teduction stage oceurring in ¢ach re-
actor, I the first stage, Fey Oy is reduced 10 1eQ), amld
in the secomd stige, FeQ) s gedied 1o clenwental man,
fron solids in the reduction reactors can be contaeded
either countarenrrently  or wocutently  with gases as
hereinaflter more fudly described.,

Thus, the essence of aur invention is the separation ol
the solivhs phuase seactions deseribed above o viehl hirhe
reducing gas ol steam comersions,

The reducing pas used in the reduction reaction need
only contain carbon monenide and ‘of hydicpen in sal-
licient quiantities to reduce onidized ison salids, “The pres:
ence ol other constituents in the raducing s such as ni-
frogen, steam, carbor diovide, methane. ete, does not
allect the quadity of hydrogen produced in the ovidation
step. Thus, the reduang gas can be vbiained tom he
Jeast expensive and ‘ar the mast convenient sousce, smh
s the partial oxidation of caal, methane, shale wl, or
other hydivcatbons with air or a mixture of steam ol
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air, or with such gases as may be obtained by retorting oil
shale. The air or air-stcam mixtore may also contain
carbon d dxide. In addition, we have found that it is ad-
vantageons for the reducing gas to contain small quan-
tities of sulfur compounds which inhibit formation of
free carbon. A suitable tail gas from other plant opera-
tions can be used as the reducing gas.

In carrying out the process of this invention, there are
employed four reaction vessels: a first and second oxi-
dizer, where reduced iron solids are contacted with oxidiz-
ing pas; snd a first and second reductor, where the oxi-
dized iron solids are contacted with reducing gas. For
continuous operation, it is necessary to recycle the iron
solids from the oxidizers to the reductors, The equipment
required for the transfer of solids can be of any type, me-
chanical or pneumatic, available to all industrial proc-
esscs. When employing the embodiment as illustrated in
FIGURE 2, the solids recycle lines serve as the oxidizers.

In solids recycle systems, such as is utilized here, it
is essentiul that cyclic solids conversion be exactly bal-
anced with respect to all solids phases. If not balanced,
the solids will tend to yield high reduction or high oxida-
tion levels which limit solids reaction rates and gas con-
versions in the oxidizer or reductor.

Hydrogen production via cyclic steam-iron pracesses
has been used in the past with fixed, fluidized, moving,
and free-fall beds, Both cocurrent and countercurrent gas-
solids contact systems have been employed. However, in
all cases herctofore, only one solids stream has been uti-
lized. Because of thermodynamics of the stecam-iron proc-
ess, this single solids stream is composed of three sepa-
rate solids phases, elemental iron (Fe). wustite (FeO),
amd magnetite (FeyQ4). Therefore, six different reactions
are possivle, four in reduction and two in oxidation:

(1) FesOy-bHy=3FeO-+H,0 K{=PH,0/PH,
(2) FeyQ] CO==3Fe0+CO; Ky=PCC,/PCO
(3) FeO-H,=Fe+H,0 Kg=:PH,0/PH,
(4) FeO+-CO=Fe-+CO;, K=PCO,/PCO
(5) Fed H,0=FeO-- H, Ks=PH,/PH,0
(6) 3FcQ4H,0=:Fc,0+H, Ke=PH,/PH,0

Reactions (1) and {2) favor high-reducing gas conver-
sion and rcaction (5) favors high-steam conversion. To
insure high-gas conversion and a sufficient feed supply of
metallic iron to the oxidizer and magnetite to the reductor,
it is necessary that countercurrent gas-solids contact be
cmployod in single solids systems. Furthermore, if re-
actions (1) and (2) occur at low reducing gas conver-
sions {where the H,0/Hz and CO,/CO ratios are below
the respective cquilibrium values for reactions (3) and
(4)1, the supply of elemental iron to the oxidizer will
be Hmited. This is true because the amount of reducing
gas conve-ted by reactions (3) and (4) has been propor-
tionately Jdecreased. If in oxidation, reaction (5) occurs
at low steam conversions [helow the equilibrium value
for reaction (6) 1, the supply of magnetiie to the reductor
will be curtailed. These stoichiometric limitations can
significan:ly decrease reducing gas and/or stcam con-
versions.

There is described in our copending application Ser.
No. 477,511, filed Aug. §, 1965 and now abandoned, a
cyclic system utilizing two reactors where countercur-
rent contict of pas and solids is required. There is also
described in our aforementioned application the equilib-
riumt and thermodynamic details of above reactions (1)
to (6) with equilibrium constants and diagrams set oul.
"The details thereof apply as well to the process of this
invention, and the disclosure regarding equilibrium con-
siderations is thus incorporated by reference herein.

The novel use of a dual solids system described in this
application overcomes the limitations of using only a
single sol.ds cycle system, and allows high gas conversions
in cither :ocurrent or countercurrent operation. The dual
solids system cfiects scparation of the three solids phascs
of iton such that one system (called solids system A,

&

20

25

30

33

S

40

e
=

bl

a0

65

70

-2
H

4

hercin) contains elemental iron (Fe) and wustite (FeO),
and the other system (called solids system B, herein)
contains wustite (FeQ) and magnetite (Fey0,). Prefer-
ahly, cach of the two solids systems consists essentially
of the solids specified. However, as a practical matter,
other reactive or nonrcactive solids may be present with-
out scriously affecting the practice of our invention. It
is essential that the principal reactive constituents of the
designated system be the solids specified. Fach solids sys-
tem utilizes a reductor and an oxidizer as shown in FIG-
URE 1, ie. snlids system A utilizes Reductor I and Oxi-
dizer 1. and solids system B utilizes Reductor I and Oxi-
dizer I1. In Reductor II, reducing gas contacts solids A
1o attain equilibrium with respect to Fe-FeO (low reduc-
ing gas conversion), and in Reductor 1, the reducing gas
is contacted with solids B where high reducing gas con-
version is attained due to the reduction of magnetite, In
Oxidizer 1L, steam contacts solids B to attain equilibrium
with respect to FeO-Fe;O, (low steam conversion), and
in Oxidizer 1. the steam-hydrogen mix js contacted with
solids A where high steam conversion is atiained due to
the presence of elemenial iron, Thus, principally reactions
(3) and (4) occur in Reductor 11, reactions (1) and (2)
in Reductor I, reaction (6) in the Oxidizer 11 and reaction
(5) in Oxidizer 1.

Because of the separation of phases, one essential sol-
ids phase reactivn occurs in each reactor: Fe2FeQ in
solids system A, and FeO=2Fg04 in solids system B.
There can, therefore, be little or no loss of elemental
iron production due 1o the reduction of magnetite to
wustite in Reductor 11, This scparation also provides a
means of more efficient design. Each reactor can be sized
according to known kinctics of the particular solids phase
reaction taking place. In single solids cycle systems, the
oxidizer and reductor must be sized to accommodate the
complicated kinetic mechanisms for two different solids
phase changes.

Although countercurrent gas-solids contact is illustrated
in FIGURE 1, full or partial cocurrent operation is just
as cfficient, because the separation of solids phases in-
sures sufficient feeds of clemental iron and magnetite
to Oxidizer T and Reductor 1, respectively.

FIGURE 2 illustrates an cmtbodiment of the process
of the invention wherein reduction is effected counter-
currently in Reductors 1 and Il and oxidation is effected
cocurrently in the solids recycle lines indicated as Oxi.
dizers 1 and 1. Gas streams are fed inte and out of
the oxidizers and reductors as shown in FIGURE 2.
Solids A are recycled between Reductor I and Oxidizer I,
and solids B are recycled between Reductor I and Oxi-
dizer 1. The solids in Oxidizers T and I are transported
up through the oxidation zones by steam-hydrogen and
stcam, respectively, so that the gns and solids are trans-
ported in cocurrent relation. At the top of the oxidizers
are separators 1. shown diagrammaitically, such as cy-
clone separators by which the gas and solids are dis-
engaged. Solids are then fed to hoppers 2 for subséquent
further reacting in the respective reductors,

We have found scveral types of iron-bearing solids
suitable for this system, such as siderile, magnetite, and
hentetite ores {either raw or beneficiated), ammonia syn-
thesis catalysts, iron ore sinters, as well as other com-
mercially available iron compounds. The preferable par-
ticle size range for this process is from 10 to 325 mesh,
preferably 40 to 100 mesh,

With these iron-bearing solids, particle residence times
in the range of 5 to 180 seconds, preferably 10 1o 45
seconds, are sufficient to effcct the. necessary pas and
solids conversions in each reactor. Operating tempera-
ture significantly affects reducing gas conversion in Re-
ductor T and steam conversion in Oxidizer 11, but has
only slight effect on gas conversions in solids system A.
‘Therefore, operation of solids system B at a higher tem-
perature than solids system A can be beneficial 1o gas
conversions. However, it may be necessary, in this type
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of operation, to adjust the temperature of the feed gases
to the first stage reaclors so that the steam-hydrogen
fed to Oxidizer I will not oxidize wustite and the re-
ducing gas mixtore fed to Reductor 1 will not reduce
wustite, Otherwise, the two-phase solids system would
be destroyed. We have found that temperatures in the
range of 1000* to 2000° F. allow sufficiently high re-
action rates so that high steam and reducing gas con-
versions will result. More preferable ranges are 1000°
to 1500° F. for oxidation and 1300° 10 2000° F. for
reduction. Higher reduction temperatures can cause ag-
glomeration of some iron-bearing solids, especially those
high in total iron content, such as ammonia synthesis

catalysts, For these types of solids, the solids free-full |

bed is best suited since low solids densities in the range
of 2 to 30 Ibs./cu. ft. can be used effectively. With non-
agglomerating solids, any type of bed can be used, and
for all solids, either cocurrent or countercurrent oper-
ation is suitable.

Solids/gas ratios in the range of 0.1 to 5 Ibs. solids/s.c.f.
active gas are adaptable 10 this process, but this ratio
does depend upon the reaction rates obtained and upon
the heat requirements of the individual solids system.
More preferable solids/gas ratios are 0.3 to 2 lbs.
solids/s.c.f. active gns. Incremental solids conversions
most beneficial to this process range from 0.25 10 1§,
preferably from 0.5 10 10 Ibs. oxygen transferred per
100 Ibs, solids fed to each reactor.

We have found that reaction rates increase with pres-
sure up to about 200 p.s.i.c. Therefore, operation above
this pressure, say 200 to 2500 ps.i.g., can significantly
decrease the required size of each reactor, In addition,
gas Fesidence time increases with pressure and in counter-
current, solids free-fall reactors, the residence time of
the solids is increased due 1o the lower terminal velocity
of particles in denser gases.

An example is given in the following table of operat-
ing conditions and results for conversion of a typical re-
ducing gas. The various gas and solids stream composi-
tions noted are for a system as shown in FIGURE 1,
the solids used being a commercinl ammonia synthesis
catalyst of 40-100 mesh.
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TABLE L—GAS COMPOSITIONS AND FLOW RATES

ential Jift pressures are smaller, hence solids legs are
also shorter.

We have found that the addition of methane to the re-
ducing gas can increase its reducing potential by the fol-
fowing probable reactions:

N CH+H,0==CO+3H,
8) CHy+Fes0=3FeO+CO+2H,

The temperature of the feed reducing gas can be increased
to supply the endothermic heat of these reactions if
methane is added to the reductors. Product gases can also
be burned with air injected at the top of Reductor 1 for
this purpose. The heat of combustion can thus be used to
impart heat to the incoming solids and thereby maintain
Reductor [ temperature,

We have also found that the addition of sulfur com-
pounds, such as hydrogen sulfide, to the feed reducing gas
is beneficial to the process. Hydrogen sulfide concentra-
tions of 0.1 to 0.5 percent inhibit the formation of free
carbon thus eliminati b loss in reducing quali-
ty of the reducing gas.

In actual commercially sized cquipment, some heat
losses from the system can be expected. Reasonable cquip-
ment design should limit these losses (o less than 5 per-
cent of the heat inpul to the system, In this case the en-
thalpy input of the feed gas streums. Therefore, to main-
tain oplimum temperature gradients in the reactors, high-
er inlet gas temperatures can be used as a convenient
source of additional enthalpy. However, only enough addi-
tional enthalpy to balunce heat losses should be provided,
otherwise higher than optimum opcrating {emperatures
will resuit,

There are other possible variations of this system, as
can be seen by those skilled in the art. All, however, should
be considered within the scope of this invention which is
limited solely by the appended claims.

Wo claim:

1. Process for producing hydrogen comprising:

(1) reacling FeaO; with a reducing gas in a first re-
dugtion zone, and FeO with a reducing gas in 1 sccond
reduction zone, whereby FeyO, is reduced to FeO
in said first reduction zone and FeO is reduced to Fe

Teductor Oxilizer
Stage  Stoge Btage  Stage
[¢1- RO PPN l ) .1 Spent 1 Steam-ily
| reed Feed  tias  Feed Feed  Product
Temperature, * F. L6W LA 18 1,10
Belfr.......... LIDYELTRR GALT NS IRTH)

4.0m

(.‘ml:l.‘:;sluan, moke pereent:

4
oy 45 X4
He.. LA -1
110 4.4 LAY
Nao.. 1.9 TN
Totabecenaiiiiiaanne, "on nno e,y

To Stoge ll' - Ty h‘l»nm-.l : I'o Stage ll_

“Assumed 35 Fes.s:0.

In the system embodiment, shown in FIGURE 2, the
steam and reducing gas flow patterns could have been
interchanged, that is, countercurrent oxidation and cocur-
rent reduction could have been used. However, it is known
that the rate of oxidation is faster than the rate of re-
duction and since lift flow rates (both gas and solids) are
usuaily maintained high to yiekl smooth operation,
residence times are neces.arily low. Thus, the faster oxi-
dation reactions should preferably be carried out in the
lift-reactors.

This latter systeny variation has several other advan-
tages. For instance, total reactor heights are about half
those for the system shown in FIGURE 1. Thus, differ-

[t

-y

in said second reduction zone, and
(2) reacting the resultant reduced solid products from
cach of said reduction zones separitcly with steam
at a temperature from 1000° to 2000° F., whereby
Fe is oxidized to FeO in a first oxidation zone, and
FeO is oxidized to FeyOq in a sccond oxidation zone;
and
wherein two separate solids systems are utilized in such
2 manner that one system (solids B) containing FeO 3nd
Fe,0, is recycled between the first reduction zone and
the second oxidation zone, and the other system (solids
A) containing Fe and FeO is recycled between the sce-
ond reduction zone and the first oxidation zone; wherein

4 A4
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in step (1) fresh reducing gas is contacted with solids A
contuining 1°cO in said sccond reduction zone to produce
I’e and the resulting gas is contacted with solids B con-
taining FeyOy in said first reduction zone of produce FeO;
and wherein in step (2) fecd steam is contacied with
solids B confaining FeO in said second oxidation zone to
produce FeyO4 and the resulting gas is contacted with
solids A containing Fe in said first oxidation to produce
1°¢0, tl-creby producing hydrogen.

2. Procesy for producing hydrogen comprising:

(1) reacting Fe;O4 with a reducing gas in a first reduc-
tion zone, and FeO with a reducing gas in a second
reduction zone, whereby FeyOy is reduced to FeO in
said first redaction zone and FeO is reduced to Fe
in said second reduction zone, and

(2) reacting the resultant reduced solid products from
each of said reduction zones separately with s'eam at
a temperature from 1000° to 2000° F., whereby Fe
is nxidized to ¥eO in a first oxidation zone, and FeO
is wxidized to FezOy4 in a second oxidation zone; and

whereir two separate solids systems are utilized in such
a manner that one system (solids B) containing principal-
ly FcO and Fej0, is recycled between the first reduction
zone and the second oxidation zone, and the other sys-
tem {sclids A) containing principally Fe and FeO is re-
cyeled between the second reduction zone and the first
oxidaticn zone; wherein in step (1) fresh reducing gas
is conlucted with solids A containing FeQ in said second
reducticn.zone to produce Fe and the resulting gas is
contacted with solids B containing FeyQy in said first re-
duction zone to produce FeO; and wherein in step (2)
feed steam is contiacted with solids B containing FeO in
said sccond oxidation zanc to produce FeyOg und the re-
sulting gas is contacted with solids A containing Fe in
said first oxidution zone 1o produce FeO, thereby pro-
ducing hydrogen,

3. Poocess of cliim 2 wherein the residence time of

solids in each zonc is S to 180 scconds.

4. Process of claim 2 wherein flow between solids and

‘gases in at least one of the zones is countercurrent.

5. Process of cluim 4 wherein said countercurrent flow
is conducted using a free-fall bed.

10
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6. Process of claim 2 whercin flow between solids and
gases in at lcast one of the zones is cocurrent.

7. Process of claim 2 wherein the reducing gas con-
tains carbon monoxide and hydrogen.

8. Process of cluim 7 wherein said reducing gas also
contains methane.

9. Process of claim 7 wherein said reducing gas also
contzins sulfur compounds in sufficient quantity to inhibit
the formation of free carbon.

10. Process of cluim 8 wherein air is injected into the
first reduction reactor to combust a portion of the spent
reducing gas 1o supply the necessary additional heat to
offsct the endothermic mcthane consuming reactions.

11. Process of claim 2 wherein the temperature of the
oxidution zones is between 1000 and 1500° F. and the
temperaiuie of the reduction zones is between 1300 and
2000° F.

12. Process of cliim 2 whercin steps (1) and (2) are
conducted ut a pressure minimaily 200 p.s.i.g.

13. Process of claim 2 wherein the solids system B is
maintained ot a higher temperature than solids system A,
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PRODUCTION OF HYDROGEN VIA THE
STEAM-IRON PROCESS
Jack Huebler, Deerfield, James L. Johnson, Oak Park,
Frank C. Schora, Jr., Palatine, and Pau) B, Tarman,
Elmhurst, assignors to Consolidation Coal Com-
pany, Pitishurgh, Pa., a corporation of Delaware
Continuation-in-part of application Ser. No. 477,511,
Aug. 5, 1965, This application Apr. 18, 1968, Ser,
No. 722,389
Iut, Cl. CO1b 1/08

US. CL. 23214 19 Claims

ABSTRACT OF THE DISCLOSURE

A process for making hydrogen by the steam-iron reac-
tion utilizing countercurrent gas-solids contact, wherein
oxidation of Fe to FeyO, is conducted in 1wo zones, one
principally for the Fe to FeO reaction and the other prin-
cipally for the FeO to Fe O, reaction: und the reduction
of the Fe;O, to Fe is also conducted in 1wo zones for the
same reactions in the reverse direction.

This application is a continnation-in-part of our copend-
ing application, Ser. No. 477,511, filed Aug. S, 1965, now
abandoned.

This invention relates to the production of hydrogen
and steam-hydrogen mixtures for use in synthesis pioc-
esses, such as the production of ammonia, methane. or
other products of hydrogenation processes. In particular,
this invention relates to the production of hydrogen by
an improved steam-iron process wherein hydrogen is pro-
duced efficiently and in maximized yields.

The art has sought methods of producing hydrogen gas
in large quantities for use in processcs as noted above.
For example, at present, hydrogen is obtained in most in-
stances by reforming methane (natural gas) with steam.
However, methane reformation is not so attractive for hy-
drogen production since the product gases contain not
only hydrogen but also carbon monoxide, carbon dioxide,
methane, and steam, which gases must be treated in con-
ventional carbon monoxide shift and carbon dioxide re-
moval equipment to achieve a final gus product rich in
bydrogen.

There are also known processes for producing hydrogen
which use the steam-iron reaction wherein steam is re-
acted with elemental iron or lower oxides of iron to pro-
duce hydrogen and iron oxides. The resultant iron oxides
are then reduced with a reducing gas, uswally containing
catbon monoxide and hydrogen, to praduce elemental iron
and lower oxides. There have been proposed various fixed
and fluidized bed cyclic processes, all of which suffer from
poor hydrogen conversion due to improper design from
thermodynamic and equilibrium considerations.

For example, Parsons, in U.S. Patent No. 1,658.939,
describes a process wherein elemental iron is oxidized
by steam to form FeO; and the formation of Fe Oy is
specifically avoided by low temperature operation. This
process results in unduly low hydrogen production and is
commercially unattractive.

Marshall, in U.S. Patent No. 2,182,747, describes a
steam-iron process using, as oxidizing agent, liquid water
under pressure at 450° to 700* F. High hydrogen yields
are not commercially feasible with this process because
of equilibrium limitations in the operation of a liquid-gas
phase system.

Benson et al., in U.S. Patent No. 3,031,287, describe
a steam-iron process for making synthesis gas containing
hydrogen which utilizes, as an oxidizing agent, a gaseous
mixtore of carbon dioxide and steam at relatively low
pressures. This process is for the production of gas mix-
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tures containing primarily H,, CO, and/or methane. Other
patents which ase illustiutive of the state of the art in-
clude the following: U.S. Patents Nos. 2,772,954; 2,864,-
688; 2,996,373; and 3,076,702.

1t is thus an object of this invention to produce hydro-
gen by the steam-iron process wherein there is d
a high utilization of the reducing gas in reduction of the
iron oxide solids.

It is a further object of this invention to produce hy-
drogen by the steam-iron process wherein the oxidation
and reduction phases of the process are effected at rela-
tively high pressure 1o attain high reaction rates and rapid
approaches to equilibrium.

It is yct another object of this invention to produce
hydrogen by the steam-iron process wherein the oxida-
tion and reduction phases of the process are effected sepa-
rately and continuously at conditions which provide nearly
squilibrium conversions of steam and reducing gus.

It is yet another object of this inveniton to produce
hydiogen by the steam-iron process wherein the oxida-
tion and reduction phases are cffected continuously in
separate reactors in which oxidation and reduction oceur
in each of the respeclive reactors in step-wise fushion in
two distinct reaction zones.

Other objecis will become apparent as the invenlion
is more fully described hcreinafier. In the drawings:

FIGURE 1 is a graph sHowing equilibrium constants
as a function of temperature for the various chemical
reactions involved in the invention;

FIGURE 2 is a graph showing various relationships of
process pir s, including the relationship of oxida-
tion and reduclion temperatures to compusition of reduc-
ing gos feed; and

FIGURE 3 is a diagram showing the process steps of
the invention.

In the process of this invention, hydrogen is produced
by oxidation of reduced iron solids with steam. The re-
sulting product gas, hydrogen and unreacted 3icam, is
essentially free of other contaminants. The steam used
in the oxidation process may also be admixed with non-
condensable gases such as nitrogen or carbon dioxide.
The oxidation is effected in a reaction zone wherein the
oxidation step occurs in substantially two stages: in the
first stage, clemental iron is oxidized to FeO, and in the
second stage, FeO is oxidized to Fe,Oq In this dis-
closure, we denote the lower oxide of iron as FeO. As is
well knowa in the art, the ratio of Fc fo O in this oxide
is slightly less than one, and this ratio will vary depend-
ing upon the gas composition with which it is in cquilib-
rium. The first reaction stage oceurs in  distinel subzone,
preferably located above & subzone in which the sccond
stage oceurs, the solid materials being contacted counter-
currently with gases as hercinafter more fully described.
A continuous supply of reduced iron sulids for the oxi-
dation step is provided by subscquent reduction of the
oxidized iron solids with a reducing gas. Reduction is ajso
effected in a reaction zone wherein (he reduction step
oceurs in substantivlly (wo stiges: in the first stage,
Fe;0, is reduced to FeO, and in the second stage, FeO is
reduced to clemental iron, The first reduction stage oc-
curs in a distinct subzone, preferably located above a
subzone in which the second stage occurs, the solid ma-
terials being contacted countercurrently with gases as
hereinafter more fully described.

We have found that temperatures in the range of 1000°
to 2000° F. generally allow sufficiently high reaction rates
in both the oxidation and the reduction zones so that
high steam and reducing gas conversions will result. More
preferably ranges are 1000° to 15000° F. for oxidation
and 1300° to 2000° F. for reduction. We have also found
that reaction rates increase with pressure up to about
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200 p.s.i.p. Therefore, operation about this minimal pres-
sure, say 200 to 2500 p.si.g., can significantly decrease
the reqjuired size of each reactor.

The esserice of our invention is in providing that the
oxidation and reduction reactions occur in reaction zones
wherein both the oxidation and reduction steps are car-

ried out in two stages in separate subzones of the oxidizer-

and reductor. The two-stage reactions are more fully de-
scribecl hereinafter.

The reducing gas used in the reduction reaction need

only contain carbon monoxide and/or hydrogen in suffi-
cient guantities to reduce oxidized iron solids. The pres-
ence af other constituents such as nitrogen, steam, ciirbon
dioxide, methane, etc., does not affect the quality of
hydrogen produced in the oxidation step. Thus, the re-
ducing gus can be obtained from the least expensive and/
or the most convenient source, such as the partial oxida-
tion of coul, methane, shale oil or other hydrocarbons
with air or a mixture of steam and air or with such guses

as mity be obtained by retorting oil shale. 'The air or air- 2

steam mixture may also coniain carbon dioxide. In addli-
tion, we have found that it is advantageous for the redue-
ing gas to contain small guantiies of sulfur which inhibit
formation of iron carbides and free carbon, A su i
gas frem other plant operations might be used as the re-
ducing gos.

In carrying out the process of the invention, there are
emploved two reiaction vessels: the oxidizer, where re-
duced iron solids are contacted with stcam; and the re-
ductor, where the oxidized iron solids are contacted with
reducing gas. For continuous operation, il is necessary to
recycle the iron solids from the oxidizer to the reductor.
The equipment required for the transfer of solids can be
of any type, mechanical or pncumatic, which are availble
to all industrial processes. )

In 2 solids recycle system, such as is utilized here, it is
essential that cyclic solids conversion be exactly balanced
with respect to all solids phases. 1f not balanced, the
solids will tend to yield high reduction or high oxidation
levels which limit solids reaction rates and gas conversions
in the oxidizer or reductor.

The reactions pertinent to the cyclic reduction and oxi-
dation of iron can be summarized:

(1) Fe+H;0FeO+H, K;=PHy/PH,0
(2) IFcO4+H0Fcs0,+H;  Ka=PHy/PH,0
(3) FeyOi+H;»3FeO4-H0 Ky==PH,0/PH,
(4) Fey0¢+CO-»3Fe04C0Os K =PCOa/PCO
(5) FeO+Hy»>Fe+H,0 Ks=PH,0/PH;
(6) 1"e0O4+CO-»Fe+CO, Ke=PCO/PCO

The first two reactions occur in the oxidizer and the
last four in the reductor. Thus, for steady cyclic opera-
tions, the moles of clemental iron (Fe), oxidized with
steam by reaction (1), must in turn be formed by re-
duction of wustite (FeQ) with carbon monoxide and/or
hydrogen by reactions (5) and (6). Also, the moles of
magnetite (FeyOy), formed in the oxidizer by rcaction
(2), must be reduced by carbon monoxide and/or hy-
drogen in the reductor by reactions (3) and (4).

The: equilibrium constants for these reactions are shown
in FIGURE 1 as a function of temperature in the range of
1050° F. to 1800° F. It can be seen that, as oxidation
progresses and the H;0/H, ratio decreases, the oxida-
tion of wustite ceases before the oxidation of mctallic
fron. lLikewise, ns reduction piogresses and the H;O/H;
and CO4/CO ratios increase, the reduction of wustite
ceases before the reduction of magnetite.

We will first consider and discuss the problems of equili-
brium and conversion connected with operation of the
steam-iron process. As an example, if the reductor is
mainteined ut 1490° F., the formation of iron by reictions
(5) and (6) can occur only in the Jower subzone of the
reductar where the H0/H; and CO,/CO ratios are be-
fow 0.52. This corresponds to about 27 percent conversion

of the carbon monoxide plus hydrogen in a typicul reduc- 55
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ing gas where the carbon monoxide plus hydrogen is
ahout 20 percent of the total active gases (CO, CO,, Ha,
H,0). The maximum equilibrium conversion of the
CO4-H; in this typical reducing gas is about 68 percent
at 1490° F, (H;0/H, and CQy/CO ratios of 2,52 for the
reduction of magnelite). Therefore, the incremental re-
ducing gas conversion from 27 to 68 percent can be
effected by reaction (3) and (4) only. To obtain equili-
briom reducing gas conversions at this temperature, the

t of ite reduced in the upper subzone by
reaciions (3) and (4) must, therefore, be about 1.5 times
the amount of iron formed in the lower subzone by re-
actions (5} and (6). Since steady cyclic operation is
necessary, the oxidation must in turn form 1.5 times as
much magnelite by reaction (2) than iron oxidized by

‘reaction (1), This magnetite can only be formed in the

fower subzone of the oxidizer where Hz/H;O ratios are
less than the equilibrium value for reaction (2). At 1490°
., this corresponds {o only about 28 percent steam con-
version.,

Thus. to insure sufficient magnetite, the steam feed to
the oxidizer must be about 1.5 times the carbon monoxide
plus hydrogen fed 1o the reductor, As a result of this im-
halanee in active gn feeds, maximum steam conversion
will be only 45 percent: 28 percent in the lower subzone
by resction (2), und 17 percent in the upper subzone by
reaction (1), Thus, the lack of sufficient elemental iron
in the solids feed to the oxidizer limits steam conversion
to values far helow the thermodynamic equilibrium value
of 68 pereent at 1490° F. Thus, it is seen that improper
isothermal operation can seriously limit cither the steam
or reducing gas conversion; the reducing gas conversion
would be decreased at fower steam/reducing gas satios
since the production of magnetite would be limiting.

Equilibrinm conversion of both feed gases can only
he ubtained by isothermal vperation at specific tempera-
tures or hy operation of the reductor and oxidizer at
specific temperature differences. For instance, operation
of the oxidizer at about 1350° F, and the reductor at 1490*
F. would allow the stcam conversion to reach 41 percent
in the lower subzone before the equilibrivm for reaction
(2) was cxceeded. Thus, steam fed to the oxidizer could
cqual the carbon monoxide plus hydrogen fed to the reduc-
tor and maximum thermodynamic steam conversion of
68 percent could be obtained: 41 percent in lower sub-
zone by reaction (2), and 27 percent in upper subzone
by reaction (1),

The ahoxe example is cited to stress the importance
of maintaining proper temperature diffcrences between
the oxidizer nnd reductor to achieve equitibrium steam
and reducing gas conversions. The corresponding operat-
ing temperatuses 1o attain these conversions are given in
FIGURE 2 over a range of 1300° F. to 1700* F. for
different reducing gas qualities (reducing gas quality is
herein defined as the fraction of carbon monoxide and hy-
drogen in the (o1l active gases). FIGURE 2 shows that,
for any given reduction temperature and reducing gas
quality, the proper oxidation temperature depends only
on the fructivn of hydrogen in the carbon monoxide plus
hydrogen feed. Thus, for any particular reducing gas and
reductor perature, the specific oxidation temperature
can easily be determined from FIGURE 2.

Consider, as an example, a feed reducing gas contain-
ing 90 percent of its active gas as carbon monoxide plus
hydrogen, We sec that isothermal operation is only pos-
sible for such gas in the range of about 1375* F. to 1405"
F., depending upon the ratio of hydrogen to the carbon
monoxide plus hydrogen fed to the reductor. Low ratios
of hydrogen to carbon monoxide plus hydfogen require
operation proporfionately closer to 1405° F. as shown in
FIGURE 2 by the fact that the dotted lines represeat 100
percent carbon monoxide—0 percent hydrogen. Operation
of the reductor at temperatures higher than the isothermal
temperature requires operation of the oxilizer at lower
than the isothermul temperatures, and vice-versa, Opera-
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tion of the reductor at 1600° F., for instance, with a re-
ducing gas quality of 90 percent, requires oxidation tem-
peratures in the range of about 1320° F. to 1345° F., de-
pending upon the ratio of hydrogen to carbon monoxide
plus hydrogen in the feed reducing gas.

FIGURE 2 also shows the equilibrium steam and reduc-
ing gas conversions obtained at the different sets of operat-
ing temperatures. The cquilibrium steam conversion is
shown along-the vertical scale at the right side of FIG-
URE 2. Equilibrium reducing gas conversion is shown i
by the plot in the upper portion of FIGURE 2. Equili-
brium reducing gas conversion, Yy, in this plot is expressed
as conversion of total active gases fed and, as such, is in-
dependent of gas quality. The conversion of carbon mon-
oxide plus fiydrogen fed, Y. is easily obtained for any }
particular reducing gus quality, Q, us follows: ’

YT Q100
Y e

0

5

As shown, reducing gus conversions increase appreciably 20

with reductor lemperatuce, and steam conversion decreases
slightly with oxidation temperatures. Thus, high reduc-
Geral

6
the reductor. The gas composition above noted is typical
of that produced by the adiabatic partial oxidation of
methane at 1900° F. The optimum operating conditions
to achieve maximum reducing gas and steam conversion
are shown in Table 1.

TABLE 1,~(i AS COMPPOSITIONS AND FLOW RATES

Spont
Rodue-  Rodue- Bteam-
tlas jng Uas ing tiny  Bteam 1ty
Temprture, . 1,350 1,550 1, 1,405
Moles/hr, - 2 b2 3. 34

(‘ou:l‘»(crluon. Muole pereent:
[
It

o .
Cily .
N

Tat:)

"7 Feom Usidizor | From Reduetor

Sulids nules .y

tion and low oxidutiun temperatures are more b
if large temperature diffcrences can be practically main-
tained. FIGURE 2 also shows {along the right-hand ver-
tical scale) the molar ratio of iron to magnetile reacted at
the various oxidation temperatures.

We have found, according 1o our invention, that the
gas conversions shown in FIGURE 2 are possible only
when the gas and solids are contacted countercurrently in
both the oxidizer and reductor. This ensures that the solids
of the highest elemental iron content exiting the reductor
are fed to the top of the oxidizer, and that the solids of
the highest magnetite content exiting the oxidizer are fed
to the top of the reductor.

N . 3
In most large process equipment, heat additions or

removals from reaction zones to control reactor tempera-
tures is both difficult and expensive. For this reason, large
reactors are usually operated essentially adiabatically; the
heat inputs and outputs are those associated with the 4
inlet and exit streams and reactor heat losses. In this
process, oxidation is exothermic and reduction endo-
thermic, exccpt for reduction reaction (6) which is
slightly exothermic. Thercfore, temperature gradients will
be imposed across each reaction zone. These gradients 4
depend upon the gas and solids flow rates, heat capacities,
and inlet and exit temperatures, and, also, vpon the
amount of solids reacted in each reaction zone. Thus, it
is seen that oxidation and reduclion temperatures can-
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not be chosen arbitrarily, but will be dictated as a result 59

of the many variables involved. It is, therefore, highly
unlikely that both cquilibrium conversions can be simul-
tancously obtained beciuse of these restrictions. However,
it is possible to determine the optimum operating condi-

tions (flow rates, temperatures, solids conversions, et} 55

to yield maximum steam and reducing gas conversions
for reducing gas compositions 1ypical of those available
for this process. 1t should be understood that the optimum
operating conditions do depend on the composition of

reducing gas, and will, therefore, vary accordingly. 60

EXAMPLE 1

As an example, the process of the invention was oper-
ated using a reducing gas of the following composition:

Composition; Mole percent 65
C

- — e m e 17.2

HO ___.
CH, -
Ny

The solids material used was a commercial ammonia
synthesis catalyst of 40-100 mesh size. The solids resi-
dence time was 20 seconds in the oxidizer, 30 seconds in

4

By

Frin . 3.2 1y
FeO)* . hee s 3.59
Fe . . . L 0.0
Trewiper B 1,350 3,405

*Axsutned as Fegp0.

Note that solids compositions, gas compositions, inket
and cxit temperatures (and internal reactor temperature
gradients not shown in Table 1), and the ratios of solids
to gas flow rates are fixed for the particular reducing
gas fed 1o the reductor, Changes in the independent oper-
ating variables, viz, feed gas temperatures and the ratio
of solids to gus flow rates, will decrease either the re-
ducing gas or stcam conversion. For instance, higher
steam or reducing gas inlet temperatures will result in
higher solids temperatures in the reductor and oxidizer.
These higher temperatures will effect slight increases in
the reducing gas conversion, but a relatively larger de-
crease in steam conversion wifl result and the net hydro-
gen production per mole of teducing gas and steam fed
will be decreased. It should be understood that the values
listed for gas and solids flow rates are for illustrative pur-
poses only. Larger throughput rates are, of couise, pos-
sible. However, these rates should be increased piopor-
tionate to those listed in Table 1 for the particular feed
reducing gas.

According to the invention as shown diagrammatically
in FIGURE 3, the reductor has upper and lower sub-
zones 1 and 2. As hercinbefore described, the reduction
occurs in the two subzones, the reduction of FeyQy to
FeO occurring in subzone 1, amd the reduction of FeO
to clemental iron occurring in subzone 2. Similarly, the
oxidizer has two subzones 3 and 4, the oxidation of ele-
mental iron 10 FeO occurniing in subzone 3, and the oxi-
dation of FeQ to Fey) occurring in subzone 4. Solids
are recyeled as shown in FIGURE 3 from the bottom of
subzone 2 to the top of subzone 3. Gases are inuoduced
and exhausted from the oxidizer and seductor zongs as
indicated in FIGURE 3,

As mentivned previously, gas-sofids contacting must
be countercurrent to achieve optimum gas conversions.
This contact may be effected in a2 moving, fluidized or
solids free-fall bed. In particular, there may be used
u free-full bed where the solids fall through the up-
wardly movisg sus and tend to reach their terminal
downward veloity, Also, there may be employed a
hindered free-fall bed wherein downwardly falling solids
are baffled in their full by means of a suitable baffle.
One such baffled system consists of a 17-foot long by
2-inch 1D, oxidizer, and a 25-foot long by 2-inch 1.,
reductor; both containing 2 spined baffle. These baflles
consisted of vertical 3a-inch diameter center support rods
in which Y-inch diameter spines were horizontally
mounted. The spines were 2 inch apart (24 per foot
of support rod) and located in such a manner that the
entire cross-section of the reactor was covered by the
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24 spines, Thus, each vertically falling particle of solids
strikzs at least one baffle each foot of reactor length.
Thete may also be used a fluidized bed of high length/
dian-eter ratio where the overall solids movement is
courtercurrent to gas flow. In the alternative, there may
bo tsed staged fluidized beds wherein there cxists two
distinet fluidized beds in each reactor.

The kind of bed used, Auidized or free-falling, depends
o sumie extent on the aature of the solids, For example,
we have found that some iron solids, such as ammonia
synthesis catalysts, become “tacky” at temperatures ahove
abot ¢ 1000° F,, and the solids free-fill bed is best suited 1o
handle such solids since lower paticle densities can be
effectively utilized in the reactors, The rates of solids
reaction, boath exidation and reduction, are also favoral
i solids free-fall beds, since the maximum  differential
velocity (terninad settling velocily of the particle) be-
fween gas and particles is obtained independent of linear
gas velovity in the reactor, Thus, not reaction rites are
not Mindered by relatively fow gas diffusion rates, as is
oftest the case in fluidized and moving beds where gits
velocities are normally maintained subslantially below
partivle terminal velocitics.

We have found that the process of our invention can
effecively utilize several types of iron-bearing solids such
as arnmonia synthesis catalysts (an activated form of iron
oxide), several types of jron ores such as siderites and
magnetites (both raw and beneficiated), several types of
ore sinters, and other similar iron compounds. The rates of
reaction, both oxidation and reduction, measured in our
work show that temperitures in cxcess of 900° F,, prefer-
ably 1300° F. to 1700° F, are sufficient to effect conver-
sions with solids residence times in each reaction zonc
on the order of 5 to 180 scconds, preferakly 30 to 60
seconds in the reduction zone, and from 15 to 60 scconds
in the oxidation zone using parlicles ranging in size from
10 to 320 mesh, preferably 40 to 100 mesh. The rativ
of ¢t | iron to magnelite reacted in the oxidation
zone is 0.12:1 1o 1.85:1, preferably 0.3:1 to 0.5:1, The

ratic: of active gus to total iron in the system is between

0.18:1 and 9.0:!. The corresponding solids conversions
{ 10€: percent conversion cquals 27.6 pounds oxygen {rans-
ferred per 100 pounds solids fed) for these operating con-
ditions are 2 1o 30 percesit, preferably 10 to 20 percent.

Lincar gas velocities (based on actual operating conditions .

and empty reactor dimensions) between 0.1 and 6 feet/
second, preferably 2 to 3 fect/second, can bhe utilized
with solids frec-fall bed densities as high as 40 pounds/
cubic foot, preferably 5 to 15 pounds/cubic foot. Opera-
tion with fluidized hed densitics of 125 to 175 pounds/
cuhic foot, requires high length to diameter ratios, above
about 5. Thus, solids buckmixing is minimized, and true
counlercurrent operation is more closcly appronched.
Staged bed fluidization techniques commonly employed
in industry can also be used for this purpose, as previously
mentioned.

We have found thal reaction rates increase substan-
tially with pressute increases in the range of 0 to about
200 p.s.i.g. Therefore, the process of our invention should
operate in excess of about 200 ps.i.g. to take full ad-

vantage of these higher reacfion rates. The use of higher
pressures, say 200 to 2500 psr.g., prefcrnbly about
500 (o 1500 p.s.i.g., may be a on
the subsequent use of the hydrogen-steam mixture. For
instance, pressures of 1000 to 1500 p.s.i.g. are favorable
for hydrogasification of carbonaceous materials to. pro-
duce methane. Further, if the product hydrogen is to be
used in ammonia manufacture, it is advantageous to op-
crate at pressures of up to 2500 p.s.i.g., at which pressure
the hydrogen can be fed directly into the ammonia syn-
thesis equnpment. Higher pressure also increases solids
residence time in a solids-free-fall reactor since the termi-
nal ssttling velocity of particles decreases with increases
in pnessure,

We have also found that additions of methane to the
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feed reducing gas can increase its reducing quality by the
following probable reactions.

) CH¢+H;0=3H,4-CO
(&) CH,+Fe;04=3Fe0+CO+-2H,

The water for this reaction (7) is usually available in
the raw feed gas and is also produced internally by the
hydrogen reduction reactions, Since these reactions are
cndothermic, the heat of reaction must be supplied to the
reductor to maintain proper reactor temperatures, This
can be accomplished with higher inlet gas temperatures
or by combustion of some of the spent reducmg gas at
the top of the red by the ad n of air to this
portion of the reductor.

We have also found that the addition of sulfur or sulfur
compounds fo the feed reducing gas is beneficial to the
priwess. For example, hydrogen sulfide concentrations of
0.0 10 0.5 pereent in the feed reducing gas inhibit the
possible formation of free carhon; the formation of the
unwanted predicts decreases the reducing quality of the

lucing gases and the formation of carbon oxides
m the oxidizer. ;

In commercially sized equipment, some heat losses
from the system can be expected. Reasonable equipment
design should limit these losses to less than § percent of
the hecat input to the system, in this case the enthalpy of
the feed gas streams, Therefore, t0 maintain optimum
temperature gradients in the reactors, higher inlet gas
temperatures can be used as a convenient source of addi-
tional enthalpy, However, only enough additional enthalpy
to balance heat losses should be provided, otherwise
higher than optimum operating temperatures will result.

In our process, loss of solids temperature is detrimental
to reducing gas conversion, Therefore, the most favorable
reactor oricntation with respect to temperature profiles
is that which insures high inlet solids temperature to the
reductor. For this reason, in one embodiment of our in-
vention, the oxidizer should he mounted directly atop the
reductor so that hot solids can be rapidly transferred
from oxidizer bottom to reductor top as shown diagram-
matically in FIGURE 3.

Tn such a reactor system, freshly reduced solids pass
downwardly through the oxidizer through two reaction
subzones indicated as 3 and 4, and exit at the bottom
directly into the top of the reductor, subzone 1, with
minimum heat loss. In subzone 3 there occurs predomi-
nantly reaction (1) hercinbefore deseribed. In subzone
4 (here occurs predominantly reaction (2). Freshly oxi-
dised solids pass downwardly through the reductor through
two reiction suhzones indicated as 1 and 2, exiting into
the bottom of a suitable lift means, e.g., & pnenmatic lift
where they are carried to lhe top of the _oxidizer com-
pleting the cycle. In sut
are reactions (3) and (4); m subzone 2, reactions (5)
and (6).

Any conventional reaction chambers and equipment
can be used as oxidizer and reductor. For example, we
have employed a 17-foot long oxidizer mounted directly
atop a 25-foot long reductor, both with 2-inch internal
diameters and both baflled, as discussed previously, A 6-
inch I.D. hopper about 3 feet in length was mounted
above the oxidizer, and a receiver of similar size was
mounted below the reductor. The hopper contained a
screw feeder for solids flow rate control so that excess
solids were always stored directly above the screw, Solids
were fed from the hopper at controlled rates and fell
through the oxidizer, then through the reductor into the
receiver from which the solids discharged into the bottom
of the penumatic lift where they were entrained by the
lift gas and carried to the top of the unit where the solids
were disengaged from the lift gas and discharged into the
hopper. Feed steam at controlled pressure and tempers-
ture enters at the bottom of the oxidizer, flows upwardly,
contacts the solids countercurrently, and exits at the top
of the oxidizer as product hydrogen and unreacted steam.,
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Feed reducing gas at controlled pressure and temperature
enters the bottom of the reductor where it flows upwardly
countercurrent to the solids, exiting at the top of the
reductor. Both product gas streams are processed as re-
quired in conventional process equipment. 5

In this embodiment of the invention, feed reducing gas
at controlled temperature and pressure is used in the
pncumatic lift to transport solids from the bottom of the
reductor to the top of the oxidizer, The gas entrains the
solids, carries them upwardly through a conduit to a gas-
solid separator, for example, a centrifugal separator where
the solids are disengaged and fed into the oxidizer. Trans-
port gas is then returned to the bottom of the reductor.

The following further examples illustrate the inven-
tion. In both Examples 2 and 3, the solids material and
reactor residence limes are the same as in Example 1.

EXAMPLE 2.—0AS COMPOSITIONS AND FLOW RATES

-
XY

Spont
Redue-  Rteduc- Steam-
Cas Ing Gas ing Gas  Steamn 1 90
T hd JUN 1, 600 1, 550 1,100 1,438
¥ 2.2 22 1.6 1,60
Composition, Mole percent:
[6{1) u7 4.0 .
1.6 7 .
40.7 12.0 . ue o
6.7 H.8 .0 §9.9
1.3 L2 ceera
34.4 344 . .
w7 0.7. .
. o0, m.e

From Oridizer  From Weductor

0.2
1.8
0.37
14N oo
cAssumed a8 Fee 0.
EXAMPLE 3.—CAS COMPOSITIONS AND FLOW RATES
Spent
Redizes  Redue- Steanse 40
(17 ing Gas Ing UGas  Steam 11y
Tempearature, * Foooeaerrennnens 1, 50 1, 500 1,100 1,430
i 3.6 368 P 2.02

From Oxidizer  From Reductor 6o
Soltds (molas/hr.):
FeiOeaeevsmimminnmacsaranenee 2.5
FeQ°. 1.05
Fe.... .
Tempsruturs. . 1,430
55

*Assumed as Feo.n0.

The above description has served (o illustrate a specific
upplication of this invention. Other modifications of equip-
ment and operating conditions can casily be made by those
skilled in the art to ulilize more advantageously a specfic
type of fred reducing gis or type of iron-beqring solids
and is considered within the scope of this invention,

We claim:

1. A continuous steam-iron process utilizing counter-
current gas-solids contact for producing hydrogen com-
prising the following steps:

(1) reacting FeyO4 with 2 reducing gas at a tempera-

10

ture from 1000° F. to 2000° F. in a reduction zone
wherein said Fe;Oy is reduced to FeO in a first sub-
zone and said FeO is reduced to clemental iron in a
second subzone, and

(2) reacting the resultant reduced solids product with
steam at a temperature from 1000* F. to 2000° T.
in an oxidation zone whercin said clemental iron is
oxidized to FeO in a third subzone and said FeO is
oxidized to Fe;04 in a fourth subzone,

step (1) being caused to occur countercurrently such that
fresh reducing gas is contacted with substantially FeO to
produce elemental ivon and the resultant gas is contacted
with substantially FeyO, to produce FeO, and step (2)
being 1 to occur rrently such that feed
steam is contacted with substantially FeO to produce
Fes0, and the resultant gas is contacted with substantially
clemental iron to produce FeQ, thercby producing hydro-
gen, and said steps (1) and (2) being operated at a pres-
sure of minimally 200 ps.i.g.

2. Process of claim 1 whercin the ratio of clemental
iron to FesO4 reacted in the oxidation subzones is 0.12:1
to 1.85:1.

3. Process of claim 1 wherein the solids discharged
from the fourth subzone, comprising substantially FeyOy,
are fed to the first subzonc.

4. Process of claim 1 whercin the third and fourth sub-
zones of step (2) are located above the first and second
subzones of step (1) and wherein the solids dischurged
from the fourth subzone, comprising substantially FeaOy,
ure fed dircctly to the first subzone whereby temperature
loss between the first and fourth subzones is minimized.

5. Process of claim 1 wherein countercurrent flow be-
tween solids and gases in said reduction zone is attained
by free-fall of solids downwardly through upwardly rising
gas.

6. Process of claim 1 wherein countercurrent flow be-
tween solids and gases in said oxidation zone is attained
by free-fall of solids downwardly through upwardly rising
gas,

7. Process of claim 1 whercin countercurrent flow be-
tween solids and gases in said reduction zonc is attained
in a fluidized bed.

8. Process of claim 1 wherein countercurrent flow be-
tween solids and gases in said oxidation zone is attained
in a fluidized bed.

9. Process of claim 1 wherein air is injected at the top
of the first subzone to combust a portion of the spent
reducing gas.

10. Process of claim 1 wherein the reducing gas con-
tuins carbon monoxide and hydrogen.
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Int. Cl1 9%01!) 1/708; COlLc 1/04; BO1} 9/006

US. €1, 231 Claims

ABSTRACT OF THE DISCLOSURE

In an ammonia synthesis wherein part of the requisite
hydrogen is supplied by the steam-iron process, the im-
provement which comprises using purge gases from the
ammonia synthesis to assist in the reduction step of the
steam-iron process.

B ————aad

‘This application is a conti -in-part of our co-
pending application, Ser. No. 477,769, filed Aug. 6, 1965,
now abandoned,

‘This invention relates to the production of ammonia
via the stcam-iron process. In particular, this invention
relates to methods for improving the overall process ef-
ficiency of ammonia production wherein the feed hydro-
carbon.requirements are reduced and the process is thercby
rendered more cconomical,

Ammonia synthesis gas. ie. gas containing nitrogen
and hydrogen in the proper ratio for conversion to am-
monia, is conventionally produced by steam reforming of
methane, whercin natural gas (methane) Js reacted with
air and steam in a catalytic reformer to produce a gas
consisting of carbon monoxide, carbon dioxide. hydrogen,
water, nitrogen, argon, and residual methane. These gases
are further treated by water gas shift, carbon dioxide re-
moval, and methanation cquipment to produce ammonia
synthesis pas substantially free of carbon monoxide, car~
bon dioxide, and water.

The process is known for producing ammonia synthesis
gas which uses the steam-iron process for producing hy-
drogen which serves as an adjunct to the nitrogen and
hydrogen produced by the partial oxidation of natural
gas (see U.S. Pat. No. 2,014,757). The steam-iron process
uses a reducing gas to reduce iron oxides which then are
reacted with steam to produce hydrogen.

The ammonia synthesis gas, however produced, is then

reacted in a conventional ammonia synthesis loop at ele-
vated pressures to produce ammonia. Because of the re-
cycle nature of ammonia synthesis, the loop system must
be continuously purged to prevent accumulation of resid-
ual gases, such as argon and methane. These purge gases

tain considerabl, ts of nitrogen and hydrogen
which must be discarded and, as a result, the overall
efficiency of the process is decreased.

Recent advances in ammonia synthesis have resulted in
lowering of ammonia loop operating pressures from ahout
5000 psia. 10 substantinily lower pressures with 2 net
decrease in operating costs because of decreased compres-
sion expenscs. However, the savings arc offset to a degree
hya i in the vol of purge hled from
the synthesis loop, For example, at 2300 p.s.ig. an amount
of gas equivalent to about 10% of the feed synthesis gases
is purged from the loop.

These purge gases comprise about 69 percent hydrogen,
23 percent nitrogen, 6 pergent methane, 2 percent argon,
traces of ammonia and other impurities, and would be
considered a Jow quality heating value gas (about 280
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B.t.u./s.c.f.). Purge gases are normally burned to recoup
their thermal energy in a conventional plant.

In accordance with our invention, these purge gases are
used in the steam-iron process to effect a more efficient
operation when using such process for ammonia synthesis
gas production. In the preferred embodiment of the steam-
iron pracess, two reactors are used: a reductor to produce
reduced iron oxides by reaction of a suitable reducing gas
with iron oxides, and an oxidizer to produce hydrogen by
reaction of steam with the reduced iron oxides. Admission
of the ammonia loop purge gases to the reductor increases
the production of reduced iron oxides and subsequently
increases the hydrogen production in the oxidizer. Since
the spent reducing gas is not used as a portion of am-
monia synthesis gas in this invention, there can be no ad-
ditional accumulation-in the synthesis loop of undesirable
residual gases, such as argon. In fact, methane in the purge
gases can react in the redyctor to form additional hydrot
gen and carbon monoxide and increase the reducing po-
tential of the reducing gas resulting in even further in-
creases in hydrogen production in the oxidizer, Increases
in hydrogen production are reflected as decreases in feed.
stock requirements to the partial oxidizer in the produc-
tion of the reducing gas. This is an important economic
consideration because the feedstock material is the prin-
cipal operating expense in ammonia manufacture.

Thus. it is the essence of this invention to produce am-
monia by combining the pastial oxidation of natural gas,
other hydracarbons, or carbonaceous fuels with the steam-
iron process to effect substantial economic savings by in.
jecting the ammonia synthesis loop purge gases into the
reductor of the steam-iron process.

It is an ohject of this i tion to p
by the steam-iron process wherein the pressure energy of
the ammonin loop purge gases is more efficiently recov-
_ercd by injecting these gases into the reductor of the steam-
iron process.

It is yet another object of this invention to produce
ammonia using the stcam-ifon process wherein methane
in the ammonia loop purge gases reacts in the reductor
of the steam-iron process to substantially decrease natural
gas feed requirements,

Other objects of this invention will become apparent
as the invention is more fully described hereinafter.

In the drawings:

FIG. 1 is a flow diagram showing the process steps of
this invention.

FIG. 2 is a detailed flow diagram for a 1000 ton/day
ammonia plant using the improved process of the in-
vention.

In the process of the invention as shown broadly in
FIG. L, natural pas, air, and steam enter the catalytic
partial oxidizer wherein high quality reducing gas (high
carbon monoxide plus hydrogen content) is produced.
Such process and apparatus effecting it are well known
in the art. As an alternative to natural gas feedstock,
higher hydrocarbons may be used as the hydrocarbon
feed. Tt is also possible to produce this high quality re.
ducing gas by partial oxidation of coal or other car-
bonacecous materials. The product reducing gas stream
is then split, some used in the reductor of the steam-
iron pracess for reducing iron oxide. the rest used to
supply the necessary nitrogen for the ammonia syn-
thesis loop, The fatter stream is passed thrangh conven-
dional water gas shift, carbon dioxide removal, and
methanation equipment as shown diagrammatically in
FIG. 1. yielding nitrogen, hydrogen, and residuals, such
as methane and argon. Additional hydrogen to obtain
the proper stoichiometric mixture of hydrogen and
nitrogen for the ammonia synthesis loop is obtained from
the steam-iron process wherein reducing gas reacts with
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the iron oxide solids in the reductor to produce a re-
duced form of iron oxide (elemental iron and ferrous
oxide). The reduced form of iron oxide is recirculated
1o the oxidizer and contacted with steam to produce the
necessary hydrogen. The steam-hydrogen mixture is then
cooled to condense steam and the residual hydrogen is
mixed with gas from the methanator and fed to the
ammonia systhesis loop.

Because the spent reducing gases from the reductor
do not enter the synthesis loop, any inert gases added
to the feed reducing gas will not accumulate in the
system. This addition of the loop purge gases to the re-
ducing gas feed to the reductor subsequently decreases
feedstock requirements to the partial oxidizer. Thus,
as shown in FIG. 1, the purge gases are fed to the steam-
iron process reductor and are used as supplemental re-
ducing the reducing gas from the partial
oxidizer.

A detailed flow diagram of a 1000 ton/day ammonia
plant using the process of our invention is shown in
FIG. 2. Al the necessary energy required for process
operation is developed within the process. When using
the process of this invention—utilizing the loop purge
gases in the reductor—there is required only 29,600

s.c.f. natural gas/ton ammonia as compared to require- -

ments of 32,000 to 42,000 s.c.f. natural gas/ion am-
monia for conventions! ammonia plants now in opera-
tion. Thus, the natural gas requirements, which account
for almost two-thirds of total manufacturing costs of
a 1000 ton/day ammonia plant, can be reduced 15 to
30 percent by use of the process described herein. In
conventional operation, about 17 percent of the feed
patural gas is required to maintain reformer tempera-
tures. The economic advantage 1o be had with this
process is self-evident.

The following description of the invention should be
read in conjunction with Table 1 which describes the
various gas streams identified in FIG. 2. The moks of
material fed, or formed, in the process are shown in
FiG. 2, and indicated by the letiers m.p.h, i.e. moles
per hour.

29
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to 1500° F., and then split into (wo streams, one for
the reductor, the other for the water gas shift unit.
The smaller portion is admixed with water, which flashes
to steam, and is fed to the water gas shift reactor 1o
convert the carbon monoxide by reaction with stcam
and carbon dioxide to hydrogen.

These product pases pass through exchangers D, E, F
and water knockout pot G, and enter the carbon dioxide
removal system which consists of a scrubber, regenerator
and water knockout pot H. The scrubbed gases pins
through exchanger J and enter the methanator where the
residun] carbon oxides are almost completely removed by
formation of methane to prevent poisoning of the am-
monia synthesis catalyst in the ammonia synthesis loop.
The methanated gases are (1) passed through exchanger
J, (2) passed through water knockout pot R, (3) admixed
with hydrogen from the steam-iron process. and (4) com-
pressed in compressor K to ammonia synthesis loop pres-
sure at 2300 p.s.i.a. in this example.

The ammonia loop system, here illustrated, produces
1000 tons/day of ammonia and 1,189 moles/hour of
purge gas at 100° F. The purge gases are reduced in pres-
sure from 2300 to 470 ps..a. in pressure reducer L.
Because of the small volumetric flow rite, pressure encrey
is not recovered in this pressure reduction. The purge
gases are then heated in exchanger M to 1500° F. and
admixed with the larger portion of rcducing gases from
the catalytic partial oxidizer to improve the reducibility
of the feed gases to the reductor of the stcam-iron proc-
(58

In the reductor. the improved reducing gases are con-
tacted countercurremly with downwardly moving iron
oxide sofids reducing them to lower oxide forms (ele-
mental iron plus ferrous oxide ). The spent reducing gases

5 pass through exchungers M and B and expander N gen-

erating about 23,000 H.P. The expanded pases are {urther
utilized in the boiler house to generate stcam which is
used for process feed steam. Of the total energy extracted
from the spent reducing gases, over 10 percent results
from the purge gases added to the feed reducing gas. Thus,
in conirast to conventional operation, about 80 percent

TABLE L—8TREAM VOLUMES AND COMPOBITION

das fow
Siream No. Iy €O €O, Cii Ns A IO Mokeshr.  MMs.clhr,
0.88 3586 0.465 7.47 17,192 (X4}
063 d588 0,40 747 7. %3 a7
1.2 #48 03 6.65 10, U0 4.4
1.2 #4443 073 .8 10, 800 4.4
. ¢ S I I TGN . X~ 1 R, 263 313
L1l 0@ 2 029 418 13,405 4.5
10,47 0.3 268 0,26 I 13,160 4.0
0.8 30.35 0.3 7.7 98 am
47 8B 04 223 7.7 a7
0.97 .6 W 02 6,552 ER)
T IV X 1] 4,47 L&
08 2492 032 a2 e 4.0
&t 22 2w . [0 (13

In the operation of the process, air is compressed to
470 paia., mixed with natural gas to attain 395° F,
and b § in heat exch A 1o 860" F., exchanger
B to 1125° F., and exchanger C to 1520° 17, Because
of the combustibility of the gas air premix, premix
velocities in the exchanger coils should exceed about 40
feet/sec. in A for temperatures up to about 900° F.,
100 feet/scc. in B and 200 fect/sec. in C. Stecam is
added to the premix before it enters exchanger B to
inhibit combustion and carbon deposition reactions in
the higher temperature exchangers. These gases are con-
verted to reducing gases in the catalytic partial oxidizer
which operates at a nominal temperature of 1500° F.
to 2200° F. and a pressure of 470 ps.ia. If desired,
the natural gas, air, and steam can be separately heated
to 1520° F., mixed and fed to the catalytic partial oxi-
dizer,

The product reducing gases from the catalytic partial
oxidizer pass through heat exchanger C and are cooled

[i5]

<

of the pressure energy in the purge gises is recoveied by
admixing them with the reducing pas beed.

The reduced iron oxides trom the 1eductor enier the
oxidizer and are contacted wath steiam o prodace i stenn
hydrogen product mixture, Tiss mixtuge is passed thranrh
exchanger A, and throngh exchanger O whicl beads wa-
ter for the water i ahitt system. "the mixture s turtler
cooled in exchanger P and water is cemoved in hnock-
out pot Q. The pure hydrogen remaining is then admixed
with the methanated gases 1o yield i proper stoichiome(ric
ratio of hydrogen and nitrogen for ammoria synthesis.

The above example shown diagrammatically in 116G, 2
serves to illusteate a specific application of this invention.
Modilications of equipment and operiting conditions can
casily be made by thowe skilled in the art to utilize mwwe
advantageously a specitic type of feedstock material and
are considered within the scope of this invention.

We claim:

1. In an ammonia syathesis loop which is supplicd with
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supplemental hydrogen by the steam-iron process, the
improvenient which comprises using purge gases from said
ammonia synthesis loop 0 reduce iron oxides formed
in said steam-iron process.

2. In the process for producing ammonia in an am-
monia synthesis loop from a synthesis gas obtained by
the partial oxidation of a hydrocarbonaceous feedstock,
wherein the hydrogen content of said synthesis gas is sup-
plemented by hydrogen supplied by a steam-iron system
containing an oxidizer and reductor, the improvement
which compriscs feeding pur-e gases from said ammonia
synthesis loop to said reductor of said steam-iron sys-
tem.

3. In a process for producing ammonia comprising the
following steps:

(a) reacting air with a hydrocarbonaccons feedstock
cither with or without the addition of steam to pro-
duce reducing gas comprising carhon monoxide, hy-
drogen, nitrogen, steam, carbon Jdioxide, and resid-
uals such as methane, argon, and other impnritics;

(b) reacting # portion of the reducing gas from step
(a) by water gas shift reaction, carbon dioxide re-
moval and by methanation rcaction to remove resid-
nal carbon oxides. thereby producing a synthesis gas
comprising cssentially nitrogen and hydropen: and

(¢} producing hydrogen-rich gas by the steam-iron
process for admixture with said synthesis gas for
feeding to an ammonia synthesis loop,

the improvement which compriscs feeding purge gases
“rom said ammonia synthesis loop 10 the reductor of said
steam-iron process 10 increase the cfficicncy of the re-
ductor reducing gas in said stcam-iron process.

4. Process for producing ammonia from synthesis gas
vontaining hydrogen and nitrogen in required stoichio-
mctric ratio comprising the following steps:

(a) reacting air with a hydrocarbonaceous feedstock,
cither with or without the addition of stcam, by
catulytic partial oxidation to produce reducing gas
comprising carbon monoxide, hydrogen, nitrogen,

An_A1™
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steam, carbon dioxide and residual methine and
argon;
(b) feeding a portion of said pas produced in step (a)
successively to water gas shift reactor, carbon’ di-
oxide removal apparatus and methanation reactor
to remove residual carbon oxides, thereby producing
a gas essentially composed of nitrogen and hydrogen:
(c) feeding the balance of gas from step (3) to the
reductor reactor of a steam-iron process apparatus,
and withdrawing hydrogen from the oxidizer reactor
of suid apparatus;
(d) admixing hydrogen from step (c) with gas result-
ing from step (b) to produce the required stoichio-
metric ratio for immonia synthesis and feeding said
admixture to an ammonia synthesis loop; and
(c) feeding purge gas from said synthesis loop to the
reductor of said steam-iron process apparatus where-
by suict purge gas nugments the reducing iy require-
mients in step (c) and substantially reduces the re-
quirement for hydrocarbonaceous feedstock! in step
(a).
5. Process of claim 4 wherein said hydrocarbonaceous
feedstock in slep (a) is natural gas, .

6. Process of claim § wherein catalytic partial oxida-
tion of step (a) is effected at a pressure above BOO'P.s.i.g..
and a temperature between 1500° and 2200° F.
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ABSTRACT: In a continuous steam-itun process whesein finc-
Iy divided iron oxides are reduced 0 4 scduction sonc and the
reduced iron oxides are reacted with stzam in an oxidation
zone to make hydrogen. the seduction of the iron oxides 15 cof-
fected by means of a continuvusly recirculating stresm uf hot,
finely divided carbunaceous solids which are mixed with the
iton oxides in & dow nwardly moving bed under reducing con-
ditions, and heat 1s supplied to the reduction zone by the car-
bonaceous solids which are heated by partial combustion out-
side the reduction zone. in the preferred cmbodiment of the
process, the mixture of reduced iron oxides and carbonaceous
solids from the reduction zone is separated in a Muidized
scparation zone into a stream of reduced iwon vades and 3
stream of carbonaceous solids The stream of reduced iron ox-

ides is ducted to the oxid zone where the reduced
iron oxides fall through a fluidized bed of hydrocarbonuce
solids in countercusrent flow relationship to steam. whereby a

product gus is produced which c hane by virtue of
the reaction of the hydrogen (produced by the steam-iron
reaction ) with the hydrocarbonaceous sulids
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1
CONTINUOUS STEAM-IRON PROCESS

This i i k to ar imp in the steam-iron
process for making hydrogen or fuel gas.
The st iron p isap for rnalung hydrogen by

the reaction of steam with either elemental iron or a lower
iron oxide, for example, FeO. The reaction produces higher
oxides of iron, for example, Fey0,, which may be reduced to

2

solids in a dowawardly moving bed in the reduction zone. No
oxy;en-(molecuhr) containing gases are introduced into the

g bed in the reduction zone. The red: conditions
are telec(ed 1o insure that only plnul carbon deplehon is ef-
fected during the passage of the solids throug
the reduction wne. while b , the desired red of

the iron oxides to Fe and FeQ is effected. Heat is supplied to

 th e meet the of the p by pmul combustion or
repeal the cycie. the carbonaceous solids in a ion zone k d
Despite the apparent simplicity of the steam-iron process 10 pe reduction zone. The of partial b i con-
and despite the fact that it has been lmown and worked on for trolled to raiss the temp of the carb s::lids suf-
::;' 100 ye_nn..‘to' the best of our } ol"l:‘- no lsl.cax.r.ny ’I' l'whl;hto:upply diabati ; t::: heat required
C - n t fi di of t 2
iron process has been de eloped which is now practiced com- 15 Zoneis interposed between the reduction zone and the oxida-
» Perhaps the principal reason for the failure of the £ 4o z0ne 10 effect ion of the carb solids from
3 TOR Process to achic ¥ isthe dif-  the reduced iron oxides leaving the reduction zone. Separa-
ficulty involved in o it a continuous p Todoso tion is effected by passing a gas through the mixlute of car-
q! subpctng v y wing H solids and reduced iron oxides at a velocity which
::;:':’”gf iron °’“d’:‘ ::i:‘:" d'“‘"“‘c::‘;"'_;::' ;:"':':h‘”‘e'd:' 20 Permits ready separation by virtue of the difference in densi-
N B e | or naiiion: 2CA 1Cac- % ties of the iron and carb sofids. A
:2':‘}::;::‘:“;::9""‘“"‘ input and distribution of the heat - qidized scparation zone is especully preferred wherein the
3 neprocess. fluidized bed ly of the lighter carbonaceous
rl’m,r conl:duo;;?::a:‘n.xrozpl?“’n‘: have f“i':"‘d the “:’ solids from which the heavier iron compounds may be
of lll:oll:l reduc! nU sorP re :lcmlz 198';063 oxl‘l es (see, hy 2§ withdrawn and sent to the oxidation zone. The oxidation zone
*::do ; um‘anon. vle g at. No. 2,198,360). However, ; in the preferred embodiment comprises » fluidized bed of
P "cm"::" a suita uneconormc;: Furlherr;-n;:c fresh carbonaceous solids into which the reduced iron oxides
N are fed. Hydrogen is produced by the relatively fast r ion of
bccnlu;e of ‘dm "m:;:'o"; 'Tm‘:. :y :(t’he ﬂ;e;mgd{n::g steam and reduced iron oxides, and in turn reacts with the car-
cz:;’;__ ""'.Th unn;_ feduction of eh M and ¥e y o t:) 30 bonaceous solids to form methane. The separated car-
a ei: ! the off-gas %“” ning hydrogen and carbon bonaceous solids from the separation zone are recirculated
monoxice, the ofi-gas IOT o ama carbon " hrough the bustion zone back to the reduction zone
LA P . . The p p i ly and cfficiently to yield
Thl:sl;:cha S len.‘.h “.'bc "I'" 02 iy ';s N hydrogen or a methane-rich gas. The impruvement in
g ef- MO 35 economics of the process as compared with prior steam-iron

598,072, filed Nov. 30, 1966 and amgncd to the assignee of
the present invention, the reducing gas is made in situ by
reacting air and carbonaceous solids in the presence of the
iron oxides. Such a process has many ad ges but requi

processes is due to the efficient use of low cost, finely divided
carbonaceous solids fo: 1 the reduction of iron oxides, 2 the
supply of process heat, and 3 in the preferred embodiment,

careful control to minimize reconversion of elemental iron to
higher oxides by contact with air.

Continuous stcam-iron processes have been proposed
which utilize either a solids in gas d ion or the fluidized
solids technique in the oxidation zone and the reduction zone
(sce, by way of illustration, U.S. Pat. Nos. 2,602,809 and
3,017,250). Reducing systems employing a dispersion of pow-
dered iron oxide in a suspending gas call for large reactors and
cmtly gas-solids All to with the

P Ly

iron oxide in a fluidized condmon have fmled to bccorne suﬂ' -

ciently att for aft
mass is of uniform mon thr _‘ hereas a com-
position gradientis g 1l

In accordance with the present mvcnnon we have provided
an improved continuous steam-iron process which uses not
onlyar y stream of parti iron oxides, but also
usesa y stream of parti b solids
to cffect seduction of the iron oxides and to supply process
heatreq In the practice of the p of this inven-
tion, reduced iron oxldes comprising pnncxpaﬂy FeO and Fe
are oxidized by steam in an oxidation zone, and iron oxides
comprising principally Fe,O, and FeO are reduced in a reduc-
tion zone. By “principally” we mean that at least 50 percent
by weight of any mixture of oxidizable or reducible iron com-
pounds, as the case may be, consists of the indicated com-
pounds, and the actual percentage approaches {00 percent
under equilibrium conditions. The relative amounts of FeO
and Fe in the oxidizable mixture, and the relative amounts of
Fe,0, and FeO in the reducible mixture are functions hrgely
of the perature, p . and resid time
in the respective reaction zones. The oxidation of FeO and Fe
(sometimes simply referred to herein as reduced iron oxides)
is accomplished by passing steam in reactive relationship with
the reduced iron oxides in an oxidation zone. The reduction of
Fe,0, and FeO is lished by subjecting them to direct

ds

o

w
w
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the production of methane in a relatively simple two-vessel
system. The gain in eﬂ'lcnency n the reduction zone arises
from the th 1 blished in the downwardly mov-

ing bed and from the lack of back- -mixing of reduced iron

Thus, maximum reaction rates result from the countercursent
flow relationship of the upwardly flowing reducing gases
(generated in situ) and the downwardly flowing fresh iron ox-
ides. The ab of molecular oxygen- ining gases as-
sures no loss of desired reduction as a result of competing
reactions. The flow of gases and solids 1n the oxidizer 1s most
efficiently conducted in a fluidized bed for the particular reac-

tions involved, to thereby minimize |empcralurc gradients and
to provide for an cfficient bal hermic and
endothermic reactions. Thus, in summary, the smproved
p provides for the of the optimum condi

tions for the reduction of Fe,0, to FeO to Fe, and for the vux.
idation of the reduced iron oxides with steam.

For a better und fing of our in . ity obpects and
advantages, reference should be had to the following descnp-
tion and accompanymng drawings in which

FIG. 1 is a diagrammatic drawing of our nvention 1 its
broadest aspects,

FIG. 2 1s a diagrammatic drawing of the preferred embadi
rent of our invention,

FIG 3 is the sume diagrammatic drawing of FIG 2 but
showing the lucations of different points in the aolids and gas
streams to aid in understanding the material balunce run re
ported in Table I of the specification,

FIG 4 is a schematic drawing of a modification of the
preferred embodiment of FIG. 2; and

FIG § is the same schematic drawing of FIG 4 hut showing
the locations of different points in the solids and gus streams 1o
aid in understanding the material balance run reported in
Table [l of the specification.

Referring to FIG 1 of the drawings, the numeral 10

contact with the recirculatory stream of hot carb

!

4c-A24
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s u suitable vessel for housing a reduction zone 12
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and un oxidation zone 14. The reduction zone consists essen-
tially of a downwardly moving bed of solids which flows by
gravily through an opening 16 into the oxidation zone. The
downwardly moving bed of solids in the reduction zone con-
sists ‘»senually of a mlxmrc of two recirculatory suenms of
solid: moving in flow rel
the first stream of solids co-uim iron oxides which are pnn-
cipaily Fe,0, and FeO. The second stream of sulids contains
carbenaceous solids which serve not only to effect reduction
of the iron oxides, but ako to provide adubanc&lly the heat
ired for the red ion. The primary reactions
which occur in the reduction zone are as follows:

1. CO+Fey0,— 3FeO+CO,

2. 0+FeO 7+ Fe+CO,

3.COHC - 2CO

The intained in the red
between 1000* and 2600* F. The p may be pheric
or superatmospheric. The size consist of the iron oxides may
suitatdy be in the range of 325 to 2 Tyler Standard screen. The
size consist of the carbonaceous solids may also suitably
the range of 325 1o 2 Tyler Standard screen. The residence
time of hoth solids in the reduction 2une is genesally between
15 seconds and 60 minutes

The carbonaceous solids in the reduction zone may con-
veniently be a solid carbonaccuous fue! that is nuncaking under
the condilions of the reduction 2onec. Suitable solids of this
kind are noncaking coals, hignite, coke, char which is the sviid
pmducl obtasned by the pywlysns of coal or lignite, or coals

k di Such sulids are generally
ush-containing, and as will be shown later, provision must be
made for dlsclurgmg ash from the overall system to prevent its
buildup beyond a given puint. Ac.lu.nll) uptsa puml the ash
serves as ¢ heat carner for ing the desire
ture in the reduction zone. I general, |hc carban v.omcnl of
the carbonacenus solids i the reduction zene s at least 20
peiceat by weight. The weight tatio of carbon to iron oxide in
the reduction zone must be suflivient to assure the required
conveesion of £¢,0, and FeO to FeO and Fe Juring the

I h the r
this invention, 1he reduced iron oxides, wgether with carbon.
depleled carbonaceous solids, flow into the oxidation zone
without any attempt to scparate the two solids systems. Tlis s
not the preferred procedure as will be sven i the description
of the preferred embodiment. $fowever, in the case of very
reactive carbonuceous solids, such as some lignites, it is feasi-
ble for them even in & carbon depleted stute to react with
steum in the oxidation zone, even in the presence of son or
FeO. The less reactive carbonuceuus solids in a carbon.
depleted state would generally constitute a mass uf relatively
inert 10lids, thus reducing the effective throughput in the ox-
idution zone.

In 1he oxidation zone, stcam is introduced through e stcum
inlet 18 and is circulated in resctive relationship to the
reduced won oxides. The reaction of steam with Fe and with
FeQ it extremely rapid and cxmhumu. The reactions are oy
foilows:

4 H,0+Fe FeO+H,

5.H,0+3Fe0 *Fe,O 4 H,

Any gus-solids system may be used i the onidation cone 0
muke hydrogen because of the high rate ¢ { reaction of stean
und the reduced iron oxides I 3 fuci gas s the eerned
product, then the best system s determined By the reactnity
of the curbunaceous solids fed tu the oxidation zone s by the
eatent of carbon gasification desired. For eaample, o frec-full
system in which sulids hav: a celatively shost residence ume
may bie used for highly reactive carbonaceous soiids or i
those instances where a relatinvely small amount of warbon
gasification is desired for duss reactive carbonaceous solul

Where significant carbon gasification is desired with less reac-
tive catb solids, a fluidizcd bed system may be used,
The perature d in the ond wneis g Iy
between 1000° and 2000°F. The p

may be at pheric
or sup yspheric. The residence tume of the solids in the

zone is

mg b

a-

ion zone. In the broadest aspect ol
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oxidation zone may be between 30 seconds and 200 minutes.
The higher pressures and longer residence times favor
methane production and the shorter residence times are suffi-
cient for hydrogen production.

In addition to the reaction of steam with the reduced iron
oxides to make hydrogen, there will be some reaction of steam
with any carbonaceous solids that sre present to produce CO
und Hy, a3 well as some CO.. More importantly, the hydrogen
produced by the steam-Fe, steam-FeQ, or steam-carbon reac-
tion will react with the carbonsceous solids to produce
methane, particularly at elevated pressurcs. If desired, fresh
carbonaceous solids may be introduced into the oxidation
zone through a conduit 23 to i the of methane
in the product gas. The mixture of gases is discharged as
product gas through = conduit 20 for dm:ct use or for further

or purification, as may be desi

The 3olid p of the zone, principally FeO
and FeyO., along with unreacted carbonaceous solids, are
withdrawn from the oxidation zone through a pipe 24 10 a lift
pipe 26 for recirculation to the reduction zone. The lift pipe
26 constitutes an clongated combustion zone for partially
burning the carbonaceous sulids with air inteoduced through
4n air feed pine 28. Additional fresh carbonaceous solids may
also be introduced through a feed pipe 30 to replenish the car-
bon consumed in the oxid.tion and reduction zones, as well as
in the combustio: lift pipe 26 The conditions maintained in
the combustion Jift pipe are such as 1o insure partial com-
bustion of the carbonaceous solids to raise the temperature of
the ipwardly flowing mase of solids 10 a temperature suffi-
ciently high to provide the necessary heat for lhe reduction
reaction. As ihe carh solids 1 b
recirculatory system, there is o builttup of ash. This ash m.n\ be
sepurated from the nain stream of recircnlatory salids from
the hft pipe 26 ir a cyclone separitor 32 or by other suitable
means. The flue gas, plus such ash, is discharged through &
pine 34 while the mixture of hot iron oxides and carbonsceous
sobds strups through pi,.¢ 36 anto the downwardly moving bed
m the reduction zone The cffluent gus from the latter 1s
withdrawn separately thivugh 4 pipe 38.

fhe preterred embatiiens show n disgrammatically in FIG
4 adapt=d Lo produce a methane-containing gas that may be
convertes by canventiunal means to a high B.t.u. gas. Fresh
hydracarbanaceous solids contarming both fixed carbon und
volanle curbun ure continuousiy led to the oxidation zone,
labetrd Onidizer iy the drassing and also designated by the nu-
meral 42 The ucnaticon cone is contaned i the lower patt of
a vessel 49, the upper part of wlnch confines the reduction
rone 44, sometimes called Reductor. The fresh, hydracar-
bonaceous salids bed o the Oxidizer are high in total carbon
content, i the range of 50 54 percent by weight. Preferably
we use either Char the nuncaking selid product resulting from
pyroiysis of coal or lignite at low temperatuse, o a saw coal
which has bieen rendered noncaking, if necessary, by preox-
watien, [he uhar, or raw coul tund hereafter reference is
made only to vhar for con ), is introd by a pipe
46 into 4 cuntinuous hopper 48 from which valve-regulated
amounts ut chir are fed by a pipe 50 into the vpen space
above the axidanon tone

The chai is mamiained in s sicose fluaized phase which
seves as the axadatan gone Elemental Fe and FeO substan.
trafly frec of Lart solids are fuced d ly into
ihe interivg o the fidized bed trom o svurce snd a manner to
Pelat e dusenived The glemental o and FeO being of greater
density then the fluidized char. desvend in the bed in counter-
cunent How relationship to steann which 15 introduced by a
steam pipe 52 altes being compressed by o jet compressor 83.

Linder the temperature wnd pressuce conditions mamtained
the Oxidaliun 2one, Jdie Mean reacts pxcfu:nmlly and rapidly
with e gieinrutal Ve and FeO as et forth in equations $ and
§ above 1o Tonon Rydiogen. At least some of the Jatter reacts
with the char i the fludued bed o fuem methane. The
methane is dischacged together with I steam theough an
elflueit gus papc 54 (o5 sunable treutment to recover a high
Btu gy

4c-A25
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The conditions § in the oxid zone of the
preferred embodiment are as follows. temp: 14X)° 10
1800° F., pressure. 100 to 1500 ps.i.; and residence time of
char, | to 200 minutes, with the higher pressures and longer
sesidence times being preferred for methanc production

The mixture of iron oxwdes, mostly Fe,0, and FeO, azlung
with catbon-depleted char, is withdrawn from the oxid
zone through a pipe 56. This mixture is lifted to the reduction
zone through = lift pipe 8 by means of steam from the steam
feed pipe 52. In recycling to the reduction zone. the solids pass
through a cyclonc scparator 60 which scparates the sicam
from the solids. The steam is d through & conduit 62 to
the oxidation zone after being compressed to the desired pres-
sure, together with the rest of the inlet steam in the compres-
sor 53. The solids drop out of the cyclone 60 into the space
above the ing bed and th onto the
reduction zonc.

The reduction zone, as in the case of the embodiment
shown in FIG. 1, consists essentially of a downwardly moving
bed of two substantially concurrently flowing streams of
solids. The recycled iron oxides are mixed with the hot stream
of carbonacecus solids entering the vessel from a lift pipe 66
whose function will be more fully described below The gas
produced an the reduction zune is discharged through a pipe
68 The conditions maintained in the reduction zone of the
preferred embod are as follows: p
2100° F., pressure, 100 to 1500 p.s.i., residence time, | to 30
minutes, carbon depletion per pass, 1 to 11 percent of the car-
bon in the carbonaceous solids, and weight ratio of char to
iron oxides, 0 Sto S ib./lb

The mixture of reduced on oxides, principally Fe and FeO,
along with partially carbon-depleted carbonaccous solids
drops by gravity through an outlet dutt 70 to 2
72. The latter is adapted to confine the mixture of solids in a
fluidized state, the fluidizing gas being introduced by a pipe
74 The fluidizing gas may be essentially inert, of it may con-
tain sume stcam 1f it does contain stcam, then some hydrog

6
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may be generated. in which case the effluent gus from the
separator may be conducted to the Oxidizer. Otherwise, the
effluent gas may be discharged conveniently through condut
78. Because of the different densities of the carb
solids and the iron compounds, fluidization conditions can be
selected to permit the iron compounds to settle out of the hed
to be discharged through a conduit 76 into the oxidation zone
42. The fluidized char overflows into 4 pipe 78 which leads
the previously mentioned lift pipe 66. Air is introduced into
the foot of the lift pipe through u pipe 80 nat only to lift the
solids back to the reductor, but also to burn part of the car-
bonaceous solids under controlled conditions to raise the tem-
perature of the solids sufficiently high to provide the heat
required in ‘the reduction zone. Additional air may be in-
troduced into the space above the reduction zone through a
pipe 82 to effect combustion of the carbon maonoxide
generated i the reduction zone, is well as some of the car-
honaccous solids from the hit pipe 66

The followmg example tHustrates the operation of the
preferred embodiment

The conditions maintained and results nbtamed in & maten
abbalunce run are set forth in the following table | wherein the
conditions and compusitions of the vanous gas and sohds
streams are tahulated The gas streams are designated by pu-
merals 1 10 8 inclusive, and the solids streams by letiters A to H
inclusive. The so designated streams are shown in FIG. 3 by
the encircled numerals or letters, as the case may be. In addi-
tion, the pressures in puunds per square inch are shown by the
encircled 3-digit numbers at several points throughout the

5
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(omposition, o
percent 1650
volume
[ R KL . . e s
15 Ny .. . o0 ol 0.42 . T X
. . 0. . . W82, _. e 01
g bed in the o W RN L VM wH
CH J e W 0M
i . 182 27,06 323
Hy) . . . 1000 ¥1.75 31.88 2644
H:S L e . 128
20 e T
SOLIDS STREAMS
Number
A [ [{ 0 £ F O ]
25 ) Lh lir.
1500° 10 10 e 3 A3 LB6: 2,33 Lwes N
350 1,78 1,700 1656 1 'Ws 1,75 10T ) HAS
30 Composition,
wi. percent
¢ . 0. 308 3x5 4831 A 458 N
u 3.83 . ~
Noooo. 124
p Q. XN R
3. 286 . . . e I
Ash . "o, . 208 200 ME W Mm@
s Fe e T 3.
Fer.042 0 L. 88U MU0 47N .51
Fes . RN 125+ L.
40 hydrogen The Red 102 of three supenimposed
zones, d d by the is 108, 310, and 142 respec-

n

tively. Zone 108 is a mixing ch wherein i ing Fe,0,
and FeO and carbonaceous solids are mixed Zone 110 is 4
combustion zonc where carbon monoxide and/or the car-
honaceous solids, while falling freely in admixture with the
\ron oxides, are partially burned to supply heat. Zone 112 is
the reduction zone itself, consisting of a downwardly moving
hed of the mixture of iron oxides and carbonaceous solids.
The aperation of the process illustrated m FIG. 4 is as fol-
Jows, Solid lines indicate solids streams and dotted lines, gas
streams. Hyd b solids ( fied as “"carbon’)
containing a volatile hydrocarbonaceous compunent and &
fixed carbon p t are fed ly through 114
into the Zone § of the Oxwdizer 100 A fuidized bed of the
hydrocarhonaceous solids s maintaned at & temperature
between 1400° and 1800° F and at a pressure between 100
and 1500 psi w order to optimize the reaction hetween the
hydrocarbonaceaus solids and hydrogen The product gas

comprsing p pally h and hydrogen 1 withd
through a conduit 116, afier being frecd of solids and con-
densibles which are shown sch lly as disch d

through conduit 117 The partially reacted carbonaceous
sohds from Zone § are conducted hy gravity down through a
conduit 118 to the lower Zone 1 In this zone, o fluidized bed
of carbunaceous solids is i d at a p

bet 1400° and 1800° F and at a pressure beiween 100

system.

A modification of the preferred embodiment is shown
FIG. 4. Numerals 100 and 102 designate the Oxidizer and the
Reducer respectively. The Oxidizer consists of two superim-
posed fluidized zones, Zone | and Zone II, designated by the
numerals 104 and 106 respectively. Zonel is intended 10 serve
primarily for the reaction of carbonaccous solids with
hydrogen to make methane, while Zone 1l is intended 10 serve
primarily for the reaction of steam and Fe or FeO to make

~
w

and 1500 p.si. The gascous product from this zone contains
prncipally hydrogen and unreacted steam, with some CO,
CO,, and CH,, and is d ) through 2 conduit 120 to the
upper Zone Ik to serve as Buidizing reactantin Zone L.

The mixture of iron oxides from Zone Il 1s withdrawn
therefrom through a conduit 122 to an iron oxide lift pipe 124
wherein the mixture of oxides is lifted by sieam introduced
through a conduit 126. The 1emperature in the Lt pipe is
maintained, by bl lation of the e of the

4c-A26
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steam and iron oxides, hetween 1300% and (800° F., thereby
pramoting the reaction of the steam with FeO in the feed to
the lift pipe to form FeyO,. The latter is sepatated from the ef-
fluent gases by any suitable means at the top of the lift pipe.
‘The iron oxides comprising principally FesO, and FeO are car-
ried by a conduit 128 to the mixing chamber 108 at the top of
the Reducer vessel where they are mixed with char enteting
the mixing chamber from conduit 148.

The: iron oxides and char which are intimately mixed in the
mixing chamber 108 are then allowed to fall freely through the
combiustion zone $10. The latter is suitably supplied with air
throu gh a conduit 130, in sufficient quantity to partially burn
the char and thereby raise the temperature of the mixture of
suolids to thut required for reduction of the iron oxides. Ef-
flueat gas and ash are discharged from the combustion zone
by any suitable means, schematically shown in the figure as
two conduits 132 and 134 respectively.

TABLE I1.—0A8

'5

s

8

FeO formed by the reaction of steam and Fe or FcO in the
Separator, is conducted to Zone I via conduit 158 from the
Scparator. The effluent gas from the Separator, including any
hydrogen formed by the reaction of steam and Fe or FeO in
the Scparator, is conducted to Zone l by a conduit 160, join-
ing up with conduit 154 at the inlet to Zone I1.

The following example illustrates the operation of the
modification of the preferred embodiment shown in FIG. 4.

The conditions maintained and results obtained in a materi-
al balance run are set forth in the followmg Table 1l wherein
the conditions and compositions of the various - gas and solids

are tabulated. The gas ared d by nu.

mezals 1 to 14 inclusive, and the solids streams by letters A to
L inclusive. The so designated are shown in FIG. § by
the encircled cor: di Is or letiers. In addition,
the temperatures in °F. of the several streams are shown hy
the 4-digit numbers in parentheses.

BTREAMB—POUND MOLES/HIOUR (€

1 2 3 4

[} 7 | 9 /M0 1n 12 13 "

0097
. 0881
8178
. 7161
. 0082

1. 4600 1. 2350

il
G,
> u»&&c/ﬁua;w« (74 7m—av/%/u
A B c » E F a H ]
450 L0178 0.0213 0.8%2 9.888
(001 0073 .6887  .es2t  .eA3S
................. PP T A e
(TR T
................................ S s ik
o5 50 o i3
gi. 153 8

*Associated with the ash content of the char.
**Qtven in Lbs./hr.

The hot mixture of iron oxides and char is dropped onto the
top of downwardly moving bed 112 wherein the iren oxides
ure reduced to Fe and FeO. The only gases present in the mov-
ing be-d are those g d in situ as sch ically ilt d
by the dotted arrow 136. The solid product from the red

We claim:
1. A continuous process for making hydrogen which com-
prises:

a. passing a of parti iron oxides comprising

20ne is removed through a conduit 138 to a Separator 140. A
fluidized bed is maintained in this Sep as ibed be-
fore, und the velocity of the fluidizing gas is so regulated that
the reduced iron oxides drop down while the char remains in a
fluidizzd state and o through a separate discharge
condu it 142, The char is recycled to the Reducer through a lift
pipe 144 by means of air introduced through conduit 146. The

50

35

principally Fe;O, and FeO and a stream of particulate
curbonaceous solids concurrently und downwardly into
the top of a reduction zone,

b. subjecting said of parti iron oxides to direct
reactive contact with said stream of particulate car-
bonaceous solids in a downwardly moving bed in said
reduction zone, there being no molecular oxygen-con-

gas introduced into the ing bed in the reduc.

uir also serves, as befare, to burn part of the char for p
heat, The hot solids are conducted from the top of the lift pipe
through a conduit 148 to the mixing chamber 108. The ef-
fluent gas from the lift pipe 144 is also conducted to the mix-
ing chamber and is shown schematically, in order to show all
gas streums as well as solids streams, as being conducted
through a separate conduit 150, although it would normally
nat be hundled separately.

The gas stream issuing from the top of the iron oxide lift
pipe L4, us stated before, comprises principally hydrogen and
unreacted steam. This gas stream is carried by conduits 152
and 154 w0 Zone JI; and, if desired, a slip stream may be con-
ducted to the Separator 140 by means of a conduit 156. Thus,
it mity serve as the fluidizing gas in the Sep . but, in that
case, in the course of passing in contact with the reduced iron
oxide, will reoxidize at least some of the Fe to FeO, which in
turn w Il react, at least to some extent, with the steam to form
hydrogen. The mixture of reduced iron oxides, including any

60

65

70

75

tion zane,
c. g the following conditions in said reduction
zone: ternperalure. 1000° to 2600° F.; pressure, at-
pheric or sup heric; resid time of suid
solids, 15 ds to 60 mi carbon deplction per
pass, | to 10 percent of the carbon in said carbonaceous
solids; and a carbun cantent of said carbonaceous solids
which is at least 20 percent by weight, wherehy the iron
oxides are reduced to a mixture comprising principally
FeO and Fe,
d. partially burning carbon-depleted carb solids
from step b outside lhe reduction zone to raise the tem.
of said carb solids suﬂ'menlly high to
supply adiabatically the heat required in said reduction
zone,
e. returning said pamally burned carbonaceous solids from
step d to said reduction zone,

A A7
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f addi b

. g car solids to
solids consumed in the process,

g- reacting seduced iron oxides from step b with steam in an

oxidation zone,

h. maintaining the following conditions in said oxidation
zone. temperature, 1000° to 2000° F., pressure, at-
mospheric or superatmospheric. and residence time of
solids, 0.5 1o 200 minutes, whereby hydrogen is formed
and a mixture of iron oxides comprising principally Fe,0,
and FeQ is produced, and '

. returning said mixture of iron oxides from step g to said
reduction 2one of step 4 to repeat the cycle.

2. The process according to claim 1 in which the reduction

zone is maintained at & temp between 1500° and 2100°

F. und a pressure between 100 and 1500 p.s.i.; and the oxida-
tion zone is maintained at a temperature between 1400° and
1800° F. and a pressure between 100 and 1500 p.s.i.

3. A continuous process for making hydrogen which com-

prises:

a. passing a st of parti iron oxides comprising

principally Fe,0, and FeO and a stream of particulate
carbonaceous xolids concurrently and downwardly into
the top of a reduction zone,

. subjecting said stream of particulate iron oxides to direct
reactive contact with said stream of particulate car-
honaceous solids in a downwardly moving bed n sanl
reduction zone, there being no molecular oxygen-con-
1aining gases intraduced into suid moving bed in sad

ish the carb

o

reduction zone,
c. maintaining the following conditi in said red
zone. temperature, 1000° to 2600° F.; pressure, at-
pheric or super pheric, resid time of solids,

15 seconds to 60 minutes; carbon depletion o@.’b; car-
bonaceous solids per pass through said reduction zone. |
1o 10 percent of the carbun in suid carbonaceous solids;
and a carb of said curb solids which is
at least 20 percent by weight, whereby said iron oxides
are reduced to a mixture comprising principally FeO and
Fe.
d. withdrawing the mixture of carbon-depleted car-
bonaceous solids and reduced iron oxides from said
d zone and ferring said mixture to a separa-

tion zone,

passing a gus through said mixture of carbon-depleted

carbonacecus solids and reduced iron oxides in said

separation zone at a velacity sufficient to effect separa-

tion by virtue of the difference in densities of the reduced

iron oxides and carbonaceous solids;

withdrawing carbon-d d carb us solids from

said separation zone and partially burning same outside

said reduction zone to raise the temperature of said car-

bonaceous solids sufficiently high to supply adiabatically

the heat required in said reduction zone,

g returning said partially burned carbonaccous solids to
saud reduction zone,

h. withdrawing iron oxides from suid separation zone and

reacting same with steam in an oxidation zone,

maintaining the following conditions in said oxidation

z0ne temperature, 1000 to 2000° F. pressure, at-

pheric or superat ic; and resid time of

the solids, 30 seconds to 200 minutes, whereby hydrogen

is formed and a mixture of iron oxides compnsing prin-

cipully Fe;O, und FeO is produced,

. returning sail mixwure of iron oxides from said oxidation
zone to said reduction zone, and

k adding carhonuceous solids to replenish the car-
b solids dinthep

bt

-

[

A~

{1
4. The process according to claim 3 in which the seduction
zone is maintained at 2 ature b 1500° and 2100°

p
F. and a pressure hetween 100 and 1500 p.s.i.; and the oxida-
tion zone is maintained at a temperature between 1400° and

S 1800°F. and a pressure between 100 and 1500 ps.i

5. A continuous process for making hydrogen which com-

prises:

a. passing a of particulate iron oxides comprising
principally Fe,0, and FeO and a stream of particulate
carbonaceous solids concurrently and downwardly inte
the top of a reduction zone,

b. Subjecting said stream of particulate iron oxides to direct
reactive contact with said stream of particulate cas-

5

bonaceous solids in a downwardly moving bed in said
reduction zone, there being no molecular axygen-con-
taining gases introduced into said moving bed m said
reduction zone,

n

. maintaining the following conditions in said reduction
20 zone: temperalure, 1000° to 2600° F., pressure, at-
maspheric or sup pheric; resid time of solids,
15 ds to 60 mi . carbon depl of said car-
bonaceous solids per pass through said reductivn zone, 1
to 10 percent of the carbon in said carbonuceuus aolids,
25 and a carbon cuntent of said carb solids which is
at Jeast 20 percent by weight, whereby said iron oxides
are reduced to a mixture comprising pracipally FeO and
Fe,
withdrawing the muxture of carhon-depleted  car-
30 bunaceous solids and reduced iron oxides from sud
reduction zone and transferrng said mixtuge o o separa-
tion zone,

_ ¢ Passing a fluidizing gas through sad mixiure of carbon-
24, .{ depleted carbonaccous solids and reduced wron oxudes in
as said separation zone at such a velocity that a fluidized hed

of said carboni solids 1s established and mai d
from which said iron oxides and said carbonaccous solds
may be separately withdrawn,
f. withdrawing carbon-depleted carbonaceous solids from
40 said fluidized separation zone and partially burning sume
outside said reduction zone to raise the temperature of
said carbonaccous sohids sufficiently high to supply
diubatically the heat required in said reduction zone,
g. returning said partially burned carbonaceous solids to
45 said reduction zone,
h. withdrawing iron oxides from said separation sone and
reacting same with steam in un oxidation zone,
i. maintaining the following conditions in said oxwdation
zone: temperature, 1000° to 2000° F.; pressure, ut-
pheric or supers pheric; and resid time of
the solids, 30 scconds to 200 mi whereby hydrog:
is formed and a mixture of iron oxides comprising prin-
cipally Fc,0, und FeO is produced.,
j. returning said mixture of iron oxides from suid oxidation
zone to said reduction zone, and
k. udding carbonaceous solids to repkenish the car-

(-8

55

b us solids ¢ fin the p
6 The process according to claim § in which the reduction
zone is maintained at 4 temperature b 1500° and 2100

F. and a pressure between [0 and 1500 p.s.i; und the oxrda-
tion zone is maintained at a temperature between 1400° und
J800° F. and & pressure between 100 and 1500 p.s.i.
7. The process according to claim § in which the fludizing
65 gas used in the scparation zone is an inert gas.
8. The process according to claim § in which the fluidizing
gas used in the separation zone contuins steam.

LI T I B
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ABSTRACT OF THE DISCLOSURE

Apparatus is provided for conducting a continuous
steam-iron process wherein fincly divided iron oxides are
reduced in a reduction vesset and the reduced iron oxides
are reacted with steam in an oxidation vessel to make
hydrogen. The reduction of the iron oxides is effected hy
means of a continuously recirculating stream of hot,
finely divided carbonaceous solids which are mixed with
the iron oxides in a downwardly moving bed under re-

Jdwcing conditions, and heat is supplied by the cafbona- 2

izeous solids which are heated by partial combustion out-
side the reduction vessel. The mivture of reduced iron
oxides and carbonaceous solids from the reduction vessel
is separated in a separation vessel into 2 stream of re-
duced iron oxides and a stream of .carhonaceous solids.
‘The stream of reduced iron oxides is conducted ta the
oxidation vessel where the reduced iron oxides react with
steam to reoxidize the reduced iron oxides. The latter are
returned 1o the reduction vessel. The carbonaceous solids

separated in the separation vessel are refurned to the re- i

dluction vesse! after passage through a partial combustion
zone.

REFERENCE TO RELATED APPLICATION

This application is a division of copending application,
Ser. No. 798.334, filed Feb. 11. 1969, now Pat. No.
4,619,142, issued Nov. 9, 1971 and assiened to the as-
signee of the present invention.

BACKGROUND OF THE INVENTION
Field of the invention

This invention relates to an apparatus for conducting
an improved steam-iron process for making hydrogen or
{uel gas.

The steam-iron process is a provess for making hydro-
gen by the reaction of steam with either clemental iron
or a lower iron oxide, for example, FeO. The reaction
produces higher oxides of iron, for example, Fe;04,
which may be reduced to repcat the cycle,

Despite the apparent simplicity of the steam-iron proc-
ess and despite the fact that it has been known and
worked on for over one hundred years. to the best of our
X ledge no technically and economically feasible em-
bodiment of a continuous steam-iron process has heen
developed which is now practiced commercially. Pcrlgaps
the principal reason for the failure of the steam-iron
process to achieve commercial success is the difficulty in-
volved in making it a continuous process. To do so re-
quires subjecting a continuously flowing recirculutory
stream of iron oxides to two different reactions, namely
oxidition and reduction, under optimum conditions for
each reaction, including oplimum input and distribution
af the heat required in the process.

A~

i1}

2

Description of the prior art

Prior continuous steum-iron processes have favored
the use of gaseous reductants for reducing the iron oxides
(see, by way of illustration, U.S. Pat. No. 2.198.560). °
However, the production of a suitable paseous reductant
is expensive, and renders the overall process uncconom-
ical. Furthermore, hecause of the limitations imposed by
the thermadynamic equilibrium during the reduction of
Fe;04 and FeO 10 FeO and Fe with reducing gises con-
taining hydrogen and carbon monoxide, the off-gas from
once-thraugh reduction contains considerable unrescied
hydrogen and carbon monoxide. Thus, such a process
tends 0 be wasteful of reducing g,

In U.S. Pat. No. 3.503.724 of Homer E. Benson, is-

T sued Mar. 31, 1970, the reducing gas is made in sito by

reacting air and carbonaceous solids in the presence of
the iron oxides, Such a process hus many advantages but
requires careful control to minimize reconversion of ele-
mental iromn to higher oxides by contact with air.

Continuous steam-iron processes have bheen proposed
which utilize cither a solids in gas dispersion or the fiuid-
ized solids technique in the oxidation zone and the reduc-
tion 7one (sce, by way of illustration, U.S. Pats. Nos.
2,602,809 and 3,017,250). Reducing systems employing
a dispersion of powdered iron oxide in u suspending gas
call for large reactors and costly gas-solids separalors.
All attempls 1o operate with the iron oxide in o fluidized
condition have failed to become sufficiently attractive for
commercial adoption becanse a fluidized mass is of uni-
form composition throughout whereas 2t composition

© gradient is generaily desired.
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SUMMARY OF THE INVENTION

In ficcordance with the present invention we have pro-
vided apparatus for conducting an improved continuous
steam-iron process which uses not only a recirculalory
stream of particulate iron oxides, but also uses a recircu-
latory stream of particulate carbonaceous solids to effect
reduction of the iron oxides and to supply process heat
requirements. In the practice of the process of this in-
vention, reduced iron oxides comprising principally FeO
and Fe are oxidized by steum in an oxidation zone. and
iron oxides comprising principally Fe;0, and FeO are
reduced in a reduction zone. By “principally” we mean
that at least fifty percent by weight of any mixture of
oxidizable or reducible iron compounds. as the case may
be, consists of the indi i comy ds. and the actual
percentage approaches 100 percent under equilibrium
conditions. The relative amounts of FeO and Fe in the
oxidizable mixture, and the refative amounts of Fe, Q4 and
FeO in the reducible mixture are functions largely of the
temperature., § ¢, and resid time maintamed in
the respective reaction zones. The oxidation of FeO and
Fe (sometimes simply referred to herein as reduced iron
oxides) is accomplished by pussing steam in reactive re-
lationship with the reduced iron oxides in an oxidation
2one. The reduction of Fe;O4 and FeOQ is accomplished
by subjecting them to direct contact with the recirculatory
stream of hot carbonaceous solids in a downwardly mov-
ing bed in the reduction zone. No oxygen-{molccular)
containing gases are introduced into the moving bed in
the reduction zone. The reduction conditions are selected
to insure that only partial carbon depletion is effected
during the passage of the curbonaceous solids through the
reduction zone, while however, the desired reduction of
the iron oxides to Fe and FeO is effected. Heat is supplicd
to mieet the requirements of the process hy partial com-
bustion of the carbonaceous solids in a combustion zone
located outside the reduction zone. The amount of pattial
burping is controlled to raise the temperature of the car-
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bonaccous solids sufficicntly hizh to supply adibatically
the heat required.

A separation zone is interpnsed between the reduction
zone and the oxidation zone to effect separation of the
carbonaceous solids from the reduced iron oxides leaving
the reduction zone. Separation is effected by passing a gus
through the mixture of carbonaceous solids and reduced
jron oxides at a velocity which permits ready separation
by virtue of the differcnce in densitics of the iron com-
pounds and carbonaccous solids. A fluidized separation
rone is especially preferred whercin the finidized bed con-
sists essentinily of the lighter carbonuaccons solids from
which the heavier iron compounds muy be with drawn
and sent 1o the oxidation zone. The oxidation zone in the
preferred embodiment comprises » fluidized bed of fresh
carbonaccous solids into which the reduced iron oxides
are fed. Hydrogen is produced by the selatively fast reac-
tion of steam and reduced iron oxides, and in turn reacts
with the carbonaceous solids to form methane. The sepit-
rated carbonaceous solids from the separation zone are
recirculated through the combustion zone back to the
reduction zone.

The process operates continuously and efficiently to
yield hydrogén or a methane-rich gas. The improvement

in economics of the process as compared with prior :

steami-iron processes is due to the efficient use of low
cost, finely divided carbonaccous solids for (1) the re-
duction of iron oxides, (2) the supply of process heat.
and (3) in the preferred embodiment. the production of
methane in o relatively simple two-vessel system. The
gain in efficiency in the rgduction zone arises from the
thermal pradient cstablished in the downwardly moving
bed and from the lach of back-mixing of reduced iron.
Thus, maximum reduction rafes result from the counter-

current flow relationship of the upwardly flowing reduc- i

ing gases (generated in situ) and the downwardly flowing
fresh iron oxides. The absence of molecular oxygen-con-
taining gases assures no loss of desired reduction as a
result of competing reaction. The flow of gases and
solids in the' oxidizer is most efficiently conducted in a
fluidized bed for the particular reactions involved, to
thereby minimize temperature gradicnts and to provide
for an efficient halance between exothermic and cndo-
thermic reactions. Thus, in summary, the improved proc-

ess provides for the maintenance of the optimum condi-

tions for the reduction of FeyO4 1o FuO to Fe, and for
the oxidution of the reduced iron oxides with steam.

BRIEF DISCRIPTION OF THE DRAWINGS

For a better undenstanding of our invention, its ob-
jects and advantages, reference should be had to the
following description and accompanying drawings in
which

FIG. 1 is a diagrammatic drawing of the preferred em-
bodiment of our invention; and

FIG. 2 is the same dingrammatic drawing of FIG. 1
but showing the locations of different points in the
solids and gas streams 1o aid in understanding the ma-
terial bulance run reported in Table § of the specification.

DESCRIPTION OF THE PREFERRED
. EMBODIMENT

The preferred embodiment shown dizgrammatically in
FIG. 1 is adapted to produce a methane-containing gas
that may be converted by conventional means to a high
B.tau. gas. Fresh hydrocarbonaceous solids containing
both fixed carbon and volatile carbon are continuously
fed to the oxidation zone, labeled Oxidizer in the draw-
ing and also dcsignated by the numeral 42. The oxiJation
zone is contained in the lower part of a vessel 40, the

upper part of which confines the reduclion zone 44, some- ¥

times called Reductor. The fresh, hydrocarbonaceous
solids fed to the Oxidizer are high in total carbon con-
tent, in the range of fifty to ninety percent by weight.
Preferably we use either char, the nonzaking product re-
sulting from pyrolysis of coul or lignite at low tempera-
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ture, or a raw coal which hus been rendered noncaking, it
necessary, by preoxidation. The chur, or raw coal (and
hereafter reference is made only to char for convenience),
is introduced by a pipc 46 into a contintous hopper 48
from which valve-regulated amounts of char are fed by
a pipe S0 into the open apace above the oxidation zone.

The char is maintained in a dease fluidized phase
which serves as the oxidution zone. Elemental Fe and
FeO substantinlly free of carboniacecous solids are intro-
duced directly into the interior of the fluidized hed from
a source and in #t manner to be later described. The ele-
mentil Fe and FeQ being of greater density thun the
fluidized char, descend in the bed i countercurrent flow
relationship to stcam which is introduced by a steam pipe
52 after being compressed by a jet compressor 53, Under
the temperature and pressure conditions maintained in
the oxidation zone, the steam reacts preferentially and
rapidly with the clemental Fe and FeO 1o form hydro-
cen. At leasl some of the latter reacts with the char in
the fluidized bed to form methane. The methane is dis-
charzed together with unused steam through an eflluent
gas pipe 54 for suitable treatment to recover a high B.iu.
£as.

The conditions maintained in the oxidation zone of the
preferred embodiment are as follows: temperature, 1400
to 1800° F.; pressure, 100 to 1500 p.s.i.; and residence
time of char, 1 fo 200 minutes, with the higher pressures
and longer residence times being preferred for methane
production.

The mixture of iron oxides, mostly Fe,O and FeO,
along with carbon-depicted char is withdrawn from the
oxidution zone through a pipe §6. This mixture is lifted
10 the reduction zone through a lift pipe 58 by means of
steam from the steam fecd pipe 52. In recycling to the
reduction zone, the solids pass through a cyclone sepa-
rator 60 which separates the steam from the solids. The
steam is returned through a conduit 62 1o the oxidation
zone after being compressed to the desired pressure, to-
sether with the rest of the inlet steam in the compressor
§3. The solids drop out of the cyclone 60 into the space
above the moving bed uml thence onto the moving bed in
the reduclion zone.

The reduction zonz consists essentiafly of a down-
wardly moving bed of two substantislly concurrently
flowing streams of solids. The recycled iron oxides are
mixed wilh the hot stream of carbonaceous solids enter-
ing the vessel from a lift pipe 66 whose function will be
more fully described below. The gas produced in the re-
duction zone is discharged through a pipe 68. The condi-
\ions muaintained in the reduction zone of the preferred
cmbadiment are as follows: temperature, 1500 to 2100°
F.; pressure, 100 to 1500 p.s.ij residence time, 1 to 30
minutes; carbon depletion per pass, 1 10 10 pereent of
the carbon in the carbenaceows solids: and weight ratio
to char to iron oxides, 0.5 to § 1b./1h,

The mixture of reduced iron axides. principally Fe and
FeQ, along with partislly carbon-depleted carboniceous
solids drops by gravity through an outlet conduit 70 to a
separator 72. The latier is adapted to confine the mixiure
of solids in a fluidized stute, the Auidizing gas being in-
troduced by a pipe 74. The fluidizing gas may be essen-
tially incrt, or it may contain sonte steam. If it does con-
tain steam, then some hydrogen may be generated, in
which case the efluent gas from the separator may be con-

5 ducted to the Oxidizer. Otherwisz, the efiluent gas may be

discharged conveniently through conduit 75, Because of
the different densities of the ciarbonaccous solids and the
jron compounds, fluidization conditions can be selected
to permit the iron compounds to settle out of the bed
to be discharged through a conduit 76 into the oxidation
one 42, The fiuidized char overflows into a pipe 78 which
Jeads (o the previously mentioned lift pipe 66. Air is in-
troduced into the foot of the lift pipe through a pipe 80
not only 1o lift the solids back to the Reductor, but also
to burn part of the carbonaceous solids under controlied
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coniitions to raisc the temperature of the solids sufficient-
Iy high to provide the heat required in the reduction zone.
Additional air may be introduced into the space above
the reduction zone through a pipe 82 to effect combustion

(g} means for removal, of the'gas product.

(h) means for returning iron oxides discharged from
the second vessel 1o the first vessel, and

(i) means for returning carbonaceous solids from the

of the carbon monoxide gencrated in the reduction zone, g separator through a combustion zone (o said first
as well as some of the carbonaceous solids from the lift vessel.
pipc 66. 2. Apparatus for the production of hydrogen or
‘Ine following cxample illustrates the operation of the methane comprising, in combinntion:
preferred embodiment. (a) two interconnected vessel, one at a higher level
The conditions maintained and results obtained in a 19 than the other, the first and higher vessel being
material balance run are set forth in the following Table adapled to confine a downwardly moving bed of iron
I wherein the conditions and compositions of the various oxides and carbonaceous solids under iron oxide re-
gas and solids streams are tabulated. The gas sireams are ducing conditions, the second and lower vessel being
designated by numerals 1 10 8 inclusive, and the solids adupted to confine a steam-iron reaction zone,
streams by letters A to H inclusive. The so designated 15 (b) means for feeding carbonaceous solids,
streams are shown in FIG. 2 by the encircled numerals or ) a sepuration vessel interconnected to said first ves-
letters, as the case may be. In addition, the pressures in sel and said second vessel for receiving by gravity
pounds per square inch are shown by the encircled 3-digit llow solids from said first vessel and adupted (o con-
numbers at several points throughout the system. tine o separation zone,
TARBLE |
GAS STREAMS
Nu. 1 3 3 [ [ [} 1 %
Molesihr L7 AR 6," 6. TR LAt
Upessnee, b, . A &S50 53 533 830
Tomprortues, ¥ F K 6 [ R 1,500 L7
Cansymaition, pereent vol.;
(LI L mun L, .
T L 0.8
. P L T 0%
. 3N . i .34
. . e e LW 20,44
P T X S 3
i’ RLTE 3ins
BOLIIS 8T REAMS
Noo. . .. A ) 3 n [} I3 G 1]
Lhir.. ... . . 1 [ 32 783 L2 2,38 LA 17
Tomperatiire, @ F. 30 LIS LT 1,68 LoW LS 170 1%

Compuosition, wt. peres
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According to the provisions of the patent statules, we
have explained the principle, preferred construction and
mode of operation of our invention and have iljustrated
und described what we now consider to represent its best

embodiment. However, we desire to have it understood 5

that, within the scope of the appended claims, the inven-
lion may be pructived otherwise than as specifically il-
lustrated and described.

We claim:

1. Appiaratus for the production of hydrogen or

methane comprising, in combination:

(a) two interconnected vessels, the first vessel being
adapted to confine a downwardly moving stream of
iron oxide and carbonaceous solids under iron oxide
reducing conditions, the second being adapted v
cunfine a steam-iron reuction zone,

{h) -means for feeding carbonuceous solids,

(c) a separation vessel interconnected to said first
wessel and said second vessel for receiving the solids
from said first vessel and adapied to confine a sepura-
tion zone,

(d) means for intraducling a gas into the buttom of
s2id separation vessel at u velocity sufficient to curry
tire carbonaceous solids out of the vessel, but not
the iron oxides,

(c} means for transferring iron oxides from the
separation vessel (o the second vessel,

(f) means for introducing steam into the second ves-
sel in oxidative relationship to reduced iron oxides
seeeived from said scparation vessel,

A

P

(1]

(1%

(d) means for introducing & gas into the huttom of
suid separation vessel at a velocity suflivient to carry
the carbonaceous solids out of the vessel, but not
the iron oxides,

(c} meuns for transferring iron oxides from the sepit-
ration vessel to the second vessel,

(f) means for introducing steam into the sceond ves-
sel in oxidative relutionship to reduced iron oxides
received from said separation vessel,

(2} means for removal of the gas product.

(h) meuns for returning iron oxides discharged from
the sccond vessel up to the top of the first vessel,
and

(i) means for returning carbonaceons solids from the
sepurator through a combustion zoue 0 the first

vessel.
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ABSTRACT OF THE DISCLOSURE

In a continuous steam-iron process w_herein finely di-
vided iron oxides are reduced in a reduction zone and the
reduced iron oxides are reacted with steam and hydro-

10 Claims

carbonaceous solids in an oxidation zone to make fuel ,

gas, the reduction of the iron oxides is effected hy means
of a vontinuously recirculating stream of hot, finely di-
vided carbonaceous solids which are mixed with the iron
oxides in a downwardly moving bed under reducing con-

ditions, and heat is supplied to the reduction zone by the ,-

carbonaceous solids which are hented by partial combus-
tion cutside the reduction zone. In the preferred embotdi-
ment of the process, the mixture of reduced iron oxides
and carbonaceous solids from the reduction zone is scpa-
rated in a fluidized separation zone into a strcam of rve-
duced iron oxides and a stream of carbonaceous solids.
The stream of reduced iron oxides is conducted to the oxi-
dation zone where the reduced iron oxides fall through a
fluidized bed of hydrocarbonaceous solids in countercur-

rent flow relationship to steam, whereby a product gas is -

produced which contains methane by virtue of the reac-
tion of the hydrogen (produced by the steam-iron reac-
tion) with the hydrocarbonaceous solids.

————————

REFERENCE TO RELATED APPLICATION

This application is a division of copending application,
Ser. Mo. 798,334, filed Feb. 11, 1969, now Pat, No. 3.619.-
142 issued Nov, 9, 1971, and assigned to the assignee of
the prasent invention,

BACKGROUND OF THE INVENTION
Field of the invention

This invention relates to an improvement in the stcam-
iron process for making fuet gas.

The steam-iron process is i process for making hydro-
gen by the reaction of steam with cither elemental iron
or a lower iron oxide, for example, FeQ. The reaction
produces higher oxides of iron, for example, Fe,0y, which
may be reduced to repeat the cycle.

Despite the apparent simplicity of the steam-iron proc-
ess and despite the fact that it has been known and worked
on for over one hundred years, to the best of our knowl-
edge no technically and economically feasible embodi-
ment of a continuous steam-iron process has been de-
veloped which is now practiced commercially. Perhaps the
principal reason for the fa.! = of the steam-iron process
to ach:eve commercial success is the difficulty involved in
making it a continuous process. To do so requires sub-
jecting a continuously flowing recirculatory stream of iron
oxides to two different reactions, namely oxidation und
reduction, under optimum conditions for each reaction,
including optimum input and distribution of the heat
requir:d in the process,
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Description of the prior art

Prior continuous steam-iron process~s have favored the
use of gaseous reductants for reducing the iron oxides
(see, by way of illustration, U.S. Pat. No. 2,198,560).
However, the production of a suitable guseous reductant
is expensive, and renders the overall process uneconomi-
cal. Furthermore, because of the limiiations imposed by
the thermodynamic equilibrium during the reduction of
Fe;O4 and FeO to FeO and Fe with reducing gases con-
taining hydrogen and carbon monoxide, the off-gas from
once-through reduction contains considerable unreacted
hydrogen and carbon monoxide. Thus, such a process
tends to be wasteful of reducing gas.

In US. Pat. No, 3,503,724 of Homer E. Benson, issued
Mar. 31, 1970, the reducing gas is made in situ by react-
ing air and carbonaceous solids in the presence of the iron
oxides. Such a process has many advantages but requires
careful control to minimize reconversion of elemental iron
to higher oxides by contact with air.

Continuous stcam-iron processes have been proposed
which utilize either  solids in gas dispersion or the flu-
idized solids technique in the oxidation zone and the re-
duction zone (see, by way of illustration, U.S. Pat. Nos.
2,602,809 and 3,017,250). Reducing systems employing a
dispersion of powdered iron oxide in a suspending gas cell
for large reactors and costly gus-solids separators, All at-
tempts to operate with the iron oxide in a fluidized condi-
tion have failed to become sufficiently attractive for com-
mercial adoption because a fluidized mass is of uniform
composition throughout whereas a composition gradient is
generally desired,

SUMMARY OF THE INVENTION

In accordance with the present invention, we have pro-
vided an improved continuous steam-iron process for
making fuel gas which uses not only a recirculatory stream
of particulate iron oxides, but also uses a recirculatory
stream of particulate carbonaceous solids to effect reduce
tion of the iron oxides and to supply process heat require-
ments. In the practice of the process of this invention,
reduced iron oxides comprising principally FeO and Fe
are oxidized by steam in an oxidation zone, and iron
oxides comprising principally Fe;O4 and FeO are reduced
in a reduction zone, By “principally” we mean that at least
fifty percent by weight of any mixture of oxidizable or
reducible iron compounds, as the case may be, consists
of the indicated compounds, and the actual percentage
approaches 100 percent under eguilibrium conditions, The
relutive amounts of FeO and Fe in the oxidizable mixture,
und the relative amounts of Fe;O, and FeO in the reduci-
ble mixture are functions lurgely of the temperature, pres-
sure, und residence time maintained in the respective
reaction zones, The oxidation of FFeO und Fe (sométimes
simply referred to herein as reduced iron oxides) is ac-
complished by passing steam in reactive relationship with
the reduced iron oxides in an oxidation zone. The reduc-
tion of Fe;O; and FeO is accomplished by subjecting
them to direct contact with the recirculatory stream of
hot carbonaceous solids in a downwardly moving bed in
the reduction zone. No oxypen (molecular) containing
pases are introduced into the moving bed in the reduction
zone. The reduction conditions are selected to insure that
only partial carbon deplction is effetced during the passage
of the carbonaceous solids through the reduction zone,
while however, the desired reduction of the iron oxides to
Fe and FeO is effected. Heat is supplied to mect the re-
quircments of the process by partial combustion of the
carbonaceous solids in a combustion zone located outside
the reduction zone. The amount of partial burning is con-
trolled to raise the temperature of the carbonaceous solids
sufficiently high to supply adiabatically the heat’ required.
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In the preferred embodiment of the process, & separa-
tion zone is interposed between the reduction zone and
the oxidation zone to effect separation of the carbonaceous
solids from the reduced iron oxides leaving the reduction
20me. Separation is effected by passing a gas through the
mixture of carbonaceous solids and reduced iron oxides
at a velocity which permits ready separation by virtue of
the difference in densities of the iron compounds and
carbonaceous solids, A fluidized separation zone is espe-
cially preferred wherein the fluidized bed consists essen-
tizlly of the lighter carbonaceous solids from which the
beavier iron compounds may be withdrawn and sent to
the oxidation zone. The oxidation zone in the preferred
embodiment comprises u fluidized bed of fresh carbo-
naceous solids into which the reduced iron oxides are fed.
Hydrogen is produced by the relatively fast reaction of
steam and reduced iron oxides, and in turn reacts with
the carbonaceous solids to form methane. The separated
carbonaceous solids from the separation zone are recircu-
lated through the combustion zone back to the reduction
20ne.,

The process operates continuously and efficiently to
yield a methane-rich gas. The improvement in economics
of the process as compared with prior steam-iron proc-

esses is due to the efficient use of low cost, finely divided o

carbonaceous solids for (1) the reduction of iron oxides,
(2) the supply of process heat, and (3) the production of
methane in a relatively simple two-vesse] system. The gain
in efficiency in the reduction zone arises from the thermal
gradient established in the downwardly moving bed and
from the lack of back-mixing of reduced iron. Thus,
maximum reaction rates result from the counter-current
flow relationship of the upwardly flowing reducing gases
(generated in situ) and the downwardly flowing fresh iron
oxides. The absence of molecular oxygen-containing gases
assures 1o loss of desired reduction as a result of compet-
ing reactions. The flow of gases and solids in the oxidizer
is most efficiently conducted in a fluidized bed for the
particular reactions involved, to thereby minimize tem-
perature gradients and to provide for an efficient balance
between exothermic and endothermic reactions. Thus, in
summary, the improved process provides for the mainte-
nance of the optimum conditions for the reduction of
Fe;0; 1o FeO to Fe, and for the oxidation of the reduced
iron oxides with steam.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of our invention, its objects
and advantages, reference should be had to the following
description and accompanying drawings in which

FIG. 1 is a diagrammatic drawing of our invention in
its broadest aspects,

FIG. 2 is a diagrammatic drawing of the preferred
embodiment of our invention,

FIG. 3 is the same diagrammatic drawing of FIG. 2 but
showing the locations of different points in the solids and
gas streams to aid in understanding the material balance
run reported in Table X of the specification,

FIG. 4 is a schematic drawing of a modification of the
preferred embodiment of FIG. 2; and

FIG. § is the same schematic drawing of FIG. 4 but
showing the locations of different points in the solids and
gas streams to aid in understanding the material balance
run reported in Table TI of the specification.

DESCRIPTION OF FIGURE 1

Referring to FIG. 1 of the drawings, the numeral 10
designates a suitable vessel for housing a reduction zone
12 and an oxidation zone 14, The reduction zone consists
essentially of a downwardly moving bed of solids which
flows by gravity through an opening 16 into the oxidation
zone. The downwardly moving bed of solids in the reduc-
tion zone consists essentially of a mixture of two recircula-
tory streams of solids moving in substantially concurrent
flow relationship. The first stream of solids contains iron
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oxides which are principally Fe,0; and FeO. The second
stream of solids contains carbonaceous solids which serve
not only to effect reduction of the iron oxides, but also
to provide adiabatically the heat required for the reduc-
tion reaction. The primary reactions which occur in the
reduction zone arc as follows:

1) CO+-FeyO,~3 FeO+CO,
(2) CO-+FeO—=Fe+CO;
3) C0O3+C-2 CO

The temperature maintained in the reduction zone is
between 1000 and 2600° F. The pressure may be atmos-
pheric or superatmospheric. The size consist of the iron
oxides may suitably be in the range of 325 to 2 Tyler
Standard screen. The size consist of the carbonaceous
solids may also suitably be in the range of 325 to 2 Tyler
Standard screen. The residence time of both solids in the
reduction zone is generally between fifteen seconds and
60 minutes.

The carbonaceous solids in the reduction zone may
conveniently be a solid carbonaceous fuel that is non-
caking under the conditions of the reduction zone, Suitable
solids of this kind are noncaking coals, lignite, coke, char
which is the solid product obtained by the pyrolysis of
coal or lignite, or coals rendered noncaking by preoxida-
tion. Such solids are generally ash-containing, and as will
be shown later, provision must be made for discharging
ash from the overall system to prevent its build-up beyond
a given point. Actually, up to a point, the ash serves as &
heat carrier for maintaining the desired temperature in the
reduction zone. In general, the carbon content of the
carbonaceous solids in the reduction zone is at least
twenty percent by weight. The weight ratio of carbon to
iron oxide in the reduction zone must be sufficient to
assure the required conversion of FeyOy and FeO to FeO
and Fe during the passage through the reduction zone.

In the broadest aspect of this invention, the reduced
iron oxides, together with carbon-depleted carbonaceous
solids, flow into the oxidation zone without any attempt to
separate the two solids systems. This is not the preferred
procedure as will be scen in the description of the pre-
ferred embodiment. However, in the case of very reactive
carbonaceous solids such as some lignites, it is feasible for
them even in a carbon-depleted state to react with steam
in the oxidation zone, even in the presence of iron or FeO.
The less reactive carbonaceons solids in a carbon-depleted
state would generally constitute a mass of relatively inert
solids, thus reducing the effective throughput in the oxida-
tion zone,

in the oxidation zone, steam is introduced through a
steam inlet 18 and is circulated in reactive relationship to
the reduced iron oxides. The reaction of steam with Fe
and with FeO is extremely rapid and exothermic. The
reactions are as follows:

(4) H.0+Fes>FeO+H,
(5 H,0+3 FcO-»Fe;0¢+H;

Any gas-solids system may be used in the oxidation zone
to make hydrogen because of the high rate of reaction of
steam and the reduced iron oxides. If a fuel gas is the
desired product, then the best system is determined by the
reactivity of the carbonaceous solids fed to the oxidation
zone or by the extent of carbon gasification desired. For
example, 2 free-fall system in which solids have a rela-

5 tively short residence time may be used for highly reactive

carbonaceous solids, or in those instances where a rela-
tively small amount of carbon gasification is desired for
less reactive carbonaceous solids. Where significant car-
bon gasification is desired with less reactive carbonaceous
solids, a fluidized bed system may be used. The tempera-
ture maintained in the oxidation zone is generally between
1000 and 2000° F. The pressure may be atmospheric or
superatmospheric. The residence time of the solids in the
oxidation zone may be between 30 seconds and 200 min-
utes. The higher pressures and longer residence times
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favot methane production, and the shorter residence times
are safficient for hydrogen production.

In addition to the reaction of steam with the reduced
iron oxides to make hydrogen, there will be some reaction
of sttam with any carbonaceous solids that are present to
produce CO and Hy, as well as some CO,. More impor-
tantly, the hydrogen produced by the steam-Fe, steam-
FeO, or steam-carbon reaction will react with the car-
bonaceous solids to produce methane, particularly at ele-
vated pressures. If desired, fresh carbonaceous solids may
be introduced into the oxidation zone through a conduit
22 to increase the content of methane in the product gas.
The mixture of gases is discharged as product gas through
a conduit 20 for direct use or for further treatment or
purification, as may be desired.

The solid preduct of the oxidation zone, principally
FeO and FeyO, along with unreacted carbonaceous
solids, are withdrawn from the oxidation zone through a
pipe 24 to a lift pipe 26 for recirculation to the reduction
zone. The lift pipe 26 constitutes an elongated combustion
zone for partially burning the carbonaccous solids with air
introduced through an air feed pipe 28. Additional fresh
carbonaceous solids may also be introduced through a feed
pipe 30 to replenish the carbon constumed in the oxidation
and reduction zones, as wel! as in the combustion lift pipe
26. The conditions maintained in the combustion lift pipe
are such as to insure partial combustion of the carbona-
ceous solids to raise the temperature of the upwardly flow-
ing mass of solids to a temperature sufficiently high to
provide the necessary heat for the reduction reaction. As
the carbonaceous solids recirculate through the recircula-
tory system there is a build-up of ash. This ash may be
separated from the main stream of recirculatory solids
from the lift pipe 26 in a cyclone separator 32 or by other
suitable means. The flue gas, plus such ash, is discharged
through a pipe 34 while the mixture of hot iron oxides and
carbinaceous solids drops through pipe 36 onto the down-
wardly moving bed in the reduction zone. The effluent gas
from the latter is withdrawn separately through a pipe 38.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The preferred embodiment shown diagrammatically in
FIG. 2 is adapted to produce a methane-containing gas
that may be converted by conventional means to a high
B.t.u. gas. Fresh hydrocarbonaceous solids containing both
fixed carbon and volatile carbon are continuously fed to
the oxidation zone, Jabeled Oxidizer in the drawing and
also designated by the numeral 42. The oxidation zone is
contained in the lower part of a vessel 40, the upper part
of which confines the reduction zone 44, sometimes called
Redustor, The fresh, hydrocarbonaceous sélids fed to the
Oxidizer are high in total carbon content, in the range of
fifty 10 ninety percent by weight. Preferably we use either
char, the noncaking solid product resuiting from pyrolysis
of coal or lignite at low temperature, or a raw coal which
has teen rendered noncaking, if necessary, by preoxida-
tion. The char, or raw coal (and hereafter reference is
made only to char for convenience), is introduced by a
pipe 46 into a continuous hopper 48 from which valve-
regulated amounts of char are fed by a pipe 50 into the
open space above the oxidation zone.

The char is maintained in a dense fluidized phase which
serves as the oxidation zone. Elemental Fe and FeO
substantially free of carbonaceous solids are introduced
direcily into the interior of the fluidized bed from a
source and in a manner to be later described. The ele-
menial Fe and FeO being of greater density thun the
fluidized char, descend in the bed in countercurrent flow

relationship to steam which is introduced by a steam pipe 7

82 after being compressed by a jet compressor 53.'Under

-
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some of the latter reacts with the char in the fluidized
bed to form methane. The methane is discharged together
with unused steam through an effluent gas pipe 54 for
suitable treatment to recover a high B.t.u. gas.

The conditions maintained in the oxidation zone of
the preferred embodiment are as follows: temperature,
1400 to 1800° F.; pressure, 100 to 1500 psi: and
residence time of char, 1 to 200 minutes, with the higher
pressures and longer residence times being preferred for
methane production.

The mixture of iron oxides, mostly Fe,04 and FeO,
along with carbon-depleted char, is withdrawn from the
oxidation zone through a pipe 56. This mixture is lifted
to the reduction zone through a lift pipe 58 by means
of steam from the steam fced pipe 52. In recycling to the
reduction zone, the solids puss through a cyclone sepura-
tor 60 which separates the steam from the solids. The
steam is returned through a conduit 62 to the oxidation
zone after being compressed o the desired pressure, to-
gether with the rest of the inlet steam in the compressor
§3. The solids drop out of the cyclone 60 into the space
above the moving bed and thence onto the moving bed
in the reduction zone.

The reduction zonc, as in the case of the embodiment
shown in FIG. 1, consixs ewsentially of a downwardly
moving hed of two substantially concurrently flowing
streams of solids. The recycled iron oxides are mixed with
the hot stream of carbonaceous solids entering the vessel
from a lift pipec 66 whose function will be more fully
descrihed below, The gas produced in the reduction zone
is discharged through a pipe 68. The conditions muin-
tained in the reduction zone of the preferred embodi-
ment are as follows: temperature, 150 to 2100° F.; pres-
sure, 100 to 1500 p.s.i.; residence time, 1 to 30 mimites;

3 carbon depletion per pass. 1 to 10 percent of the carbon

in the carbonaceous solids; and weight ratio of char to
iron oxides, 0.5 to 5 1bh./lh.

The mixture of reduced iron oxides, principally Fe
and FeO, along with partially carbon-depleted carbo-
naceous solids drops by gravity through an outlet conduit
70 10 a separator 72. The latter is adapted to confine
the mixture of solids in a fluidized state, the fluidizing gas
being introduced by a pipe 74. The fluidizing gas may be
essentially inert, or it may contain some steam. If it does

5 contain steam, then some hydrogen may he generated,

in which case the effluent gas from the separator may be
conducted to the Oxidizer. Otherwise, the effluent gas
may be discharged conveniently through conduit 78, Be-
cause of the different densities of the carbonaccous
solids and the iron compounds, fluidization conditions
can be selected to permit the iron compoumds to scttle
out of the bed to be discharged through a conduit 76
into the oxidation zone 42, The fluidized char overflows

_ into a pipe 78 which leads to the previously mentioned

lift pipe 66. Air is introduced into the foot of the lift
pipe through a pipe 80 not only to lift the solids back
to the reductor, but also to burn part of the carbonaceous
solids under controlled conditions to raise the temperi-
ture of the solids sufficiently high to provide the heat
required in the reduction zone. Additional nir may be
introduced into the space above the reduction zone
through a pipe 82 to effect combustion of the carbon
monoxide generated in the reduction zone, as well as
some of the carbonaceous solids from the Lift pipe 66.

The following example iflustrittes the operation of the
preferred embodiment.

The conditios maintained and fesults ‘obtained in a
material balance tun are set forth in the following Table
1 wherein the conditions and componitions of the various
gas and solids streams are tabulaled. The gas streams are
designuted by numerals 1 to 8 inclusive, and the solids

the 1emperature amd pressure conditions t ] in
the oxidation zone, the steam reacts prefercntially and
rapidly with the elemental Fe and FeO as set forth in
Equations 4 and 5 above, to form hydrogen. At feast

streams by letters A to H inclusive. The so designated
streams are shown in FIG. 3 by the encircled numerals
or letters, as the case may be. In addition, the pressures
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in pounds per square inch are shown by the encircled 3-
digit numbers at several points throughout the system.

the lift pipe is maintained, by suitable regulation of the
temperature of the steam and iron oxides, between 1300

TABLE I
IAS STREAMS

NO. cicierneenvacnmacsrnisransns 1 2 3 4 8 8 7 1
L4? 6. 7. M
w2 833 [
1,658 1,700 1,347
e
158 10.18
U, 534
. 40 HLBE
o8 R
e 245
L. 128

SOLINS STREAMS
A B c ) E ¥ 1] "
Lh.jhr. .. - 100 [ 2 1,562 1,569 17
'é‘empemgm,;: 3% L7 1,700 (R LI 1,866

Om| tion, .

4 . . 85 3.96 [ER 45.57 11.40

A modification of the preferred embodiment is shown
in FIG. 4. Numerals 100 and 102 dcsignate the Oxidizer
and the Reducer respectively. The Oxidizer consists of
two superimposed fluidized zones, Zone 1 and Zone 1I,
designated by thc numecrals 104 and 106 respectively.
Zone 1 is intended to serve primarily for the reaction of
carbonaceous solids with hydrogen to make methane,
while Zone I is intended to serve primarily for the re-
action of steam and Fe or FeO to make hydrogen. The
Reducer 102 consists of three superimposed zones, desig-
nated by the numerals 108, 110 and 112 respectively.
Zone 108 is a mixing chamber wherein incoming FeyOy
and FeQ and carbonaceous solids are mixed. Zone 116
is & combustion zone where carbon monoxide and/or
the carbonaceous solids, while falling freely in admix-
ture with the iron oxides, are partially burned to supply
heat. Zone 112 is the reduction zone itself, consisting of
a downwardly moving bed of the mixture of iron oxides
and carbonaceous solids,

Tho operation of the process illustrated in FIG. 4 is as
follows. Solid lines indicate solids streams and dotted
lines, gas streams. Hydrocarbonaceous solids (identified
as “carbon™) containing a volatile hydrocarbonaceous
component and a fixed carbon component are fed con-
tinuously throygh 114 into the Zone I of the Oxidizer
100. A fluidized bed of the hydrocarbonaceous solids is
maintained at a temperature between 1400 and 1800° F.
and at a pressure between 100 and 1500 p.s.i. in order
to optimize the reaction between the hydrocarbonaceous
solids and hydrogen. The product gas comprising princi-
pally methane and hydrogen is withdrawn through a con-
duit 116, after being freed of solids and condewnsibles
which are shown schematically as discharged through
conduit 117. The partially reacted carbonaceous solids
from Zone I are conducted by gravity down through a
conduit 118 to the lower Zone 11 In this zone, a fluidized
bed of carbonaceous solids is maintained at a pera-
ture between 1400 and 1800° F. and at a pressure be.
tween 100 and 1500 p.s.i. The gaseous product from this
20ne contains principally hydrogen and unreacted steam,
with some CO, CO,4, and CH,, and is conducted through

a conduit 120 to the upper 7Zone 1 to serve as fluidiz- 7

ing reactant in Zone 1.

‘The mixture of iron oxides from Zone I is withdrawn
therefrom through a conduit 122 to an iron oxide lift
pipe 124 whereéin the mixture of oxides is lifted by steam
introduced through a conduit 126. The temperature in

and 1800° F., thercby promoting the reaction of the
steam with FeO in the feed to the lift pipe to form Fe Oy,
The latter is separated from the eflluent gases by any
suitable means at the tup of the lifl pipe. The iron oxides
comprising principally FesO4 and FeO are carried by a
conduit 128 to the mixing chamber 108 at the top of the
Reducer vesscl where they are mixed with char entering
the mixing chamber from conduit 148.

The iron oxides and char which are intimately mixed
in the mixing chamber 108 are then allowed to fall frecly
through the combustion zone 110. The Iatter is suitably
supplied with air through a conduit 130, in suflicient
quantity to partially burn the char and thereby raise the
temperature of the mixture of solids to that required for
reduction of the iron oxides. Effluent gas and ash are
discharged from the combustion zone by any suitable
means, schematically shown in the figurc as two conduits
132 and 134 respectively.

The hot mixture of iron oxides and char is dropped
onto the top of downwardly moving bed 112 wherein the
iron oxides are reduced 1o Fe and FeO. The only gases
present in the moving bed are those generated in situ as
schematically illustrated by the dotted arrow 136. The
solid product from the reduction zone is removed through
a conduit 138 1o a Sepacator 140. A fluidized bed is
maintained in this Separator as described before, and the

3 velocity of the flnidizing gas is so regulated that the re-

duced iron oxides drop down while the char remains in
a fluidized statec and oveillows through a separate dis-
charge conduit 342. The char is secycled to the Reducer
through a lift pipc 144 by mecuns of air introduced
through conduit 146. The air also serves, as before, to
burn part of the char for process heat. The hot solids are
conducted from the top of the lift pipe through a conduit
148 to the mixing chamber 108. The effluent gas fiom
the Lift pipe 144 is also conducted to the mixing chamber
and is shown schematically, in order to show all gas
streams as well as solids streams, as being conducted
through a separate conduit 150, although it would nor-
mally not be handled separately.

The gas strcam issuing from the top of the iron oxide
lift pipe 124, as stated before, comprises principally hy-
drogen and unreacted steam. This pas strcam is carried
by conduits 152 and 154 to Zone I, and, if desired, a slip
stream may be conducted to the Separator 140 by means
of a conduit 156. Thus, it may scrve as the fluidizing gas
in the Separator; but, in that case, in the course of piss-
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ing in contact with the reduced iron oxide, will reoxidize
at least some of the Fe to FeO, which in turn will react,
at least to some extent, with the steam to form hydrogen.
The mixture of reduced iron oxides, including any FeO
formed by the reaction of steam and Fe or FeO in the
Separator, is condncted to Zone 11 via conduit 158 from
the Separator. The effluent gas from the Separator, in-
cluding any hydrogen formed by the reaction of steam
and Fe or FeO in the Separator, is conducted to Zone
11 by a conduit 160, joining up with conduit 154 at the
inlet to Zone II.

The following example illustrates the operation of the
modification of the preferred embodiment shown in
FIG. 4.

The conditions maintained and results obtained in a
material balance ron are set forth in the following Table
XX wherein the conditions and compositions of the vari-
ous gas and solids streams are tabulated. The gas streams
are designated by numerals 1 to 14 inclusive, and the
solids streams by letters A to L inclusive. The so desig-
nated streams are shown in FIG. 5 by the encircled cor-
responding numerals or letters. In addition, the tempera-
tures in ° F. of the several streams are shown by the 4-
digit numbers in parentheses.

TABLE IT

10

10 :
duction zone: temperature, 1000 to 2600° F.; pres-
sure, atmospheric or superatmospheric; - residence
time of said solids, 15 seconds to 60 minutes; carbon
depletion per pass, 1 to 10 percent of the carbon
in said carbonaceous solids; and a carbon content of
said carbonaceous solids which is at least twenty
percent by weight, whereby the iron oxides are re-
duced to a mixture comprising principally FeO and

Fe,

(d) partially burning carbon-depleted carbonaceous
solids from step (b) outside the reduction zone to
raise the temperature of said carbonaceous solids
sufficiently high to supply adiabatically the heat re-
quired in said reduction zone,

(e) returning said partially-burned carbonaceous solids
from step (d) to said reduction zone,

(f) reacting reduced iron oxides from step (b) with
steam in the presence of hydrocarbonaceous solids
in an oxidation zone,

(g) maintaining the following conditions in said oxida-
tion zone: temperature, 1000 to 2000* F.; and pres-
sure, atmospheric or superatmospheric, whereby hy-
drogen and methane are formed and a mixture of
iron oxides comprising principally Fe,O, and FeO
is produced, and

GAS STREAMS-LB. MOLES/IR.

SOLIDS STREANMS—LB. MOLES/HR,

A B € D E F a H I 3 I3 L
L4350 L0153 0.9N3  O.RS52  0.6M81  0.5M81 9.3 oxt

0301 0073 6.3 6635 .63%68 .00

TS oois

""" CHRUTT ousd

P
L350 .9850

L1376 207
BG.2NT  BE2MT

1 Associated with the ush content of the char.

2 Given In 1bs.fhr.

According to the provisions of the patent statutes, we
have explained the principle, preferred construction and
mode of operation of our invention and have illustrated
and described what we now consider to represent its best
embodiment. However, we desire to have it understood
that, within the scope of the appended claims, the inven-
tion may be practiced otherwise than as specifically illus-
trated and described.

We claim:

1. A process for the gasification of hydrocarbonaceous
solids which comprises:

(2) passing a stream of particulate. iron oxides com-
prising principally Fe,O¢ and Fes) and a siream of
particulate carbonaceous solids concurrently and
downwardly into the top of a reduction zone,

(b) subjecting said stream of particulate iron oxides
to direct reactive conta.. with said stream of par-
ticulate carbonaceous solids in « downwardly mov-
ing bed in said reduction zone, there being no molec-
ular oxygen-containing gas introduced into the mov-
ing bed in the reduction zone,

(¢) maintaining the following conditions in said re-

(h) returning said mixture of iron oxides from step
(f) to said reduction zone of step (a) to repeat the
cycle.

2. The process according to claim 1 in which the reduc-
tion zone is maintained at a temperature between 1500
and 2100° F. and a pressure between 100 and 1500 p.s.i.;
and the oxidation zone is maintained at a temperature
between 1400 and 1800° F. and a pressure between 100
and 1500 ps.i.

3. A process for the gasification of hydrocarbonaceous
solids which comprises:

(a) passing a stream of particulate iron oxides com-
prising principally Fe;O¢ and FeO and a stream of
particulate carbonaceous solids concurrently and .
downwardly into the top of a reduction zone,

(b) subjecting snid stream of particulate iron oxides
to direct reactive contact with said stream of partic-
ulate carbonaceous solids in a downwardly moving
bed in said reduction zone, there being no malecular
oxygen-containing gases introduced into said moving
bed in said reduction zone,

4c0-A43



3,700,422

11

(c) maintsining the following conditions in said reduc-

tion zone: temperature, 1000 to 2600° F.; pressure,

ic or superatmospheric; residence time of
solids, 15 seconds to 60 minutes; carbon depletion
of said carbonaceous solids per pass through said
reduction zone, 1 to 10 percent of the carbon in
said carbomaceous solids; and a carbon content of
said carbonaceous solids which is at least twenty
percent by weight, whereby said iron oxides are
reduced to a mixture comprising principally FeO
and Fe,

(d) withdrawing the mixture of carbon-depleted car-
bonaccous solids and reduced iron oxides from said
reduction zone and transferring said mixture to a
separation 2one,

(e) paming & gas through said mixture of carbon-
depleted carbonaceous solids and reduced iron oxides
in said scparation zone at a velocity sufficient to
effect separation by virtue of the difference in densities
ot the reduced iron oxides and carbonaceous solids,

(f) withdrawing carbon-depleted carbonaceous solids
from said scparation zooe and partially burning same
outside s2id reduction zone to raise the temperature
of 3aid carbonaceous solids sufficiently high to supply
adiabatically the heat required in said reduction 2one,

(g) returning said pastially-burned carbonaceous solids
to said reduction zone,

(h) withdrawing iron oxides from said scparation zone
and reacting same with steam in the presence of
hydrocarbonaceous solids in an oxidation zone,

(i) maintaining the following conditions in said oxida-
tion zone: temperature, 1000 to 2000°* F.; and pres-
sure, atmospheric or superatmospheric, whereby hy-
drogen and methane are formed and a mixture of
iron oxides comprising principally FesO4 and FeO is
produced, and

(j) returning said mixture of iron oxides from said
oxidation zone to said reduction zone.

4. The process according to claim 3 in which the reduc-
tion zone is maintained at a temperature between 1500
and 2100° F. and a pressure between 100 and 1500 ps.i.;
and the oxidation zone is maintained at a temperature
between 1400 and 1800° F. and a pressure between 100
and 1500 p.s..

$. A process for the gasification of hydrocarbonaceous
solids which comprises:

(a) paming a stream of particulate iron oxides com-

prising principaily FeyOq and FeO and a stream of
3 - earbonaceous solids concurrently and
downwardly into the top of a reduction zone,

(b) subjecting said stream of particulate iron oxides to
direct reactive contact with said stream of particu-
late carbonaceous sofids in a downwardly moving
bed in said reduction zone, there being no molecular
oxypen-containing gases introduced into said moving
bed in smaid reduction zone,

(c) maintaining the following conditions in said reduc-
tion zooe: temperature, 1000 to 2600°* F.; pressure,
atmospheric or superatmospheric; residence time of
solids, 15 seconds to 60 minutes; carbon depletion of
said carbonaceous solids per pass through said reduc-
tion zone, 1 t0 10 percent of the carbon in said car-
bonaceous solids; and a carbon content of said
carbonaceous solids which is at least twenty percent
by weight, whercby said iron oxides are reduced to
a mixture comprising principally FeO and Fe,

(d) withdrawing the mixture of carbon-depleted car-
bonaceous solids and reduced iron oxides from said
reduction zone and transferring said mixture to a

separation zone,

(e¢) paming a fuidizing gas through said mixture of
carbon-depleted carbonaceous solids and .reduced
jron oxides in said separation zone at such a velocity
that & fluidized bed of said carbonaccous solids is
eatablished and maintained from which said iron
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oxides and said carbonaceous solidy may be separate-
ly withdrawn,

(f) withdrawing carbon-dcpleted carbonaceous solids
from said fluidized scparation zone and partially
burning samc outside said reduction zone to raise
the temperature of said carbonaceous solids suffi-
ciently high to supply adiabatically the beat re-
quired in said reduction zone,

(g) returning said partially-burned carbonaceous solids
to said reduction zone,

(h) withdrawing iron oxides from said separation zone
and reacting same with steam in the presence of
hydrocarbonaceous solids in an oxidation zone,

(i) maintaining the following conditions in said oxida-
tion zone: temperature, 1000 to 2000° F.; pressure,
atmospheric or superatmospheric; and residence time
of the solids, 30 seconds to 200 minutes, whereby
hydrogen and methane are formed and a mixture of
iron oxides comprising principally Fe;O¢ and FeO
is produced, and

(3) returning said mixture of iron oxides from said
oxidation zone to said reduction zone.

6. The process according to claim 8 in which the re-
duction zone is maintained at a perature between 1500
and 2100° F. and a pressure between 100 and 1500 p.s.is
and the oxidation zone is maintained at a temperalure be-
tween 1400 and 1800° F. and a pressure between 100 and
1500 p.s.i.

7. The process according to claim § in which the Auid-
izing gus used in the separation zone is an inerl gas.

8. The process according to claim 5 in which the fluid-
izing gas used in the separation zone contains steam.

9. ‘The process according 1o claim 5 in which the hydro-
carbonaceous solids in the oxidation zone are maintained
therecin as a fluidized bed.

10. A process for the gasification of hydrocarbonaceous
solids which comprises:

(a) passing a stream of particulate iron oxides compris-
ing principally Fe,0, and FeO and a stream of par-
ticulate carbonaceous solids concurrently and dowa-
wardly into the top of a reduction zone,

(b) subjecting said stream of particulate iron oxides to
direct reaclive with said st of particulat
carbonaceous solids in a downwardly moving bed in
said reduction zone, there being no molecular oxy-
gen-containing gas introduced into the moving bed in
the reduction zone,

(c) maintaining the following conditions in said re-
duction zone: temperature, 1500 to 2100° F, and a
pressure between 100 and 1500 p.s.i.; residence time
of said solids, 15 seconds to 60 minutes; carbon de-
pletion per pass, 1 to 10 percent of the carbon in said
carbonaceous solids; and a carbon content of said
carbonaceous solids which is at least twenty percent
by weight, whereby the iron oxides are reduced to a
mixture comprising principally FeO and Fe,

(d) passing a gas through the mixture of reduced iron
oxides and carbon-depleted carbonaceous solids from
said reduclion zone in a separation zone at such a
velocity that a fluidized bed of the carbonaceous
solids is formed from which the reduced iron oxides
may be readily withdrawn,

(e) partially burning the separated carbonaceous solids
outside the reduction zone to raise the temperature of
said carbonaceous solids sufficiently high to supply
adiabatically the heat required in the reduction zone;

(f) returning said partially-burned carbonaceous solids
to said reduction zone,

(g) establishing and maintaining a first fluidized bed
of hydrocarbonaceous solids at a temperature be-
tween 1400 and 1800° F. and a pressurc between
100 and 1500 ps.i,

(h) ting reduced iron oxides from said separa-
tion zone to the bed established in step (g) and al-
Jowing said iron oxides to fall by gravity in counter-
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current relationship with steam flowing upwardly in
said bed, whereby hydrogen and methane are formed.

(i) blishing and maintaining a d fluidized bed
of hydrocarbonaceous solids at a temperature be-
tween 1400 and 1800° F. and a pressure between 100
and 1500 p.s.i. said second fluidized bed being in-
terconnected to the fluidized bed of step (g) so that
the solids from the second fluidized bed flow into
the fluidized bed of step (g) and the product gas
from the fluidized bed of step (g) flows into the
second fluidized bed, whereby a product gas enriched
in h is produced in the d Auidized bed,
and

«(j) returning iron oxides withdrawn from the fluidized

4c-A45

bed of step (g) to the reduction zone to repeat the

cycle.
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