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& High temperature desulfurization of synthesis gas.

&) Synthesis gas, fuel gas, or reducing gas is pro-
duced by the noncatalytic partial oxidation of a
sulfur-containing liquid hydrocarbonaceous fuel or a
slurry of sulfur-containing solid carbonaceous fuel
with a free-oxygen containing gas in the free-flow
reaction zone, or first reaction zone R, of a refrac-
tory lined gas generator at an autogenous tempera-
ture in the range of about 1900°F to 2900°F and
-above the ash fusion temperature of the slag formed
gin the reaction zone, so that a high proportion of the
carbon in the fuel feed to the reaction zone is
I™converted into carbon oxides. At least a portion of
= ihe hot effluent gas stream from the reaction zone is
passed through a free-flow radiant cooler, or second
KD reaction zone Rz, in admixture with an iron-contain-
ing additive or in admixture with a second portion of
the fuel and an iron-containing or calcium-containing
Oadditive. In the radiant cooler or second reaction
Q. zone R, at least a portion of the sulfur-containing
Ll gases, e.g. H2S and COS react with the iron-contain-
ing or calcium-containing additive to produce par-
ticulate matter comprising iron oxysulfide or calcium

sulfide. Further, a portion of this newly formed par-
ticulate matter and/or the iron-containing or caicium-
containing additive combine with molten slag and/or
ash in the hot raw gas stream passing through the
radiant gas cooler or the second reaction zone Ra.
The slag produced thereby has a reduced ash fusion
temperature and a reduced viscosity, or ‘the fly-ash
which is produced thereby has an increased ash
softening temperature. The product gas stream dis-
charged contains a reduced amount of sulfur-con-
taining gases.
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HIGH TEMPERATURE DESULFURIZATION OF SYNTHESIS GAS

BACKGROUND OF THE INVENTION

This invention relates to the gasification of
sulfur-containing liquid hydrocarbonaceous fuel or
a slurry of sulfur-containing solid carbonaceous
fuel. More specifically it relates to the removal of
sulfur-containing gases from the raw effluent syn-
thesis gas stream produced in a refractory lined
free-flow gas generator.

As supplies of petroleum gradually diminish
sulfur-containing heavy liquid hydrocarbonaceous
fuel and/or sulfur-containing coal which is Amer-
ica's most abundant form of fossil fuel will play an
increasingly major role in providing for the nation's
energy requirements. One ton of coal contains the
same amount of energy as three to four barrels of
crude oil. Accordingly, in the future it will become
necessary to produce an increasing fraction of lig-
uid and gaseous fuels from these sulfur-containing
comparatively low cost fuels. The synthesis, reduc-
ing, and fuel gases produced from these sulfur-
containing materials contain a comparatively high
e.g. from about 0.1 to 2.0 mole % of HzS and
COS. The desirability for removing, at high tem-
peratures, a major share of the sulfur present in
synthesis gas, as generated in a Partial Oxidation
Gasification Process, is widely recognized. In par-
ticular, removal of sulfur from syngas at high tem-
peratures would improve combined cycle thermal
efficiency by eliminating the need for costly cooling
of product gases for low temperature acid gas wet
scrubbing such as with Selexol or Rectisol. When
the synthesis gas is burned as fuel in a gas tur-
bine, it may be unnecessary to remove the last
trace of sulfur. Energy savings such as possible
through a high temperature (circa 1000° F) desul-
furization process can outweigh the need to get an
extremely low sulfur content fuel gas. The gas
produced by this invention may be used with or
without further processing and/or purification as a
gaseous fuel or as feedstock for the catalytic syn-
thesis of liquid fuels.

Synthesis gas, fuel gas, and reducing gas may
be produced from coal by well known gasification
processes. For example, coassigned U.S. Pat. Nos.
3,544, 291 and 4,289,502 respectively relate to a
process for the partial oxidation of slurries of coal,
and to an apparatus for producing cleaned and
cooled synthesis gas by the partial oxidation of
solid carbonaceous fuel.

The problem of ash deposition in synthesis gas
coolers of slagging gasifiers was reported in Elec-
tric Power research Institute AP-3806.

The object of the subject invention is to pro-
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vide an improvement in the art to permit long time
operation of the partial oxidation gas generator
without shut-down due to accumulation of slag on
metal surfaces in the cooling zone. A further object
is to remove sulfur-containing gases and slag from
the raw effluent synthesis gas stream produced in
a refractory lined free flow gas generator.

The present invention is superior to the single-
stage mode wherein an iron and calcium containing
additive is mixed with the fuel feedstock to the
gasifier, such as described in coassigned U.S. Pat-
ent No. 4,668,428, since lower dosages of iron or
calcium can accept more sulfur at the lower tem-
peature in the radiant cooler or second reaction
zone of the subject invention. Further, the thermat
energy produced by the suifur removal reaction
may be now recovered in the radiant cooler. More-
over, two-stage down-flowing and up-flowing
gasification processes are known in the art, includ-
ing for example U.S. Patent Nos. 2,801,158;
2,961,310; 3,988,123; 4,436,531; and 4,647,294.
However, these processes do not provide for in-situ
desulphurization of the product gas, nor for the
production of slag having a lower melting point.

SUMMARY OF THE INVENTION

The invention provides, in one aspect, a con-
tinuous process for producing a stream of synthe-
sis gas, fuel gas or reducing gas by the non-
catalytic partial oxidation of sulfur-containing heavy
liquid hydrocarbonaceous fuel and/or suifur-con-
taining solid carbonaceous fuel with a free-oxygen
containing gas. A liquid or gaseous carrier is used
to introduce the solid fuel into the down-flowing
reaction zone of the gas generator. An effluent gas
stream is first produced by the partial oxidation of
the sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel in the free-flow non-catalytic refrac-
tory lined gas generator at a temperature in the
range of about 1900 F. to 2900 F and above the
ash-fusion temperature of the slag formed in the
reaction zone, and a pressure in the range of about
2 to 250 atmospheres. A temperature moderator
such as H:O may be employed when the liquid
carrier is a liquid hydrocarbon fuel.

The partial oxidation gas generator is operated
so as to convert from about 75 to 95 wt.% or 85 to
99 wt.% of the carbon in the fuel feed to the
reaction zone into carbon oxides. The hot effluent
gas stream leaving the gas generator comprises
Hz, CO, CO2, H2S, COS and at least one gaseous
material from the group consisting of H20, N2 CHa,
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NHs, and A . Further, entrained in the hot effluent
gas stream leaving the reaction zone is particulate
carbon e.g. any remaining unconverted fuel and/or
soot and the non-combustible inorganic ash portion
of the fuel e.g. molten siag from the reacted portion
of the solid carbonaceous fuel.

At least a portion e.g. about 20 to 100 volume
% of the hot effluent gas stream leaving the reac-
tion zone of the gas generator, with or without
removal of a portion of the entrained particulate
matter and/or slag, is passed through an unobstruc-
ted vertical central passage of a free-flow radiant
cooler in admixture with an iron-containing additive.
The remainder of the hot effluent gas stream, if
any, may be cooled in a quench tank such as
shown and described in coassigned U. S. Patent
No. 4,328,006, which. is incorporated herein by
reference. The iron-containing additive may be in-
troduced into the hot effluent gas stream at the
entrance to and/or at one or more locations within
the radiant cooler. Sufficient iron-containing addi-
tive is introduced into the hot effluent gas stream
so as to provide in the radiant cooler a weight ratio
of iron-containing additive to sulfur plus ash in the
fuel feed in the range of about 0.5-10.0 to 1.0.

A tube-wall comprising pipes or coils through
which cooling water is passed line the inside walls
of the radiant cooler for use in controlling the
reduction of the temperature of the stream of hot
effluent gas passing therethrough. The hot effluent
gas stream enters the radiant cooler at a tempera-
ture in the range of about 1900° F to 2800°F and
leaves at a temperature in the range of about
- 1000°F to 1600°F., such as 1500°F. Cooling is
effected by noncontact indirect heat exchange.

As the effluent gas stream passes through the
unobstructed ceniral passage of the radiant cooler,
at least a portion i.e. about 50-100 weight percent
and preferably all of the sulfur-containing gases in
the effluent gas stream e.g. HeS and COS react
with the iron-containing additive to produce par-
ticulate matter comprising iron oxysulfide. Substan-
tially no new elemental iron is formed from iron-
containing additive compounds. Further, a portion
e.g. about 5 to 20 wt. % of this newly formed
particulate matter and iron-containing additive com-
bine with slag and/or ash in the hot raw gas stream
passing through the radiant gas cooler to produce
slag with a reduced ash fusion temperature and
viscosity, in comparison with the ash fusion tem-
perature and viscosity of the ash and slag pro-
duced without the addition of the iron-containing
additive. Gravity separation of the slag from the
effluent gas stream is thereby facilitated. The re-
mainder of the iron oxysulfide leaves the radiant
cooler entrained in the effluent gas stream. The
particulate matler is separated from the effluent
gas stream by conventional gas-solids separation
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means and recycled to the reaction zone of the
partial oxidation gas generator in admixiure with
the fuel feed. Alternatively, this newly formed par-
ticulate matter may be roasted to produce iron
oxide and sulfur-containing gas e.g. SOz. The iron
oxide may be recycled to the radiant cooler as a
portion of the iron-containing additive, and/or intro-
duced into the partial oxidation reaction zone in
admixture with the fuel feed to facilitate removal of
the ash. The SOz may be recovered as a useful
by-product. Advantageously, portions of the sensi-
ble heat in the stream of hot effluent gas from the
partial oxidation reaction zone and from the ex-
othermic reactions going on in the radiant cooler
are recovered by indirect heat exchange with the
cooling water flowing through the tube-wall in the
radiant cooling zone. By-product steam may be
thereby produced. Further, the desulfurized product
gas is available for use at a higher temperature.
Costly reheating is thereby avoided.

The invention also provides, in another aspect,
an improved two-stage continuous process for the
in-situ desulfurization of a stream of synthesis gas,
fuel gas or reducing gas. In the first stage, non-
catalytic partial oxidation of a first portion of sulfur-
containing heavy liquid hydrocarbonaceous fuel
and/or sulfur-containing solid carbonaceous fuel
with a free-oxygen containing gas takes place in a
first reaction zone Ri. In the second stage, the
following take place in a second reaction zone Rz :
(i) devolatitizing a second portion of said sulfur-
containing fuel; (i) reaction of carbon from said
second portion of suffur-containing fuel and carbon
from the unreacted portion of said first portion of
sulfur-containing fuel with H20 and/or CO; in the
presence of an iron-containing or a calcium-con-
taining additive to produce with an increased reac-
tion rate additional Hz and carbon oxides, (iii) con-
version of sulfur in said second portion of sulfur-
containing gases into iron oxysulfide or calcium
sulfide. The temperature in Rz is lower than that in
Ri.

Preferably, the temperature in Ry is above the
softening temperature of the ash in R; . Simulta-
neously in the second stage, the iron oxysulfide
reacts with slag to produce slag with a reduced
melting point. This slag may be easily separated
from the product gas for example by gravity. Fur-
ther, carbon conversion is increased by the cata-
lytic reactions between carbon and H:0 and/or
COz2 in the presence of an iron-containing additive
that take piace in the second reaction zone.

Alternatively, while the temperature in Ry is
above the softening temperature of the ash in R,
thereby producing moiten slag, the temperature in
R: is below the softening temperature of the ash
and slag in Rz thereby producing fly-ash. The fly-
ash may be separated from the product gas by



5 EP 0 305 047 A2 6

scrubbing with a liquid hydrocarbonaceous ma-
terial. Further, carbon conversion is increased by
the catalytic reactions between carbon and HzO
and/or CO2 in the presence of the calcium-contain-
ing additive that take place in the second reaction
zone.

The sulfur-containing fuel feedstock is divided
into two portions. About 50 to 100 wt. %, such as
about 70 to 95 wt. % of the total amount of fuel
feedstock is gasified in the first reaction zone; and,
the remainder of the fuel feed is gasified in the
second reaction zone along with the unreacted
portion of the fuel feedstock from the first reaction
zone.

A liquid or gaseous carrier is used to introduce
the fuel into the first down-flowing or upflowing
unobstructed refractory lined vertical cylindrical
shaped reaction zone gas generator. An effluent
gas stream is produced by the partial oxidation of
the sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel in the first reaction zone located in
a free flow gas generator at a temperature in the
range of about 1900° F. to 2800° F and above the
ash-fusion temperature of the slag formed in the
first reaction zone, and a pressure in the range of
about 2 to 250 atmospheres. A temperature moder-
ator such as H20 may be employed when the
carrier for the fuel is a liquid hydrocarbon fuel.

The partial oxidation gas generator is operated
so as to convert into carbon oxides from about 85
to 98 wi. % or 75 to 95 wi.% of the carbon in the
fuel feed entering the first reaction zone. The hot
effluent gas stream leaving the gas generator com-
prises Hz, CO, COz, H2S, COS and at least one
gaseous material from the group consisting of H20,
Nz, CHe, NHa, and A . Further, entrained in the hot
effluent gas stream leaving the first reaction zone is
particulate carbon e.g. any remaining unconverted
fuel and/or soot and the non-combustible inorganic
ash portion of the fuel e.g. slag from the reacted
portion of the liquid hydrocarbonaceous or solid
carbonaceous fuel.

At least a portion e.g. about 20 to 100 volume
% of the hot effluent gas siream leaving the first
reaction zone of the gas generator, with or without
removal of a portion of the enirained particulate
matter and/or slag, is passed through an unobstruc-
ted vertical cenfral passage of a second reaction
zone comprising a down-flowing, or up-flowing un-
obstructed refractory lined vertical -cylindrical
shaped chamber in admixture with a second por-
tion of fuel comprising sulfur-containing heavy lig-
uid hydrocarbonaceous fuel and/or sulfur-contain-
ing solid carbonaceous fuel, and an iron-containing
or a calcium-containing additive. No supplemental
free-oxygen containing gas from an external source
is introduced into the second reaction zone. The
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remainder of the hot effluent gas stream, if any,
from the first reaction zone may be cooled in a
quench tank. Suitable gasification equipment which
provide the first and second reaction zones R and
Rz that are suitable for use in the subject process
are shown and described in coassigned U.S. Patent
Nos. 4,248,604, 4,328,006; 4,647,294; and also in
U.S. Patent No. 2,961,310. These patents are incor-
porated herein by reference. The iron-containing or
caicium-containing additive may be introduced into
the hot effluent gas stream at the entrance to
and/or at one or more locations within the second
reaction zone Ra.

Sufficient iron-containing additive is introduced
into the hot effluent gas stream so as to provide in
the second reaction zone R: iron atoms in the
amount of about 1.1 to 1.8 times the atoms of
sulfur in the second reaction zone R: plus about
0.3 to 1.2 times the atoms of silicon in the ash in
the second reaction zone Ra.

Alternatively, sufficient calcium-containing ad-
ditive is introduced into the hot effluent gas stream
so as to provide in the second reaction zone Rz
calcium atoms in the amount of about 0.95 to 1.8
times the atoms of sulfur in the second reaction
zone Rz plus about 0.1 to to 0.2 times the atoms of
silicon in the ash in the second reaction zone Ra.

Moreover, the mole ratio of H2Q and/or COz in
the second reaction zone to the total amount of
carbon in the second reaction zone plus the carbon
in the unreacted fuel and particulate matter en-
trained in the hot raw effluent gas stream entering
the second reaction zone R: is in the range of
about 0.7 to 25.0, such as about 1.0 to 20.

The hot effluent gas stream enters the second
reaction zone R: at a temperature in the range of
about 1900° F to 2850° F and leaves at a tempera-
ture in the range of about 1000 F to 2200° F, such
as 1500 F. Cooling is effected by devolatilizing the
fuel, evaporating any liquid carrier, and by the
endothermic reaction of carbon with H,O and/or
CO. . The average temperature in Rz is less than
that in Rs.

As the effluent gas stream passes through the
unobstructed central passage of the second reac-
tion zone, at least a portion i.e. about 50-100
weight percent and preferably all of the sulfur-
containing gases in the effluent gas stream e.g.
H>S and COS react with the iron-containing or
calcium-containing additive to produce particulate
matter comprising iron oxysulfide or calcium sul-
fide. Substantially no new elemental iron is formed
from iron-containing or calcium-containing additive
compounds.

A portion e.g. about 5 to 20 wt. % of this newly
formed particulate matter and iron-containing ad-
ditive combine with slag and/or ash in the hot raw
gas stream passing through the second reaction
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zone Rz to produce slag with a reduced ash soften-
" ing temperature and viscosity in comparison with
the ash softening temperature and viscosity of the
ash and slag produced without the addition of the
iron-containing additive. Gravity separation of the
slag from the effluent gas stream is thereby facili-
tated. The remainder of the iron oxysulfide leaves
the second reaction zone entrained in the effluent
gas stream. The particulate matter is separated
from the effluent gas stream by conventional gas-
solids separation means and recycled to the reac-
tion zone of the partial oxidation gas generator in
admixture with the fuel feed. Alternatively, this new-
ly formed particulate matier may be roasted to
produce iron oxide and sulfur-containing gas e.g.
S0.. The iron oxide may be recycled to the sec-
ond reaction zone as a portion of the iron-contain-
ing additive, and/or introduced into the partial oxi-
dation first reaction zone in admixture with the fuel
feed to facilitate removal of the ash. The SOz may
be recovered as a useful by-product. Advanta-
geously, portions of the sensible heat in the stream
of hot effluent gas from the partial oxidation reac-
tion zone are recovered by direct heat exchange
with the fuel materials and carriers flowing through
the second reaction zone. Further, the desulfurized
product gas is available for use at a higher tem-
perature. Costly reheating is thereby avoided.
Alternatively, a portion, e.g. about 5 to 20 wt.
% of this newly formed particulate matter and
calcium-containing additive combine with slag
and/or ash in the hot raw gas stream passing
through the second reaction zone Rz to produce
fly-ash with an increased ash softening temperature
in comparison with the ash softening temperature
of the ash produced without the addition of the
calcium-containing additive. The calcium suifide
leaves the second reaction zone along with the fly-
ash portion of the particulate matter entrained in
the effluent gas stream. The particulate matter is
separated from the effluent gas stream by scrub-
bing with a liquid hydrocarbonaceous material or
by conventional gas-solids separation means. This
newly formed particulate matter may be roasted to
produce calcium oxide and sulfur-containing gas
e.g. SOz . The calcium oxide may be recycled to
the second reaction zone as a portion of the
calcium-containing additive, and/or introduced into
the partial oxidation first reaction zone in admixture
with the fuel feed to facilitate removal of the ash.
The SO2 may be recovered as a useful by-product.
Advantageously, portions of the sensible heat in
the stream of hot effluent gas from the partial
oxidation reaction zone are recovered by direct
heat exchange with the fuel materials, free-oxygen
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containing gas and carriers flowing through the
second reaction zone. Further, the desulfurized
product gas is available for use at a higher tem-
perature. Costly reheating is thereby avoided.

DESCRIPTION OF THE INVENTION

The present invention pertains {o a continuous
process for the production of a desulfurized stream
of synthesis gas, fuel gas, or reducing gas from
sulfur-containing heavy liquid hydrocarbonaceous
fuel andfor sulfur-containing solid carbonaceous
fuel in a liquid or gaseous carrier. The hot effluent
gas stream is desulfurized in-situ without reducing
the temperature.

A typical down-flowing partial oxidation synthe-
sis gas generator is shown in coassigned U.S.
Patent No. 2,818,326. The gas generator is a verti-
cal cylindrical steel pressure vessel lined on the
inside with a thermal refractory material. A burner
is located in the top of the gas generator along the
central vertical axis for introducing the feed
streams. A suitable annulus-type burner is shown
in coassigned U.S. Patent No. 2,928,460.

The term sulfur-containing solid carbonaceous
fuel includes coal, such as anthracite, bituminous,
subbituminous; coke from coal; lignite; residue de-
rived from coal liquefaction; oil shale; tar sands;
petroleum coke; asphalt; pitch; particulate carbon
(soot); concentrated sewer sludge; and mixtures
thereof. The sulfur content of the solid carbona-
ceous fuel is in the range of about 0.2 to 6.0 wt. %.
The ash or inorganic portion of the solid carbona-
ceous fuel is in the range of about 0.1 to 30 wi. %.
Ash from solid carbonaceous fuel substantially
comprises the oxides of Si, Fe, V, Ni and Al. The
solid carbonaceous fuel may be ground to a par-
ticle size so that 100% passes through an ASTM
E11-70 Sieve Designation Standard (SDS) 1.40 mm
Alternative No. 14, Pumpable slurries of solid car-
bonaceous fuels may have a solids content in the
range of about 25-70 wt. % such as 45-68 wt. %,
depending on the characteristics of the fuel and the
slurrying medium. The slurrying medium may be
water, liquid hydrocarbon, or both.

The term sulfur-containing heavy liquid hydro-
carbon fuel, as used herein, is intended to include
various materials, such as virgin crude, residue
from petroleum distillation and cracking, petroleum
distillates, reduced crude, whole crude, asphalt,
coal tar, coal derived oil, shale oil, tar sand oil and
mixtures thereof. The sulfur and ash contents of
the heavy liquid hydrocarbonaceous fuel are re-
spectively in the ranges of about 0.5 to 5.0 weight
%; and 100 to 10,000 parts per million. Ash from
heavy liquid hydrocarbonaceous fuel substantially
comprises the oxides and some sulfides of Fe, Ni,
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V and Si.

" The use of a temperature moderator to mod-
erate the temperature in the reaction zone of the
gas generator, or in the first reaction zone thereof
in a two-stage process (and optionally in the sec-
ond reaction zone therein), depends in general on
the carbon to hydrogen ratio of the feedstock and
the oxygen content of the oxidant stream. Suitable
temperature moderators include steam, water, C
Qq-rich gas, liquid COz, recycle synthesis gas, a
portion of the cooled clean exhaust gas from a gas
turbine employed downstream in the process with
or without admixture with air, by-product nitrogen
from the air separation unit used to produce sub-
stantially pure oxygen, and mixtures of the afore-
said temperature moderators. Water serves as the
carrier and the temperature moderator with slurries
of liquid hydrocarbon fuels and solid carbonaceous
fuel. However, steam may be the temperature
moderator with slurries of liquid hydrocarbon fuels
and solid carbonaceous fuel. Generally, a tempera-
ture moderator is used with liquid hydrocarbon
fuels and with substantially pure oxygen. The tem-
perature moderator may be introduced into the gas
generator in admixture with either the solid car-
bonaceous fuel feed, the free-oxygen containing
steam, or both. Alternatively, the temperature
moderator may be introduced into the reaction
zone, or the first and/or second reaction zones, of
the gas generator by way of a separate conduit in
the fuel burner. When Hz0 is introduced into the
reaction zone, or the first and/or second reaction
zones, of the gas generator either as a temperature
moderator, a slurrying medium, or both, the weight
ratio of water to the solid carbon in the solid
carbonaceous fuel plus liquid hydrocarbon fuel if
any, is in the range of about 0.3 to 2.0 and prefer-
ably in the range of about 0.5 to 1.0.

The term free-oxygen containing gas, as used
herein, is intended to include air, oxygen-enriched
air, i.e. greater than 21 mole % oxygen, and sub-
stantially pure oxygen, i.e. greater than 95 mole %
oxygen, (the remainder comprising N2 and rare
gases). Free-oxygen containing gas may be intro-
duced into the burner at a temperature in the range
of about ambient to 1200° F. The atomic ratio of
free-oxygen in the oxidant to carbon in the feed
stock (O/C atom/atom) is preferably in the range of
about 0.7 to 1.5, such as about 0.80 to 1.2. In a
two-stage process, substantially no supplementary
free-oxygen is introduced into the second reaction
zone other than that in the raw effluent gas stream
fram the first reaction zone.

The relative proportions of solid carbonaceous
fuel, liquid hydrocarbon fuel if any, water or other
temperature moderator, and oxygen in the feed
streams to gas generator, are carsfully regulated to
canvert a substantial portion of the carbon in the
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fuel feed to the partial oxidation gas generator e.g.
75 to 95 wt. %, such as 80 to 90 wt. % of the
carbon to carbon oxides e.g. CO and COz and to
maintain an autogenous reaction zone temperature
in the range of about 1900° F to 2900 F and above
the ash-fusion temperature of the slag formed in
the reaction zone. Advantageously, with sulfur-con-
taining solid carbonaceous feeds, the ash in the
solid carbonaceous fuel forms moilten slag at such
reaction temperatures. Moiten slag is much easier
to separate from the hot effluent gas than fly-ash.
Further, the hot effluent gas leaves the reaction
zone at the proper temperature and pressure for
the next step in the process. The pressure in the
reaction zone is in the range of about 2 to 250
atmospheres. The time in the reaction zone of the
partial oxidation gas generator in seconds is in the
range of about 0.5 to 10, such as normally about
1.0 to 5.

The effiuent gas stream leaving the partial oxi-
dation gas generator has the following composition
in mole % depending on the amount and composi-
tion of the feedstreams: H. 8.0 to 60.0, CO 8.0 to
70.0, CO2 1.0 to 50.0, H20 2.0 to 50.0, CH4 0.0 to
2.0, H2S plus COS 0.10 to 2.0, N2 0.0 to 80.0, and
A 0.0 to 2.0. Trace amounts of the following gas-
eous impurities may be also present in the effluent
gas stream in parts per million (ppm): HCN 0 to
100; such as about 2 to 20; HCI 0 to about 20,000,
such as about 200 to 2,000; and NH;3 0 to about
10,000, such as about 100 to 1000. Entrained in
the effluent gas stream is about 0.5 to 20 Wt. %,
such as 1 to 4 wt. % particulate carbon (basis
weight of carbon in the feed to the gas generator)
comprising the remaining portion of the unconver-
ted ash-containing solid carbonaceous fuel feed
and/or soot. Molten slag resulting from the fusion of
the ash content in the coal or fly-ash is also en-
trained in the gas stream leaving the generator.

In one embodiment, at least a portion e.g.
about 20 to 100 volume % of the effluent gas
stream leaving the reaction zone of partial oxidation
gas generator at a temperature in the range of
about 1900°F to 2900°F, is passed through the
unobstructed central axial passage of a radiant
cooler. The iron-containing additive may be intro-
duced into the hot effluent gas stream at the en-
trance to and/or at one or more locations within the
radiant cooler. Sufficient iron-containing additive is
introduced into the hot effluent gas stream so as to
provide in the radiant cooler a weight ratio of iron-
containing additive to sulfur plus ash in the fuel
feed in the range of about 0.5-10.0 to 1.0. The hot
effluent gas stream from the gas generator may be
passed in a downward or upward direction through
the radiant cooler. For example, a radiant cooler
may be connected directly in succession to the
discharge outlet of the gas generator, in an ar-
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rangement such as shown in U.S. Patent No.
2,801,158 and in coassigned U. S. Patent No.
3,551,347, which are incorporated herein by refer-
ence.

In one embodiment, refractory-lined first and/or
second slag and residue separation chambers may
be connected between the discharge outlet of the
reaction zone of the gas generator and the inlet to
the radiation cooler for separation of a portion of
the entrained matter by gravity. For example, see
coassigned U. S. Pat. No. 4,251,228, which is in-
corporated herein by reference. By this means, a
portion of the combustion residue entrained in the
effluent gas stream leaving the reaction zone may
be removed prior to the radiant cooler. This may
be done with substantially no reduction in tempera-
ture of the effluent gas stream by gravity and/or
gas-solids separation means, such as by cyclone
or impingement separators. This mode is shown
and described in coassigned U. 8. Patent Numbers
4,328,006 and 4,377,394, which are incorporated
herein by reference.

Any suitable radiant cooler, such as those in
the previously mentioned references, may be used
in the subject process. The radiant cooler essen-
tially comprises an elongated cylindrically shaped
vertical pressure vessel. The steel walls of the
vessel are lined on the inside with a tube-wall
which may extend through the full length of the
vessel. A coolant such as cooling water or water
and steam flows through the individual tubes of the
tube-wall. By this means the outer shell of the
radiant cooler is protected against the hot gas
stream flowing freely through the unobstructed lon-
gitudinal central passage of the vessel which is
surrounded by said tube-wall. The tube-wall com-
prises a plurality of adjacent contacting rows of
vertical tubes or coils in a concentric ring that is
radially spaced from the central longitudinal axis of
the vessel.

In one embodiment, a plurality of thin-walied
vertical tubes with or without side fins line the
inside walls of the radiant cooler. The adjacent
rows of tubes are longitudinally welded together to
make an annular gas-tight wall of tubes. The lower
and upper ends of each said tubes may be respec-
tively connected to lower and upper annular
shaped headers. When the coolant in the tube wall
is water or a mixture of water and steam , the
highest temperature that the pressure shell can
reach is the temperature of the saturated steam
within the radiant cooler. Boiler feed water is intro-
duced into the bottom header and then passes up
through the plurality of separate upright tubes into
the top header. The mixture of steam and water is
removed from the top header and introduced into
an external steam drum where separation takes
place. The saturated steam removed from the
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steam drum may be used elsewhere in the process
to provide heat or power. Optionally, at least a
portion of the saturated steam may be superheat-
ed. The hot water separated in the steam drum
may be returned to the botiom header of the ra-
diant cooler. Optionally, for cleaning and main-
tenance, a plurality of nozzles may be secured on
the outside of the tube-wall. By this means, a
stream of water, steam or air may be directed
against the tube-wall. Thus, the tube-wall may be
washed down with water, and any slag deposited
thereon may be removed by the wash water. In
one embodiment, the inside surfaces of the radiant
cooler and the outside surfaces of the tubing in the
radiant cooler are provided with a protective metal
which substantially reduces any sticking or build-up
of slag. See coassigned U. S. Patent Application
Serial Number 45,632, filed May 4, 1987, which is
incorporated herein by reference. )

The hot effluent gas stream may enter through
either end of the vertical radiant cooler and freely
flow through the unobstructed central core. The
temperature of the hot effluent gas stream is stead-
ily reduced as it flows through the radiant cooler.
By radiation and convection, a portion of the sensi-
ble heat in the hot effluent gas stream is absorbed
by indirect heat exchange with the cooling water
and steam flowing inside of the tube-wall. The
temperature of the gas stream is primarily con-
trolled by this means.

The iron-containing additive having a particle
size (microns) in the range of about 1.0 to 1000,
such as about 5.0 to 100, may be sprayed into the
effluent gas stream at the entrance to or within the
radiant cooler by means of spray nozzles, aspira-
tors or atomizers. Any suitable number and ar-
rangement of spray nozzles, aspirators, atomizers,
or other suitable mixing means may be employed
which allow the iron-containing material to intimate-
ly contact and mix with the hot effluent gas stream
For example, at least one spray nozzle may be
located within the radiant cooler at the entrance so
that the entering hot effluent gas stream may be
immediately contacted by an atomized spray of
iron-containing additive. At least one spray nozzle
for spraying iron-containing material may be lon-
gitudinally spaced at various levels at and/or be-
yond the entrance of the radiant cooler.

In one embodiment, an aqueous siurry of iron-
containing additive material having a solids content
in weight % in the range of about 30 to 90, such as
about 60 to 80, and at a temperature in the range
of about ambient to 200" F. is mixed with the hot
effluent gas stream from the partial oxidation gas
generator. The rate of introduction and concentra-
tion of the slurry are such that after the water
carrier is vaporized the weight ratio of the iron-
containing additive that becomes intimately asso-
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ciated with the sulfur-containing gases and any
molten slag and/or ash particles in the effluent gas
passing through the radiant cooler is in the range
of about 0.5 to 10.0 parts by wt. of iron-containing
additive for each part by wt. of sulfur plus ash in
the fuel feed. The dwell time of the hot gas siream
passing through the radiant cooler is in the range
of about 5 to 50 seconds, such as about 15 to 40
seconds. In another embodiment, the iron-contain-
ing additive is entrained in a gaseous medium
selected from the group consisting of steam, air,
CO2, N2, recycle synthesis gas, and mixtures
thereof.

in ancther embodiment, the iron-containing ad-
ditive is iron carbonyl, i.e. Fe(CO)s. Iron penta
carbonyl, is a viscous yellow liquid with a boiling
point of 102.8 " C. It may be prepared by reacting
iron or iron oxide with CO or a CO-rich gas at a
temperature of about 200° C. A portion of the CO-
rich gas produced by the subject partial oxidation
process and having a CO content of 30 volume %
or more e.g. 50 to 70 volume % may be used in
the preparation of iron penta carbonyl. lron penta
carbonyl in the liquid or vapor phase, may be
easily mixed with the hot raw effluent gas stream
from the partial oxidation reaction zone. Advanta-
geously, there are no grinding costs when this iron-
containing additive is used in the subject process.

By the subject process, in the radiant cooler at
least a portion e.g. 50 to 100 wt. %, such as about
70 to 95 wt. % of the sulfur originally present in the
fuel feed and in the form of sulfur-containing gases
e.g. HzS, COS react with the iron-containing ad-
ditive to produce particulate matter comprising iron
oxysulfide. Substantially no new elemental iron is
formed in the radiant cooler from iron-containing
additive compounds. By definition, iron oxysulfide
is iron sulfide in solution with iron oxide. The iron
sulfide may be present in the solution in the range
of about 10 to 99 wt. %, and the remainder may
comprise iron oxide. Further, the mole % H;S +
COS in the effluent gas stream from the gas gener-
ator is reduced from a mole % of about 0.10 to 2.0
to less than about 0.05 mole % by the subject
process.

The iron-containing additive may comprise an
inorganic or an organic iron compound. In one
embodiment, the iron containing portion of said
iron-containing additive is ferro or ferri organic
compound selected from the group consisting of
naphthenates, oxalates, acetates, citrates, benzo-
ates, oleates, tartrates, and mixtures thereof. Pref-
erably, the iron-containing additive is elemental iron
or an iron compound selected from the group con-
sisting of oxides, carbonates, cyanides, chlorides,
nitrates, and mixtures thereof.

In another embodiment, a metallic oxide from
the group consisting of copper oxide, zinc oxide,
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calcium oxide and mixtures thereof is mixed with
said - iron-containing additive. For example from
about 1 to 50 wit. %, such as about 2 to 10 wt. %,
of said metallic oxide (basis weight of said iron-
containing additive) may be mixed with said iron-
containing additive. The oxides of copper and/or
zinc like the iron oxide, form sulfides. In addition,
copper and zinc oxides catalyze the reactions be-
tween steam and carbon in the radiant cooler to
produce supplemental H2 + CO2, and to complete
the conversion of any unburned fuel or soot that
may eminate from the partial oxidation unit.

In the preferred embodiment, the gas stream
enters the radiant cooler at substantially the same
temperature as that which it had when it left the
reaction zone of the partial oxidation gas generator
i.e. about 1900 "F. to 2900°F., less any ordinary
drop in the lines i.e. about 50°F 100" F tempera-
ture drop. Preferably, the temperature of the enter-
ing gas stream is above the ash-fusion temperature
of any slag that may be entrained in the gas
stream. The partially cooled gas stream leaves at
the opposite end of the radiant cooler after its
temperature has been reduced to a temperature in
the range of about 1000° F-1600" F, such as about
1350°F - 1500 F. The pressure of the gas stream
in the radiant cooler is substantially the same as
that in the gas generator, less ordinary pressure
drop in the lines i.e. about 1 atmosphere pressure
drop. At these temperatures and pressures, sulfur-
containing gases e.g. H2S and COS that are pro-
duced in the partial oxidation reaction zone along
with the effluent gas stream comprising H2 + CO
react with the iron-containing additive to produce
iron oxysulfide. From about 50 to 100 wt. %, such
as about 70 to 95 wt. % of the iron oxysulfide
leaves the radiant cooler in the form of discrete
particles entrained in the effluent gas stream. A
portion of the newly formed particles of iron oxysul-
fide e.g. about 0 to 10 wt. % and/or iron-containing
additive combines with molten slag and/or ash in
the hot raw gas stream passing through the radiant
gas cooler. The molten slag produced thereby has
a reduced ash fusion temperature and a reduced
viscosity in comparison with those values for the
slag entering the radiant cooler. Moiten slag in the
gas stream passing through the radiant cooler may
be converted into solid particles when its tempera-
ture falls below the melting point of the slag. At
least a portion e.g. about 10 to 100 wt. % of the
molten and solid siag particles may be separated
from the hot raw gas stream by gravity and may be
collected in a separation vessel located below the
radiant cooler. The remainder of the slag, if any,
may leave the radiant cooler entrained in the cool-
ed gas siream. In one embodiment, at least a
portion of the molten and/or solid slag particles are
discharged for example, from the lower end or



15 EP 0 305 047 A2 16

entrance to the vertical radiant cooler and are col-
lected in a catch pot or quench tank located at the
bottom of the radiant cooler. See slag chamber 53
of coassigned U. S. Patent No. 4,328,006, which is
incorporated hersin by reference.

The remaining particles of iron oxysulfide leave
the radiant cooler suspended in the cooled effluent
gas stream. The particles of iron oxysulfide and
particulate carbon e.g. uncoverted fuel particles
and/or soot are separated from the effluent gas
stream by conventional gas-solids separation
means, and from about 0 to 100 wi. %, such as
about 10 to 50 wt. %, may be recycled to the
reaction zone of the partial oxidation gas generator
in admixture with the fuel feed. In one embodiment,
the particles of iron oxysulfide and carbon-contain-
ing material are separated from the partially cooled
and desulfurized stream of synthesis gas leaving
the radiant cooler by means of a cyclone separator
or impingement separator of the types shown in
coassigned U. S. Patent Numbers 4,328,006 and
4,377,394, which are incorporated herein by refer-
ence. The remainder e.g. about 100 to 0 wt. % of
this separated particulate matter comprising iron
oxysulfide and particulate carbon may be roasted
to produce iron oxide and sulfur-containing gas.
The iron oxide and a substantially small amount of
other particulate solids, if any, e.g. less than about
1.0 wt. % of ash are then separated from the
sulfur-containing gases by conventional gas-solids
separation means. The iron oxide may be recycled
to the radiant cooler where it is introduced in
admixture with make-up iron-containing additive en-
trained in a liquid or gaseous carrier. Alternatively,
a portion of the iron oxide may be recycled to the
reaction zone of the partial oxidation gas generator
in admixture with said heavy liquid hydrocar-
bonaceous and/or solid carbonaceous fuel. in one
embodiment, prior to roasting, the separated par-
ticulate matter is classified e.g. screened to remove
material having a particle size greater than about
100 microns. This oversized material is rich in non-
iron sulfide material e.g. silicates. In one embodi-
ment, at least a portion e.g. 10 to 100 wt. % of said
oversized material is mixed with the sulfur-contain-
ing heavy liquid hydrocarbonaceous fuel feed
and/or the sulfur-containing solid carbonaceous fuel
feed and introduced into the reaction zone of the
partial oxidation gas generator as an ash-fusion
temperature modifying agent comprising iron. ox-
ysulfide and particulate carbon.

Advantageously, in the subject process the
catalytic reaction between carbon monoxide and
steam may take place in the radiant cooler to
produce additional hydrogen and carbon dioxide. In
addition, carbon and steam may react in the radiant
cooler to produce additional hydrogen and carbon
oxides. The iron-containing additive material will
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catalyze these reactions.

Advantageously, useful thermal energy may be
recovered from exothermic reactions that take
place in the radiant cooler. By indirect heat ex-
change between the gas stream flowing through
the central passageway of the radiant cooler and
the cooling water flowing through the tube-wall, by-
product steam may be produced.

The comparatively clean and partially cooled
gas stream may leave the downstream end of the
gas solids separation zone at a temperature below
the maximum safe operating temperature for down-
stream devices used to recover energy from the
hot gas stream such as a conventional convection
type gas cooler, an expansion turbine for the pro-
duction of mechanical or electrical energy, or both.
The gas stream may be then passed through a
downstream convection-type gas cooler or some
other energy utilizing means where its temperature
is reduced to a range of about 150" to 600° F. The
gas siream may be then optionally subjected to
additional process steps including gas scrubbing,
methanation reactions, and purification, depending
on its intended use as a synthesis gas, reducing
gas, or fuel gas.

The present invention also provides a continu-
ous two-stage process for the production of a de-
sulfurized stream of synthesis gas, fuel gas, or
reducing gas from sulfur-containing heavy liquid
hydrocarbonaceous fuel and/or sulfur-containing
solid carbonaceous fuel in a liquid or gaseous
carrier. The hot effluent gas stream is produced in
a first partial oxidation reaction zone. Sulfur-con-
taining gases are then removed from the effluent
gas stream in-situ in a second reaction zone at a
temperature which is lower than that in the first
reaction zone.

A typical down-flowing partial oxidation synthe-
sis gas generator for use in the first stage is shown
in coassigned U.S. Patent No. 2,818,326, which is
incorporated herein by reference. The gas gener-
ator is a vertical cylindrical steel pressure vessel
lined on the inside with a thermal refractory ma-
terial to provide the first reaction zone Ri. The
second reaction zone Rz is located downstream
from the first reaction zone Ry. Ry and Rz may be
two down-flowing, two up-flowing, or one down-
flowing and one up-flowing vettical cylindrical
shaped coaxial chambers. In one embodiment, R,
and Rz are two chambers connected in series by
means of a coaxial passage having a diameter
which is smaller than one or both chambers. For
example, down-flowing vertical serially connected
chambers are illustrated in Fig. 1 of coassigned
U.S. Patent No. 4,547,203, which is incorporated
herein by reference. For purposes of the subject
invention chamber 4 of Fig. 1 may serve as Ri;
and, chamber 50 may serve as Ra. Intervening
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chamber 23 and side fransfer line 27 may or may
not be used.

The apparatus shown and described in coas-
signed U. S. Patent No. 4,328,006, which is incor-
porated herein by reference may be also used for
carrying out the subject invention. As shown in Fig.
1 of said embodiment, the hot effluent gas from the
first down-flowing reaction zone 2 e.g. R: passes
down through passage 5 into first gas diversion
and residue separation chamber 4. Particulate
solids and slag in the effluent gas stream drop out
of the gas stream by gravity and fall through cen-
tral outlet 30 into slag chamber 6. Quench water 31
may be contained in the bottom of chamber 8, or it
may be dry. About 0 to 20 vol. % of the hot
effluent gas may be diverted through chamber 6 as
bleed gas. The remainder of the hot effluent gas is
passed through outlet 43 and refractory 45 lined
transfer line into second gas diversion and residue
separation chamber 46. Solid material and slag
drop through outlet 49 into second slag chamber
53. The het gas siream passes upwardly through
chamber 46 into the bottom of cooling section 65
where noncontact indirect heat exchange takes
place with water. The second reaction zone e.g. Rz
may be chamber 4 or 46. A gas-solids separation
device, such as cyclones 100 and 100a, may be
used to separate solid particulate matter from the
gas stream.

In another embodiment suitable, up-flowing se-
rially connected chambers 24 and 25 are shown
and described in U. S. Patent No. 2,961,310, which
is incorporated herein by reference. Another up-
flowing gasifier is shown in U. 8. Patent No.
3,963,457. In carrying out the subject invention,
chamber 24 of U. S. Patent No. 2,961,310 may be
used as Ri, and chamber 25 may be used as Ra.
In the down-flowing mode, a burner is located in
the top of the gas generator along the central
vertical axis for introducing the feed streams into
the first reaction zone. A suitable annulus-type bur-
ner is shown in coassigned U. S. Pat. No.
2,928,460 which is incorporated herein by refer-
ence. A suitable annulus type burner may be used
to introduce feedstreams of fuel, H2O and/or GOz,
and iron-containing additive into the second reac-
tion zone by way of a passage in the side wall of
the vessel. For side wall burner installations, see
Figs. 1 and 2 of coassigned U. S. Patent No.
4,647,294, which is incorporated herein by refer-
ence.

In still another embodiment of the subject pro-
cess reaction zones R: and Rz are coaxial and
horizontally oriented. This embodiment may be
carried out by the apparatus shown in coassigned
U. S. Patent No. 3,784,364, which is incorporated
herein by reference. In accordance with this em-
bodiment, a liquid hydrocarbonaceous material,
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steam and/or CO2, iron-containing additive, and the
effluent gas stream from the first partial oxidation
gas generator Rs are passed through the second
generator Rz where desuifurization and reactions
between carbon and steam and/or CO: take place
in the manner previously described. The tempera-
ture in the first and second reaction zones, e.g.,
generators 11 and 23 are preferably below the
softening temperature of the ash, e.g., about 10-
100" F below in said reaction zones. Advanta-
geously, by operating at a lower temperature and
in the fly-ash mode, more sulfur may be retained in
the fly-ash than that which can be retained in
molten slag. Further, the amount of iron-containing
additive is reduced since substantially no iron sili-
cates are formed. However, in comparison with
operating Ry and Rz in the slagging mode, carbon
conversion is reduced and gas cleaning is more
difficult by operating in the fly-ash mode.

The relative proportions of solid carbonaceous
fuel, liquid hydrocarbon fuel if any, water or other
temperature moderator, and oxygen in the feed
streams to the first reaction zone in the gas gener-
ator, are carefuily regulated to convert a substantial
portion of the carbon in the fuel feed to the partial
oxidation gas generator e.g. 85 to 99 wt. %, such
as 80 to 95 wt. % of the carbon to carbon oxides
e.g. CO and CO2 and to maintain an autogeneous
reaction zone temperature in the first reaction zone
to a temperature in the range of about 1900° F to
2900°F and above the ash-fusion temperature of
the slag formed in the reaction zone. The ash in
the solid carbonaceous fuel may form fly-ash, mol-
ten slag, or mixtures thereof depending upon the
actual temperature in the reaction zone. Moiten
slag is much easier to separate from the hot ef-
fluent gas than fly-ash. The pressure in the first
and second reaction zones is in the range of about
2 to 250 atmospheres. The pressure in the second
reaction zone is substantially the same as that in
the first reaction zone less ordinary pressure drop
in the lines. The dwell time in the first reaction
zone of the partial oxidation gas generator in sec-
onds is in the range of about 0.5 to 10, such as
about 1.0 to 5. The dwell time in the second
reaction zone in seconds is in the range of about 5
to 50, such as about 15 to 40 seconds.

The effluent gas stream leaving the first reac-
tion zone in the partial oxidation gas generator has
the composition as described hereinbefore.

The iron-containing additive may be introduced
into the hot effluent gas stream at the entrance to
and/or at one or more locations within the second
reaction zone. Sufficient iron-containing additive is
introduced into the hot effluent gas stream so as to
provide in the second reaction zone Rz iron atoms
in the amount of about 1.1 to 1.8 times the atoms
of sulfur in the second reaction zone Rz plus about
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0.3 to 1.2 times the atoms of silicon in the ash in
the second reaction zone Rp. Further, the mole
ratio of H2O and/or CO2 in the second reaction
zone to the total amount of carbon in the second
portion of fuel introduced into the second reaction
zone plus the carbon in the unreacted fuel and
particulate matter entrained in the hot raw effluent
gas stream entering the second reaction zone Rz is
in the range of about 0.7 to 25, such as about 1.0
to 20. The hot effluent gas stream from the gas
generator may be passed in a downward or upward
direction through the second reaction zone.

The iron-containing additive having a particle
size (microns) in the range of about 1.0 to 1000,
such as about 5.0 to 100, may be sprayed into the
effluent gas stream at the entrance to or within the
second reaction zone Rz by means of spray noz-
zles, aspirators or atomizers. Any suitable number
and arrangement of spray nozzles, aspirators,
atomizers, or other suitable mixing means may be
employed which allow the iron-containing material
to intimately contact and mix with the hot effluent
gas stream. For example, at least one spray nozzle
may be located within the second reaction zone Rz
at the entrance so that the entering hot effluent gas
stream may be immediately contacted by an atom-
ized spray of iron-containing additive. At least one
spray nozzle for spraying iron-containing material
may be longitudinally spaced at various levels at
and/or beyond the entrance of the second reaction
zone Rz e.g. along the central axis.

In one embodiment, an aqueous slurry com-
prising a second portion of sulfur-containing solid
carbonaceous fuel in admixture with iron-containing
additive material and having a solids content in
weight % in the range of about 30 to 90, such as
about 60 to 80, and at a temperature in the range
of about ambient to 200" F. is mixed in the second
reaction zone R with the hot effluent gas siream
from the first reaction zone located in the partial
oxidation gas generator. The rate of introduction
and concentration of the slurry are such that after
the water carrier is vaporized, the iron-containing
additive that becomes intimately associated with
the sulfur-containing gases and any molten slag
and/or ash particles in the effluent gas passing
through the second reaction zone Rz provides iron
atoms in the amount of about 1.1 to 1.8 times the
atoms of sulfur in the second reaction zone Rz plus
about 0.3 to 1.2 times the atoms of silicon in the
ash in the second reaction zone Rz. In another
embodiment, the iron-containing additive is en-
trained in a gaseous medium selected from the
group consisting of steam, air, COz, N2, recycle
synthesis gas, and mixtures thereof. A suitable
apparatus for carrying out this mode is illustrated in
Fig. 1 of coassigned U.S. Patent No. 4,248,604,
which is incorporated herein by reference. In this
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embodiment, partial oxidation of a first portion of a
slurry of sulfur-containing coal or other carbona-
ceous solid fuel e.g. petroleum coke takes place in
the first reaction zone Ri- e.g. reference No. 16. A
first portion of the hot raw effluent gas stream is
mixed in the second reaction zone Rz-e.g. refrac-
tory lined antichamber 51 with a gas-solid mixture
that is introduced into antichamber 51 via line 63
and comprising particles of a second portion of
sulfur-containing coal or other sulfur-containing lig-
uid hydrocarbonaceous or solid carbonaceous fuel
in admixture with an iron-containing additive which
is entrained in a cooled and cleaned stream of
recycle product gas. The following reactions take
place in the second reaction zone Rz: (i) devolatiliz-
ing of the second portion of said sulfur-containing
fuel; (ii) reaction of carbon from said second por-
tion of sulfur-containing fuel and carbon from any
unreacted portion of said first portion of sulfur-
containing fuel with H2O and/or CO2 in the pres-
ence of an iron-containing additive to produce with
an increased reaction rate additional Hz and carbon
oxides; (i) conversion of sulfur in said second
portion of sulfur-containing fuel into sulfur contain-
ing gases e.g. H2S and COS; and (iv) desulfuriza-
tion by the reaction between the sulfur containing
gases and the iron-containing additive to produce
particles of iron oxysulfide. The entrained par-
ticulate matter, including iron oxysulfide and slag
particles, is separated from the hot raw stream of
synthesis gas by means of cyclone 56 and is
passed out of antichamber 51 via bottom outlet 52.
The material in line 59 may be ground and mixed
with the sulfur-containing coal slurry fuel to gas
generator 11, as an ash fusion temperature modi-
fier. Alternatively, it may be roasted and processed
to produce iron oxide which is recycled to an-
tichamber 51. Further cooling and scrubbing of the
raw stream of synthesis gas in line 64 may be
accomplished in shell and tube gas coolers 85 and
66, and in gas scrubber 121. The cooled and
cleaned synthesis gas leaves via line 159.

By the subject process, in the second reaction
zone Rz, at least a portion e.g. 50 to 100 wt. %,
such as about 70 to 95 wt. % of the sulfur original-
ly present in the fuel feed and now in the form of
sulfur-containing gases e.g. HzS, COS react with
the iron-containing additive to produce particulate
matter comprising iron oxysulfide. Substantially no
new elemental iron is formed in the second reac-
tion zone from iron-containing additive compounds.
By definition, iron oxysulfide is iron sulfide in solu-
tion with iron oxide. The iron sulfide may be
present in the solution in the range of about 10 to
99 wt. %, and the remainder may comprise iron
oxide. Further, the mole % H2:S + COS in the
effluent gas stream from the gas generator is re-
duced from a mole % of about 0.10 to 2.0 to less
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than about 0.05 mole % in the product gas by the
subject process.

The iron-containing additive may comprise an
inorganic or an organic iron compound. In one
embodiment, the iron containing portion of said
fron-containing additive is ferro or ferri organic
compound selected from the group consisting of
naphthenates, oxalates, acetates, citrates, benzo-
ates, oleates, tarirates, and mixtures thereof. Pref-
erably, the iron-containing additive is elemental iron
or an iron compound selected from the group con-
sisting of oxides, carbonates, nitrates, and mixtures
thereof.

In another embodiment, the iron-containing ad-
ditive is iron penta carbonyl, i.e. Fe(CO)s. Iron
penta carbonyl, is a viscous yellow liquid with a
boiling point of 102.8 ‘C. It may be prepared by
reacting iron or iron oxide with CO or a CO-rich
gas at a temperature of about 200° C. A portion of
the CO-rich gas produced by the subject partial
oxidation process and having a CO content of 30
volume % or more e.g. 50 to 70 volume % may be
used in the preparation of iron penta carbonyl. Iron
penta carbonyl in the liquid or vapor phase, may
be easily mixed with the hot raw effluent gas
stream from the partial oxidation reaction zone.
Advantageously, there are no grinding costs when
this iron-containing additive is used in the subject
process.

In anaother embodiment, a metallic oxide from
the group consisting of copper oxide, zinc oxide,
calcium oxide and mixtures thereof is mixed with
said iron-containing additive. For example from
about 1 to 50 wt. %, such as about 2 to 10 wt. %,
of said metallic oxide (basis weight of said iron-
containing additive) may be mixed with said iron-
containing additive. The oxides of copper and/or
zinc like the iron oxide, form sulfides. In addition,
copper and zinc oxides catalyze the reactions be-
tween steam and carbon in the second reaction
zone Rz to produce supplemental H: and carbon
oxide gases, and to complete the conversion of
any unburned fuel or soot that may emanate from
the partial oxidation unit.

In the preferred embodiment, the gas stream
enters the second reaction zone R: at substantially
the same temperature as that which it had when it
left the first reaction zone R1 of the partial oxidation
gas generator i.e. about 1900 " F. to 2900°F., less
any ordinary drop in the lines i.e. about 50°F to
100°F temperature drop. Preferably, the tempera-
ture of the entering gas stream is above the ash-
softening temperature of any ash that may be
entrained in the gas siream. The gas stream leaves
at the opposite end of the second reaction zone Rz
after its temperature has been reduced to a tem-
perature in the range of about 1000° F-2850°F,
such as about 1350 F-1800°F. The pressure of
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the gas stream in the second reaction zone Rz is
substantially the same as that in the gas generator,
less ordinary pressure drop in the lines i.e. about 1
atmosphere pressure drop. At these temperatures
and pressures, sulfur-containing gases e.g. Hz:S
and COS that are produced in the partial oxidation
reaction zone R: along with the effluent gas stream
comprising Hz + CO react with the iron-containing
additive to produce iron oxysuifide. From about 50
to 100 wt. %, such as about 70 to 95 wt. % of the
iron oxysulfide leaves the second reaction zone Rz
in the form of discrete particies entrained in the
effluent gas stream. A portion of the newly formed
particles of iron oxysulfide e.g. about 0 to 10 wt. %
and/or iron-containing additive combines with mol-
ten slag and/or ash in the hot raw gas stream
passing through the second reaction zone Rz. The
molten slag produced thereby has a reduced ash
fusion temperature and a reduced viscosity in com-
parison with those values for the slag entering the
second reaction zone R.. Molten slag in the gas
stream passing through the second reaction zone
R2 may be converted into solid particles when its
temperature falls below the melting point of the
slag. At least a portion e.g. about 10 to 100 wt. %
of the molten and solid slag particles may be
separated from the hot raw gas stream by gravity
and may be collected in a separation vessel. The
remainder of the slag, if any, may leave the second
reaction zone R entrained in the partially cooled
gas stream. In one embodiment, the partially cool-
ed gas stream leaving the second reaction zone R;
is passed through a gas cooler e.g. radiant cooler.
At least a portion of the molten and/or solid slag
particles are discharged for example, from the low-
er end or entrance to the vertical radiant cooler and
are collected in a catch pot or quench tank located
at the bottom of the radiant cooler. See slag cham-
ber 53 of coassigned U. S. Patent No. 4,328,006,
which is incorporated herein by reference. The
remaining particles of iron oxysuifide leave the
radiant cooler suspended in the cooled effluent gas
stream. The particles of iron oxysulfide and par-
ticulate carbon e.g. uncoverted fuel particles and/or
soot are separated from the effluent gas stream by
conventional gas-solids separation means, and
from about 0 to 100 wt. %, such as about 10 to 50
wi. %, may be recycled to the reaction zone of the
partial oxidation gas generator in admixture with
the fuel feed. In one embodiment, the particles of
iron oxysulfide and carbon-containing material are
separated from the cooled and desuifurized stream
of synthesis gas leaving the radiant cooler by
means of a cyclone separator or impingement sep-
arator of the types shown in coassigned U. S.
Patent Numbers 4,328,006 and 4,377,394, which
are incorporated herein by reference. The remain-
der e.g. about 100 to O wt. % of this separated
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particulate matter comprising iron oxysulfide and
particulate carbon may be roasted to produce iron
oxide and sulfur-containing gas. The iron oxide and
a substantially small amount of other particulate
solids, if any, e.g. less than about 1.0 wt. % of ash
are then separated from the sulfur-containing gases
by conventional gas-solids separation means. The
iron oxide may be recycled to the second reaction
zone Rz where it is introduced in admixture with
make-up iron-containing additive and a second por-
tion of the sulfur-containing liquid hydrocar-
bonaceous or solid carbonaceous fuel. Alternative-
ly, a portion of the iron oxide may be recycled to
the first reaction zone Ry in the partial oxidation
gas generator in admixture with said heavy liquid
hydrocarbonaceous and/or solid carbonaceous fuel.
In one embodiment, prior to roasting, the separated
particulate matter is classified e.g. screened to
remove material having a particle size greater than
about 100 microns. This oversized material is rich
in non-iron sulfide material e.g. silicates. In one
embodiment, at least a portion e.g. 10 to 100 wt. %
of said oversized material is mixed with the sulfur-
containing heavy liquid hydrocarbonaceous fuel
feed and/or the sulfur-containing solid carbona-
ceous fuel feed and introduced into the reaction
zone of the partial oxidation gas generator as an
ash-fusion temperature modifying agent.

Advantageously, in the subject process the
catalytic reaction between carbon monoxide and
steam may take place in the second reaction zone
Rz to produce additional hydrogen and carbon
dioxide. In addition, carbon and steam may react in
the second reaction zone Rz to produce additional
hydrogen and carbon oxides. The iron-containing
additive material will catalyze these reactions.

Advantageously, useful thermal energy may be
recovered from the hot effluent gas stream leaving
the second reaction zone Rz by passing it through
a gas cooler. For example, by indirect heat ex-
change between the gas stream flowing through
the central passageway of the radiant cooler and
the cooling water flowing through the tube-wall, by-
product steam may be produced.

The comparatively clean and partially cooled
gas stream may leave the downstream end of the
gas solids separation zone at a temperature below
the maximum safe operating temperature for down-
stream devices used to recover energy from the
hot gas stream such as a conventional convection
type gas cooler, an expansion turbine for the pro-
duction of mechanical or electrical energy, or both.
The gas stream may be then passed through a
downstiream convection-type gas cooler or some
other energy utilizing means where its temperature
is reduced to a range of about 150" to 600" F. The
gas stream may be then optionally subjected to
additional process steps including gas scrubbing,
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methanation reactions, and purification, depending
on its intended use as a synthesis gas, reducing
gas, or fuel gas.

In another embodiment of a two-stage process,
similar to that described above except that a
calcium-containing additive is used, it was unex-
pectedly found that a sufficiently low equilibrium
oxygen concentration in the gas phase which is
less than about 10712 atmospheres is preferably
required in reaction zones Ry and Rz for the cal-
cium atoms to capture substantially all of the sulfur
atoms in the second reaction zone Ra. While the
required low equilibrium oxygen concentrations
may be achieved with various combinations includ-
ing minimum amounts of pure oxygen, H:O and
CO: in reaction zones R1 and Rz, air gasification of
the ‘sulfur-containing fuel feed in R¢ in the pres-
ence of a temperature moderator comprising nitro-
gen or recycle product gas is a preferred mode of
operation. The use of a temperature moderator to
moderate the temperature in the first reaction zone
of the gas generator and optionally in the second
reaction zone depends in general on the carbon to
hydrogen atomic ratio of the feedstock, the oxygen
content of the oxidant stream, and the desired low
oxygen potential. Suitable temperature moderators
include nitrogen, recycle synthesis gas, steam, wa-
ter, COz-rich gas, liquid CO2, a portion of the
cooled clean exhaust gas from a gas turbine em-
ployed downstream in the proceed with or without
admixture with air, by-product nitrogen from the air
separation unit used to produce substantially pure
oxygen, and mixiures of the aforesaid temperature
moderators. Water serves as the carrier and the
temperature moderator with slurries of water and
solid carbonaceous fuel. However, steam may be
the temperature moderator with slurries of liquid
hydrocarbonaceous fuel and solid carbonaceous
fuel. Generally, a temperature moderator is used
with liquid hydrocarbon fuels and with substantially
pure oxygen. The temperature moderator may be
introduced into the gas generator in admixture with
either the solid carbonaceous fuel feed, the free-
oxygen containing gas stream, or both. Alternative-
ly, the temperature moderator may be infroduced
into the first and/or second reaction zones by way
of a separate conduit in the fuel burner. When H20
is introduced info the first and/or second reaction
zones either as a temperature moderator, a slur-
rying medium, or both, the weight ratio of water to
the carbon in the solid carbonaceous fuel plus
liquid hydrocarbon fuel if any, is in the range of
about 0.3 to 2.0 and preferably in the range of
about 0.5 to 1.0.

The term free-oxygen containing gas, as used
herein in the first reaction zone is intended to
include air, oxygen-enriched air, i.e. greater than 21
mole % oxygen, and substantially pure oxygen,
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i.e., greater than 95 mole % oxygen, (the remain-
der comprising Nz and rare gases). Free-oxygen
containing gas may be introduced into the burner
at a temperature in the range of about ambient to
1200°F. The atomic ratio of free-oxygen in the
oxidant to carbon in the feed stock (O/C
atom/atom) is preferably in the range of about 0.7
to 1.5, such as about 0.80 to 1.2. Substantially no
supplementary free-oxygen is introduced into the
second reaction zone other than that in the raw
effluent gas stream from the first reaction zone.

The relative proportions of solid carbonaceous
fuel, liquid hydrocarbon fuel if any, water or other
temperature moderator, and oxygen in the feed
streams to the first reaction zone in the gas gener-
ator, are carefully regulated to convert a substantial
portion of the carbon in the fuel feed to the partial
oxidation gas generator e.g. 85 to 99 wt. %, such
as 80 to 95 wi. % of the carbon to carbon oxides
e.g. CO and COz, to maintain an autogeneous
reaction zone temperature in the first reaction zone
at a temperature in the range of about 1900° F to
2900 F and above the ash softening temperature
of the slag formed in the reacion zone, and to
maintain the equilibrium oxygen concentration in
the gas phase with a partial pressure which is less
than about 10™'2 atmospheres. The ash in the solid
carbonaceous fuel forms, molten slag in the first
reaction zone. Molten slag is much easier to sepa-
rate from the hot effluent gas than fly-ash. The
pressure in the first and second reaction zones is
in the range of about 2 to 250 atmospheres. The
pressure in the second reaction zone is substan-
tially the same as that in the first reaction zone less
ordinary pressure drop in the lines. The dwell time
in the first reaction zone of the partial oxidation gas
generator in seconds is in the range of about 0.5 to
10, such as about 1.0 fo 5. The dwell time in the
second reaction zone in seconds is in the range of
about 5 to 50, such as about 15 to 40 seconds.

The effluent gas stream leaving the first reac-
tion zone in the partial oxidation gas generator has
the composition as described hereinbefore. Molten
slag resuiting from the fusion of the ash content in
the fuel or fly-ash is also entrained in the gas
stream leaving the gas generator Ri.

The calcium-containing additive may be intro-
duced into the hot effluent gas stream at the en-
trance to and/or at one or more locations within the
second reaction zone. Sufficient calcium-containing
additive is introduced into the hot effiuent gas
stream so as to provide in the second reaction
zone Rz , calcium atoms in the amount of about
0.95 to 1.8 times the atoms of sulfur in the second
reaction zone Rz plus about 0.1 to 0.2 times the
atoms of silicon in the ash in the second reaction
zone Rz. Further the mole ratio of H20 and/or CO2
in the second reaction zone to the total amount of
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carbon in the second portion of fue! introduced into
the second reaction zone plus the carbon in the
unreacted fuel and particulate matter entrained in
the hot raw effluent gas stream entering the second
reaction zone Rz is in the range of about 0.7 to 25,
such as about 1.0 to 20. The hot effluent gas
stream from the gas generator may be passed in a
downward or upward direction through the second
reaction zone.

The calcium-containing additive having a par-
ticle size (microns) in the range of about 1.0 to
1000, such as about 5.0 to 100, may be sprayed
into the effluent gas stream at the entrance to or
within the second reaction zone R by means of
spray nozzles, aspirators or atomizers. Any suitable
number and arrangement of spray nozzles, aspira-
tors, atomizers, or other suitable mixing means
may be employed which allow the calcium-contain-
ing material o intimately contact and mix with the
hot effluent gas stream. For example, at least one
spray nozzie may be located within the second
reaction zone Rz at the entrance so that the enter-
ing hot effluent gas stream may be immediately
contacted by an atomized spray of calcium-con-
taining additive. At least one spray nozzle for
spraying calcium-containing material may be lon-
gitudinally spaced at various levels at and/or be-
yond the entrance of the second reaction zone Rz
e.g. along the central axis.

In one embodiment, the fuel feed to the second
reaction zone comprises a pumpable slurry of
sulfur-containing solid carbonaceous fuel in admix-
ture with calcium-containing additive material hav-
ing a solids content of about 50-70 wt. % in a liquid
carrier selected from the group consisting Hz20,
CO: and liquid hydrocarbonaceous fuel. However,
when the liquid carrier is H2O or CO., prior to
introducing said slurry into the second reaction
zone, the liquid carrier is skimmed off the slurry to
reduce the amount of H2O to about 5 to 10 wt. %
(basis weight of feed), or alternatively to reduce the
amount of CO2 to about 10 to 30 wt. % (basis
weight of feed).

After the carrier is vaporized, the calcium-con-
taining additive that becomes intimately associated
with the suifur in the sulfur-containing gases and
any molten slag and/or ash particles in the effluent
gas passing through the second reaction zone Rz
provides calcium atoms in the amount of about
0.95 to 1.8 times the atoms of sulfur in the second
reaction zone Rz plus about 0.1 to 0.2 times the
atoms of silicon in the ash in the second reaction
zone Raz. In another embodiment, the calcium-con-
taining additive is entrained in a gaseous medium
selected from the group consisting of steam, air,
COz, Nz, recycle synthesis gas, and mixtures
thereof. A suitable apparatus for carrying out this
mode is illustrated in Fig. 1 of coassigned U.S.
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Patent No. 4,248,604, which is incorporated herein
by reference. In this embodiment, partial oxidation
of a first portion of a slurry of sulfur-containing coal
or other carbonaceous solid fuel e.g. petroleum
coke takes place in the first reaction zone Ri- e.g.
reference No. 16. A first portion of the hot raw
effluent gas stream is mixed in the second reaction
zone Rz-e.g. refractory lined antichamber 51, with a
gas-solid mixture that is introduced into anticham-
ber 51 via line 63 and comprising particles of a
second portion of sulfur-containing coal or other
sulfur-containing liquid hydrocarbonaceous or solid
carbonaceous fuel in admixture with a calcium-
containing additive which is entrained in a cooled
and cleaned stream of recycle product gas. The
following reactions take place in the second reac-
tion zone Rz e.g. antichamber 51: (i} devolatilizing
of the second portion of said sulfur-containing fuel;
(i) reaction of carbon from said second portion of
sulfur-containing fuel and carbon from any unreac-
ted portion of said first portion of sulfur-containing
fuel with H20 and/or COz in the presence of a
calcium-containing additive to produce with an in-
creased reaction rate additional H2 and carbon
oxides; (iii) conversion of sulfur in said second
portion of sulfur-containing fuel into sulfur contain-
ing gases e.g. HzS and COS; and (iv) desulfuriza-
tion by the reaction between the sulfur containing
gases and the calcium-containing additive to pro-
duce particles of calcium sulfide. The entrained
particulate matter, including calcium sulfide and
slag particles, is separated from the hot raw stream
of synthesis gas by means of cyclone 56 and is
passed out of antichamber 51 via bottom outlet 52.
The material in line 59 may be ground and mixed
with the sulfur-containing coal slurry fuel to gas
generator 11, as an ash temperature modifier. Al-
ternatively, it may be roasted and processed to
produce calcium oxide which is recycled to an-
tichamber 51. Further cooling and scrubbing of the
raw stream of synthesis gas in line 64 may be
accomplished in shell and tube gas coolers 65 and
66, and in gas scrubber 121. The cooled and
cleaned synthesis gas leaves via line 159.

By the subject process, in the second reaction
zone R, at least a portion e.g. 50 to 100 wt. %,
such as about 70 to 95 wt. % of the sulfur original-
ly present in the fuel feed and now in the form of
sulfur-containing gases e.g. HzS, COS react with
the calcium-containing additive to produce par-
ticulate matter comprising calcium sulfide. Further,
the mole % H2S + COS in the effluent gas stream
leaving antichamber 51 is reduced from a mole %
of about 0.10 to 2.0 to less than about 0.05 mole %
by the subject process. ’

The calcium-containing additive may comprise
an inorganic or an organic calcium compound. In
one embodiment, the calcium-containing additive is
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an organic compound selected from the group con-
sisting of formate, oxalate, acetate, stearate, ben-
zoate, tarirate, and mixtures thereof. Preferably, the
calcium~-containing additive is a calcium compound
selected from the group consisting of caicium ox-
ide, calcium hydroxide, calcium carbonate, caicium
hydride, calcium nitrate, calcium phosphate, and
mixtures thereof.

in the preferred embodiment, the gas siream
enters the second reaction zone Ry at substantially
the same temperature as that which it had when it
left the first reaction zone Ry of the partial oxidation
gas generator i.e. about 1900 °F. to 2900° F., less
any ordinary drop in the lines i.e. about 50°F to
100" F temperature drop. Preferably, the tempera-
ture of the entering gas stream is above the ash-
softening temperature of any ash that may be
entrained in the gas stream. The gas stream leaves
at the opposite end of the second reaction zone Rz
after its temperature has been reduced to a tem-
perature in the range of about 1000° F-2850°F,
such as about 1350 F-1800°F. The pressure of
the gas stream in the second reaction zone Rz is
substantially the same as that in the gas generator,
less ordinary pressure drop in the lines i.e. about 1
atmosphere pressure drop. At these temperatures
and pressures, sulfur-containing gases e.g. HzS
and COS that are produced in the partial oxidation
reaction zone Ry and Ra react with the calcium-
containing additive to produce calcium sulfide.
From about 50 to 100 wt. %, such as about 70 to
95 wt. % of the calcium sulfide leaves the second
reaction zone Rz in the form of discrete particles
entrained in the effluent gas stream. A portion of
the newly formed particles of calcium sulfide e.g.
about 0 to 10 wit. % and/or calcium-containing
additive combines with slag and/or ash in the hot
raw gas stream passing through the second reac-
tion zone R». The fly-ash produced thereby has an
increased ash softening temperature in comparison
with the molten slag entering the second reaction
zone Rz. Molten slag in the gas stream passing
through the second reaction zone Rz may be con-
verted into solid particles when its temperature falls
below the melting point of the slag. At least a
portion e.g. about 10 to 100 wt. % of the fly-ash
may be separated from the hot raw gas stream by
conventional means e.g. cyclone and/or scrubbing
with a liquid hydrocarbonaceous material. The re-
mainder of the fly-ash, if any, may leave the sec-
ond reaction zone Rz entrained in the partially
cooled gas stream. In one embodiment, the par-
tially cooled gas stream leaving the second reac-
tion zone R is passed through a gas cooler e.g.
radiant cooler. By-product steam may be thereby
produced by indirect heat exchange. At least a
portion of the fly-ash is collected in a catch pot or
quench tank located at the lower end or entranee to
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the vertical radiant cooler. See slag chamber 53 of
coassigned U. S. Patent No. 4,328,006, which is
incorporated herein by reference. The remaining
particles of calcium-sulfide leave the radiant cooler
suspended in the cooled effluent gas stream. In
one embodiment, the vertical radiant cooler serves
as the second reaction zone Rz. The calcium-
containing additive is then introduced into the gas
stream entering the radiant cooler, or at some other
location within the radiant cooler. The particles of
calcium sulfide and particulate carbon e.g. uncover-
ted fuel particles and/or scot may be separated
from the effluent gas stream by conventional gas-
solids separation means. In one embodiment, the
particles of calcium sulfide and carbon-containing
material are separated from the cooled and desul-
furized stream of synthesis gas leaving the second
reaction zone by means of a cyclone separator or
impingement separator of the types shown in coas-
signed U. S. Patent Numbers 4,328,006 and
4,377,394, which are incorporated herein by refer-
ence. The separated calcium-sulfide and particulate
carbon may be roasted to produce calcium oxide
and sulfur-containing gas. The calcium oxide and a
substantially small amount of other particulate
solids, if any, e.g. less than about 1.0 wt. % or ash
are then separated from the sulfur-containing gases
by conventional gas-solids separation means. The
calcium oxide may be recycled to the second
reaction zone Rz where it is introduced in admix-
ture with make-up calcium-containing additive and
a second portion of the sulfur-containing liquid
hydrocarbonaceous or solid carbonaceous fuel. In
one embodiment, a portion of the calcium oxide
may be recycled to the first reaction zone R in the
partial oxidation gas generator in admixture with
said heavy liquid hydrocarbonaceous and/or solid
carbonaceous fuel. In one embodiment, prior to
roasting, the separated particulate matter is clas-
sified e.g. screened to remove material having a
particle size greater than about 100 microns. This
oversized material is rich in non-calcium sulfide
material e.g. silicates. In one embodiment, at least
a portion e.g. 10 to 100 wt. % of said oversized
material is mixed within the sulfur-containing heavy
liquid hydrocarbonaceous fuel feed and/or the
sulfur-containing solid carbonaceous fuel feed and
introduced into the reaction zone of the partiai
oxidation gas generator as an ash-fusion tempera-
ture modifying agent.

In one embodiment, the hot raw product gas
mixture from the second reaction zone is cooled
and cleaned by the steps of (1) contacting said hot
raw product gas mixture with a liquid hydrocar-
bonaceous fuel cooling and scrubbing agent there-
by producing a slurry comprising fly-ash and cal-
cium sulfide in liquid hydrocarbonaceous fuel; (2)
steam stripping said slurry to produce sulfur-con-
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taining gases e.g. H2S, and calcium oxide; and
recycling the sulfur-depleted calcium-containing
slurry to the second reaction zone. Sulfur may be
recovered from the mixture of steam and H>S.

Advantageously, in the subject process the
catalytic reaction between carbon monoxide and
steam may take place in the second reaction zone
Rz to produce additional hydrogen and carbon
dioxide. In addition, carbon and steam may react in
the second reaction zone R: to produce additional
hydrogen and carbon oxides. These reactions may
be catalyzed by the calcium-containing additive
materials.

Advantageously, useful thermal energy may be
recovered from the hot effluent gas stream leaving
the second reaction zone Rz by passing it through
a gas cooler. For example, by indirect heat ex-
change between the gas stream fiowing through
the central passageway of the radiant cooler and
the cooling water flowing through the tube-wall, by-
product steam may be produced.

The comparatively clean and partially cooled
gas stream may leave the downstream end of the
gas solids separation zone at a temperature below
the maximum safe operating temperature for down-
stream devices used to recover energy from the
hot gas stream such as a conventional convection
type gas cooler, an expansion turbine for the pro-
duction of mechanical or electrical energy, or both.
The gas stream may be then passed through a
downstream convection-type gas cooler or some
other energy utilizing means where its temperature
is reduced to a range of about 150" to 600" F. The
gas stream may be then optionally subjected to
additional process steps including gas scrubbing,
methanation reactions, and purification, depending
on its intended use as a synthesis gas, reducing
gas, or fuel gas.

The advantages achieved by any of the above
subject processes in which the iron-containing ad-
ditive is introduced directly into the radiant cooler
or in which the iron-containing or calcium-contain-
ing additive in admixture with a second portion of
sulfur-containing liquid hydrocarbonaceous and/or
solid carbonaceous fuel is introduced directly into
the second reaction zone, include the following:

1. A Hz + CO containing product gas is
produced containing a reduced amount of sulfur-
containing gases.

2. The gas stream passing through the ra-
diant cooler or the second reaction zone Rz is
desuifurized while the temperature is maintained at
a high level e.g. greater than 1000 F.

3. Supplemental Hz and carbon oxide gases
are produced at an increased reaction rate due to
the catalytic reaction of carbon and steam in the
presence of the iron-containing or the calcium-
containing additive.
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4. The sensible heat in the effluent gas
stream from the partial oxidation gas generator
may be efficiently used at high temperatures to
provide the necessary energy to initiate and to
carry out the desulfurization reaction.

5. The residence time in the partial oxidation
gas generator may be reduced. This will result in
shorter and less costly gas generators. :

6. The thermal refractory lining of the gas
generator is not subject to attack by contact with
an iron-containing or a calcium-containing material.

7. Low grade solid fuels may be used as
feed to the partial oxidation gas generator, without
costly upgrading.

8. The iron-containing or the calcium-con-
taining additive may be intimately mixed with the
sulfur-containing gases in the hot gas stream in the
radiant cooler or the second reaction zone R.
When a liquid carrier is used and it vaporizes,
nascent uncontaminated iron-containing or calcium-
containing material is released at an elevated tem-
perature. In this active form, the iron-containing or
calcium-containing material is intimately mixed with
and contacts the suifur-containing gases and the
slag. The conversion rate for the desulfurization
and other reactions in Rz are thereby increased.

9. Separation of the molten slag entrained in
the effluent gas stream passing through the radiant
cooler or the second reaction zone Rz may be
facilitated. A small portion of the iron-containing or
calcium-containing additive and/or newly formed
iron oxysulfide or calcium sulfide will react with
clay materials in the molten slag to form, for exam-
ple, insoluble potassium ferro aluminosilicates or
calcium aluminosilicates. The melting point of the
slag is thereby lowered and its fluidity is increased.
In one embodiment, in the lower portion of an up-
flowing vertical radiant cooler or second reaction
zone R: any fluxed molten slag easily separates
from the gas stream and drops into a slag chamber
located at the bottom of the radiant cooler or the
second reaction zone. A pool of water may be
contained in the bottom of the slag chamber, or it
may be dry. In the remainder of the radiant cooler
or the second reaction zone, the temperature of the
gas stream is reduced below the softening tem-
perature of the ash in the fuel so that particulate
iron oxysulfide or the fly-ash and particulate cal-
cium sulfide may leave the radiant cooler or the
second reaction zone R entrained in the gas
stream.

in another embodiment, simultaneously with
the introduction of the iron-containing or the
calcium-containing additive into the radiant cooler
or the second reaction zone Rz , an ash fusion
temperature modifying agent or an ash softening
temperature additive may be introduced into the
partial oxidation reaction zone or first such zone R
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in admixture with the sulfur-containing liquid
hydrocarbonaceous fuel and/or sulfur containing
solid carbonaceous fuel. By this means, at least a
portion of the molten slag e.g. about 10 to 75 wt. %
may be removed from the hot raw effluent gas
stream prior to the radiant cooler or the second
reaction zone Rz . In such case, the weight ratio of
ash fusion temperature modifying agent or ash
softening temperature additive in the feed mixture
to the gas generator to ash in the fuel feed is in the
range of about 0.5 to 10, such as about 2 to 5. The
ash fusion temperature modifying agent or ash-
softening temperature additive may be a portion of
the previously described iron-containing or
calcium-containing additive e.g. about 1 to 75 wt.
%, such as 5 to 25 wt. % (basis total weight of
iron-containing additive).

In still another embodiment, an alkali metal
and/or alkali earth metal catalyst for the reaction
between carbon and Hz O or CO: is introduced
into the second reaction zone Rz in admixture with
the sulfur-containing liquid hydrocarbonaceous fuel
and/or solid carbonaceous fuel and the calcium-
containing additive. The catalyst is present in the
amount of about 5-50 wt. %, such as about 10-20
wt. % (basis wt. of entrained carbon). The mole
ratio H2O and/or CO2 to carbon in the hot gas
stream passing through the second reaction zone
R. is in the range of about 0.7 to 25.0, or more,
such as about 1.0 to 20, say about 1.5 to 6.
Advantageously, unwanted HCN and HCI may be
hydrolyzed in the presence of alkali metal and/or
alkaline earth metal catalysts. The alkali metal
and/or alkaline earth metal constituents are se-
lected from the metals in the Periodic Table of
Elements in Group [A and/or IlA.

In one embodiment the sulfur-containing heavy
liquid hydrocarbonaceous fuel and/or sulfur-con-
taining solid carbonaceous fuel have ashes that
include a minimum of 5.0 wt. % of vanadium, a
minimum of 2.0 wt. % of nickel and silicon. Trou-
blesome vanadium and nickel constituents in the
ash of these fuels were removed in the slag by
introducing into the first reaction zone R or in the
first and second reaction zones Ry and Rz in
admixture with fresh portions of the sulfur-contain-
ing fuel feedstock additive A comprising an iron-
containing additive when the silicon content of said
fuel feedstock is comparatively low, or additive B
comprising an iron and calcium-containing additive
when the silicon content for said fuel feedstock is
comparatively high. For additional information with
respect to additives A and B, reference is made to
coassigned U.S. Patent Nos. 4,668,428 and
4,668,429, which are incorporated herewith by ref-
erence.

Further, one example of this embodiment per-
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tains to a continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:

(1) mixing a first portion of sulfur-containing
heavy liquid hydrocarbonaceous fuel and/or sulfur-
confaining solid carbonaceous fuel whose ashes
include a minimum of 5.0 wt. % vanadium, a mini-
mum of 2.0 wt. % of nickel, and silicon with ad-
ditve A comprising an iron-containing additive
when the silicon content of said fuel feedstock is
less than about 350 ppm, or additive B comprising
an iron and calcium-containing additive when the
silicon content of said fuel feedstock is about 400
ppm or more; and reacting said mixture by partial
oxidation with a free-oxygen containing gas and in
the presence of a temperature moderator in a first
free-flow refractory lined reaction zone of a gas
generator at an autogeneous temperature in the
range of about 1900 F to 2900° F and above the
softening temperature of the ash in the first reac-
tion zone, and a pressure in the range of about 2 to
250 atmospheres to produce a hot stream of syn-
thesis gas, reducing gas, or fuel gas comprising Ha
, CO, CO> , Hz8, COS and and at least one
gaseous material selected from the group consist-
ing of H2O, Nz, CHs, NH3, A and containing en-
trained material comprising particulate carbon, un-
reacted fuel if any, and slag; wherein sufficient
additive A or B is introduced into the first reaction
zone so as to provide iron atoms when additive A
is used or iron and calcium atoms when additive B
is used in the amount of about 1.0 to 1.8 times the
atoms of sulfur in the first reaction zone plus about
0.3 to 1.2 times the atoms of silicon in the ash in
the first reaction zone,

(2) passing at least a portion of the hot gas
stream from (1) in admixture with a second portion
of said sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel and additive A comprising an iron-
containing additive when the silicon content of said
fuel feedstock is less than 350 ppm, or additive B
comprising an iron and calcium-containing additive
when the silicon content of said fuel feedstock is
about 400 ppm or more through a second unob-
structed free-flow refractory lined reaction zone;
wherein sufficient additive A or B is iniroduced into
the second reaction zone so as to provide iron
atoms when additive A is used or iron and calcium
atoms when additive B is used in the amount of
about 1.0 to 1.8 times the atoms of sulfur in the
second portion of sulfur-containing fuel plus the
atoms of sulfur in the sulfur-containing gases in the
second reaction zone plus zbout 0.3 to 1.2 times
the atoms of silicon in the ash from said second
portion of sulfur-containing fuel, and the male ratio
of H20 and/or COz to carbon in the second reac-
tion zone is in the range of about 0.7 to 25.0; and
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the weight ratio of additive A or B to ash in the first
and second reaction zones is in the range of about
1.0-10.0 to 1.0, and for each part by weight of
vanadium there is at least 10 paris by weight of
iron when additive A is used, or at least 10 parts by
weight of iron plus calicium when additive B is
used;

(3) devolatilizing said second portion of
sulfur-containing fuel in said second reaction zone;
and reacting in said second reaction zone in the
absence of additional free-oxygen containing gas
and at a temperature in the range of about
1000° F-2850°F, (i) H20 and/or CO; with carbon
from said second portion of fuel, particulate carbon,
and unreacted fuel, if any to produce supplemental
Hz and carbon oxides, entrained molten slag, and
(i) said additive A or B with the sulfur containing
gases in the gas streams produced in steps (1) and
(2) to produce particulate matter comprising iron
oxysulfide and also caicium sulfide with additive B;
and where in said second reaction zone when
additive A is used said iron-containing additive
combines with at least a portion of said nickel
constituents and sulfur from the feedstock to pro-
duce a liquid phase washing agent that collects
and transports at least a portion of the vanadium-
containing oxide laths and spinels and other ash
components and refractory out of the second reac-
tion zone; and when additive B is used separate
portions of said iron-and calcium-containing ad-
ditive (I) combine with a portion of said nickel,
calcium and sulfur to generate a liquid phase wash-
ing agent that collects and transports a portion of
the vanadium-containing oxide laths and spinels
and other ash components and refractory; and (II)
combine with a portion of said nickel, calcium and
silicon to generate a liquid oxide-silicate phase that
fluxes substantially all of the remaining portion of
said vanadium-containing oxide laths and spinels
and other ash components to produce molten slag;
and

(4) discharging from said second reaction
zone a siream of synthesis gas, reducing gas, or
fuel gas and slag: and in comparison with the
product gas stream produced without the introduc-
tion of said additive A or B in (1) and (2), the gas
siream discharged from (4) contains a reduced
amount of sulfur-containing gases, and increased
amounts of Hz + carbon oxides, iron oxysulfide
and calcium sulfide particulate matter.

In another example of this embodiment, a
calcium-containing additive in admixture with a sec-
ond portion of said sulfur-containing fuel is intro-
duced into the second reaction zone along with H:
O and/or COz, in the manner described previously.
In one embodiment, at least a portion of the moiten
slag in the effluent gas stream from the first reac-
tion zone is removed prior to the second reaction
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zone.

Further, this example pertains to a continuous
process for the production of desulfurized synthe-
sis gas, fuel gas, or reducing gas comprising:

(1) mixing a first portion of sulfur-containing
heavy liquid hydrocarbonaceous fuel and/or sulfur-
containing solid carbonaceous fuel whose ashes
include a minimum of 5.0 wt. % vanadium, a mini-
mum of 2.0 wt. % of nickel, and silicon with ad-
ditve A comprising an iron-containing additive
when the silicon content of said fuel feedstock is
less than about 350 ppm, or additive B comprising
an iron and calcium-containing additive when the
silicon content of said fuel feedstock is about 400
ppm or more; and reacting said mixture by partial
oxidation with a free-oxygen containing gas and in
the presence of a temperature moderator in a first
free-flow refractory lined reaction zone of a gas
generator at an autogeneous temperature in the
range of about 1900°F to 2900° F and above the
softening temperature fo the ash in the first reac-
tion zone, and a pressure in the range of about 2 to
250 atmospheres to produce a hot stream of syn-
thesis gas, reducing gas, or fuel gas comprising
Ha, CO, COz, H2S, COS and at least one gaseous
material selected from the group consisting of H20,
Nz, CHs, NHs, A, and containing entrained material
comprising particulate carbon, unreacted fuel if
any, and slag; wherein sufficient additive A or B is
introduced into the first reaction zone so as to
provide iron atoms when additive A is used or iron
and calcium atoms when additive B is used in the
amount of about 1.0 to 1.8 times the atoms of
sulfur in the first reaction zone plus about 0.3 to 1.2
times the atoms of silicon in the ash in the second
reaction zone; and for each part by weight of
vanadium there is at least 10 parts by weight of
iron when additive A is used, or at least 10 parts by
weight of iron and calcium when additive B is used:

{(2) passing at least a portion of the hot gas
stream from (1) in admixture with a second portion
of said sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel and a calcium-containing additive
through a second unobstructed free-flow refractory
lined reaction zone; wherein sufficient calcium-con-
taining additive is introduced into the second reac-
tion zone so as to provide calcium atoms in the
amount of about 1.0 to 1.8 times the atoms of
sulfur in the second reaction zone plus about 0.1 to
0.2 times the atoms of silicon in the ash from said
second portion of sulfur-containing fuel, and the
mole ratio of H.O and/or COz to carbon in the
second reaction zone is in the range of about 0.7 to
25.0; and the weight ratio of calcium-containing
additive to ash in the second reaction zone is in the
range of about 1.0-10.0 to 1.0;
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(8) devolatilizing said second portion of
sulfur-containing fuel and reacting in said second
reaction zone in the absence of additional free-
oxygen containing gas and at a temperature below
that in said first reaction zone and below the ash
softening temperature (i) H20 and/or COz with car-
bon from said second portion of fuel, to produce
supplemental Hz and carbon oxides, and (i) said
calcium-containing additive with the sulfur contain-
ing gases in the gas streams produced in steps (1)
and (2) to produce particulate matter comprising
calcium sulfide and combining in said second reac-
tion zone a portion of said newly formed particulate
matter and/or calcium-containing additive with slag
and/or ash to produce fly-ash having an increased
ash softening temperature; and

(4) discharging from said second reaction
zone a stream of synthesis gas, reducing gas, or
fuel gas with entrained fly-ash; and in comparison
with a gas stream produced without the introduc-
tion of said calcium-containing additive in (2), the
gas stream discharged from the second reaction
zone contains a reduced amount of sulfur-contain-
ing gases, and increased amounts of Hz + carbon
oxides and calcium sulfide-containing particulate
mattér.

The iron-containing additive A in both of said
examples of the previous embodiment contains
iron compounds selected from the group consisting
of oxides, carbonates, carbonyl, nitrates and mix-
tures thereof. The iron and calcium-containing ad-
ditive B contains iron and calcium compounds se-
lected from the group consisting of oxides, car-
bonates, nitrates, and mixtures thereof.

The iron-containing portion of said additive A
and B is a ferro or ferri organic compound selected
from the group consisting of nephthenates, ax-
alates, acetates, citrates, benzoates, oleates, tar-
trates, and mixtures thereof. For example the iron-
containing portion of additive A or B is iron oxide;
and in additive B said iron oxide is in admixture
with calcium oxide. Included in the additive A or B
may be an additional material compound selected
from the group of elements consisting of magne-
sium chromium and mixtures thereof in the total -
amount of about 1.0 to 10.0 wt. % of said iron-
containing additive. Iron-containing additive A com-
prises about 30.0 to 100.0 wt. % of an iron com-
pound. The iron and calcium-containing additive B
comprises about 30.0 to 90.0 wt. % of an iron
compound, preferably iron oxide, and the remain-
der may substantially comprise a calcium com-
pound preferably calcium oxide. The sulfur-contain-
ing heavy liquid hydrocarbonaceous fuel having a
nickel and vanadium-containing ash feedstock is
selected from the group consisting of crude resi-
due from petroleum distillate, reduced crude, whole
crude, asphalt, coal tar, coal derived oil, shale oil,
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tar sand oil, and mixtures thereof. In one embodi-
ment the sulfur-containing solid carbonaceous fuel
having a nickel and vanadium-containing ash is
petroleum coke. Substantially all of the sulfur in
said feedstock is converted into the sulfides of iron
and nickel with additive A and iron, nickel and
calcium with additive B and leaves the first reaction
zone in the slag. The mixture of additive A or B
and feedstock from (1) has a particle size of ASTM
E-11 Standard Sieve Designation in the range of
about 210 microns to 37 microns, or below. The
previously described liquid phase washing agent
substantially comprises in wt. %: iron sulfide about
75 to 95 , nickel sulfide about 0.5 to 3.0, and iron
oxide about 2 to 9.

The first and second reaction zones may be
two free-flow unobstructed vertical cylindrical
shaped chambers with the products of reaction
passing downwardly or upwardly through the first
reaction zone and then downwardly or upwardly
through the second reaction zone. For example the
first and second reaction zones are two down-
flowing coaxial refractory lined free-flow chambers
located in the same pressure vessel. Alternatively,
the first and second reaction zones are two up-
flowing coaxial chambers located in the same pres-
sure vessel. In one embodiment such as accom-
plished with the apparatus shown in coassigned U.
S. Patent 4,328,006 which is incorporated herein by
reference, prior to the second reaction zone 4 or 46
at least a portion of the molten slag entrained in
the hot effluent gas siream from the first reaction
zone is separated from the hot gas stream.

Other modifications and variations of the inven-
tion as hereinbefore set forth may be made without
departing from the scope thereof, and therefore
only such limitations should be imposed on the
invention as are indicated in the appended claims.

Claims

1. A continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:

(1) reacting sulfur-containing heavy liquid
hydrocarbonaceous fuel and/or sulfur-containing
solid carbonaceous fuel by partial oxidation with a
free-oxygen containing gas in a free-flow refractory
lined, first reaction zone of a gas generator at an
autogenous temperature in the range of about
1900° F to 2900°F, and a pressure in the range of
about 2 to 250 atomospheres to produce a hot
stream of synthesis gas, reducing gas, or fuel gas
comprising Hz, CO, CO2, H2S, COS and at least
one gaseous material selected from the group con-
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sisting of H20, N2, CHs, NH3, A, and containing
entrained material comprising particulate carbon,
and slag;

(2) passing at least a portion of the hot gas
stream from (1) in admixture with an iron-containing
and/or calcium-containing additive with or without a
second portion of said sulphur containing fuel
through an unobstructed central passage of a sec-
ond reaction zone;

(8) reacting in said second reaction zone at a
temperature below that of said first reaction zone (i)
H20 andior CO. with carbon to produce supple-
mental Hz + carbon oxides; and (i) said iron-
containing and/or calcium-containing additive with
the sulphur containing gases in said gas stream to
produce particulate matter comprising iron oxysul-
fide and/or calcium sulfide; and combining in said
second reaction zone a portion of said newly
formed particulate matter and/or said iron-contain-
ing and/or calcium-containing additive, with molten
slag and/or ash, to produce siag having a reduced
ash fusion temperature and viscosity or fly-ash
having an increased ash softening temperature;
and

(4) discharging from said second reaction
zone a partially cooled stream of synthesis gas,
reducing gas or fuel gas containing a reduced
amount of sulfur-containing gases.

2. A continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:

(1) reacting sulfur-containing heavy liquid
hydrocarbonaceous fuel and/or sulfur-containing
solid carbonaceous fuel by partial oxidation with a
free-oxygen containing gas and in the presence of
a temperature moderator in the free-flow refactory
lined reaction zone of a gas generator at an auto-
genous temperature in the range of about 1900° F
to 2900 F and above the ash-fusion temperature of
the slag formed in the reaction zone, and a pres-
sure in the range of about 2 to 250 atmospheres to
produce a hot stream of synthesis gas, reducing
gas, or fuel gas comprising Hz, CO, COz, H:S,
COS and at least one gaseous material selected
from the group consisting of H20, N2, CHs, NH3, A,
and containing entrained material comprising par-
ticulate carbon, and slag;

(2) passing at least a portion of the hot gas
stream from (1) in admixture with an iron-containing
additive through an unobstructed central passage
of a radiant cooler; where in said radiant cooler the
weight ratio of iron-containing additive to sulfur plus
the ash in the fuel feed is in the range of about 0.5
to 10.0 to 1.0 and wherein said iron-containing
additive is introduced into the hot gas stream from
(1) at the entrance to and/or at one or more loca-
tions within the radiant cooler;

~
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) (3) reacting in said radiant cooler said iron-
containing additive with the sulfur containing gases
in said gas stream to produce particulate matter
comprising iron oxysulfide, and combining in said
radiant cooler zone a portion of said newly formed
particulate matter and/or iron-containing additive
with molten slag and/or ash to produce slag having
a reduced ash fusion temperature and viscosity;
while simultaneously reducing the temperature of
said gas stream from an entering temperature in
the range of about 1900°F to 2800° F, to a dis-
charge temperature in the range of about 1000°F
to 1600° F by indirect heat exchange with a cool-
ant; and

(4) discharging from said radiant cooler a
partially cooled stream of synthesis gas, reducing
gas, or fuel gas and slag; and in comparison with a
gas stream produced without the introduction of
said iron-containing additive in (2), said partially
cooled gas stream contains a reduced amount of
sulphur-containing gases, and increased amounts
of Ho + carbon oxides and iron oxysulfide par-
ticulate matter.

3. A continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:

(1) reacting a first portion of sulfur-containing
heavy liquid hydrocarbonaceous fuel and/or sulfur-
containing solid carbonaceous fuel by partial oxida-
tion with a free-oxygen containing gas and in the
presence of a temperature moderator in a first free-
flow refactory lined reaction zone of a gas gener-
ator at an autogenous temperature in the range of
about 1900°F to 2900 F and a pressure in the
range of about 2 to 250 atmospheres to produce a
hot stream of synthesis gas. reducing gas, or fuel
gas comprising Hz, CO, CO2, HzS, COS and at
least one gaseous material selected from the group
consisting of H20, Nz, CHs, NH3, A, and containing
entrained material comprising particulate carbon,
unreacted fuel if any, and slag;

(2) passing at least a portion of the hot gas
stream from (1) in admixture with a second portion
of said fuel and an iron-containing additive through
a second unobstructed free-flow refactory lined re-
action zone wherein sufficient iron-containing ad-
ditive is infroduced into the second reaction zone
s0 as to provide iron atoms in the amount of about
1.1 to 1.8 times the atoms of sulfur in the second
reaction zone plus about 0.3 to 1.2 times the atoms
of silicon in the ash in the second reaction zone,
and the mole ratio of H20O and/or CO2 to carbon in
the second reaction zone is in the range of about
0.7 to 25;

(3) devolatilizing said second portion of
sulfur-containing fuel and reacting in said second
reaction zone at a temperature below that in said
first reaction zone and in the absence of additional
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free-oxygen containing gas, (i) HzO and/or COq
with carbon from said second portion of fuel with
particulate carbon and any unreacted portion of
said first portion of fuel, to produce supplemental
Hz and carbon oxides, and (i) said iron-containing
additive with the sulfur containing gases in the gas
streams produced in steps (1) and (2) to produce
the particulate matter comprising iron oxysulfides;
and combining in said second reaction zone a
portion of said newly formed particulate matter
and/or iron-containing additive with slag and/or ash
to produce slag having a reduced ash softening
temperature and a reduced viscosity; and

(4) discharging from said second reaction
zone a stream of synthesis gas, reducing gas or
fuel gas and slag; and in comparison with a gas
stream produced without the introduction of said
iron-containing additive in (2), the gas stream dis-
charged from the second reaction zone cantains a
reduced amount of sulfur-containing gases, and
increased amounts of Hy + carbon oxides and iron
oxysulfide particulate matter.

4, A continuous process for the production of
desulfurized synthesis gas, fuel gas or reducing
gas comprising:

(1) reacting a first portion of sulfur-containing
heavy liquid hydrocarbonaceous fuel and/or sulfur-
containing solid carbonaceous fuel containing about
0.2 to 8.0 wt. % sulfur by partial oxidation with
controlled amounts of free-oxygen containing gas
and temperature moderator in a first free-flow re-
fractory lined reaction zone of a gas generator at
an autogenous temperature in the range of about
1900° F to 2900°F and a pressure in the range of
about 2 to 250 atmospheres so that an equilibrium
oxygen concentration with a partial pressure which
is less than about 10~'2 atmospheres is provided in
the gas phase in said first reaction zone and in a
downstream second reaction zone; and in said first
reaction zone the O/C atomic ratio is in the range
of about 0.3 to 1.1, the weight ratio of water to solid
carbonaceous fuel plus liquid hydrocarbonaceous
material, if any, is in the range of about 0.3 to 0.70,
and about 70 to 98 wt.% of the carbon in said
sulfur-containing fuel is converted into carbon ox-
ides, thereby producing a hot gas stream including
a raw product gas mixture comprising Ha, CO,
CO,, H,S, COS, at least one gas selected from the
group consisting of H20, Nz, CHs, and A, and
entrained material comprising particulate carbon,
unreacted fuel if any, and molten slag; and the
temperature is above the softening temperature of
the ash in the fuel, and at least 90 wt.% of the
sulfur in the fuel in the first reaction zone is con-
verted into sulfur-containing gas;

(2) passing at least a portion of the hot gas
stream from (1) in admixture with a second portion
of said sulfur-containing fuel and a calcium-contain-
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ing additive through a second unobstructed free-
flow refractory lined reaction zone, wherein suffi-
cient calcium-containing additive is introduced into
the second reaction zone so as to provide calcium
atoms in the amount of about 0.95 to 1.8 times the
atoms of sulfur in the second reaction zone plus
about 0.1 to 0.2 times the atoms of silicon in the
ash in the second reaction zone, and the mole ratio
of H20 and/or CO2 to carbon in the second reac-
tion zone is in the range of about 0.7 to 25;

(38) devolatilizing said second portion of
sulfur-containing fuel and reacting in said second
reaction zone in the absence of additional free-
oxygen containing gas at a temperature below that
in said first reaction zone and below the ash soften-
ing temperature, (i) H20 and/or CO2 with carbon
from said second portion of fuel and carbon from
the unreacted portion of said first portion of fuel, if
any, to produce suppiemental H2 and carbon ox-
ides, and (i) said calcium-containing additive with
the sulfur containing gases in the gas streams
produced in steps (1) and (2) to produce particulate
matter comprising calcium sulfide and combining in
said second reaction zone a portion of said newly
formed particulate matter and/or calcium-containing
additive with slag and/or ash to produce fly-ash
having an increased ash softening temperature;
and

(4) discharging from said second reaction
zone a stream of synthesis' gas, reducing gas, or
fuel gas with entrained fly-ash and in comparison
with a gas stream produced without the introduc-
tion of said calcium-containing additive in (2), the
gas stream discharged from the second reaction
zone contains a reduced amount of suifur-contain-
ing gases, and increased amounts of H2 + carbon
oxides and calcium sulfide-containing particulate
matter.

5. A process according to any one of claims 1,
3 and 4, wherein said iron-containing or calcium-
containing additive is introduced into the hot gas
stream from (1) at the entrance to and/or at one or
more locations within the second reaction zone.

6. A process according to any one of claims 1-
§ provided with the step of contacting the hot gas
stream passing through the central passage of said
radiant cooler or said second reaction zone with an
atomized spray of said iron-containing or calcium-
containing additive.

7. A process according to any one of claims 1-
5, wherein the dwell times in the partial oxidation
gas generator or the first reaction zone and the
radiant cooler or the second reaction zones in (1)
and (2) are respectively in the ranges of about 0.5 -
10 seconds and about 5 to 50 seconds.

8. A process according to any one of claims 1-
7. wherein at least a portion of the entrained ma-
terial and slag in the hot gas stream leaving the
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gas generator in (1) are removed respectively by
gas-solids separation means and gravity prior to
introducing the hot gas stream into the radiant
cooler or the second reaction zone in (2).

9. A process according to claim 2 provided
with the step of separating iron oxysulfide and
particulate carbon from the cooled effluent gas
stream leaving the radiant cooler and recycling 0 to
100 wt. % of said material to the reaction zone of
the partial oxidation gas generator.

10. A process according to claim 3 or claim 4
provided with the step of cooling the hot gas
stream from (4) by indirect heat exchange thereby
producing by-product steam.

11. A process according to claim 3 provided
with the step of separating iron oxysulfide and
particulate carbon from the cooled effiuent gas
stream and recycling about 0 to 100 wt. % of said
material to the reaction zone of the partial oxidation
gas generator.

12. A process according to any of claims 1 -11
provided with the steps of separating particulate
matter comprising iron oxysulfide or calcium sulfide
and particulate carbon from the partially cooled gas
stream from (4) in a gas-solids separation zone,
roasting said particulate matter thereby substan-
tially producing iron oxide or calcium oxide and
sulfur-containing gas, and separating said iron ox-
ide or calcium oxide from said sulfur-containing
gas.

13. A process according to claim 12 provided
with the step of introducting a portion of said iron
oxide or calcium oxide in admixture with make-up
iron-containing or calcium-containing additive en-
trained in a carrier into the radiant cooler or the
second reaction zone in (2), where said materials
are mixed with said hot gas stream from (1).

14. A process according to claim 12 or claim
13 provided with the step of introducing a portion
of said iron oxide or calcium oxide into said partial
oxidation reaction zone in (1) in admixture with said
heavy liquid hydrocarbonaceous and/or solid car-
bonaceous fuel.

15. A process according to any one of claims
12 -14 comprising classifying said particulate mat-
ter prior to said roasting step and separating out
materials having a particle size greater than about
100 microns and mixing said materials having a
particle size greater than about 100 microns with
the sulfur-containing heavy liquid hydrocar-
bonaceous fuel feed and/or sulfur containing solid
carbonaceous fuel feed in step (1), and introducing
at least a portion of said mixture into the reaction
zone of the partial oxidation gas generator.

16. A process according to claim 4 where in (2)
said second portion of sulfur-containing fuel com-
prises a pumpable slurry of solid carbonaceous
fuel and calcium-containing material having a solids
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content of about 50 - 70 wt. % in a liquid carrier
selected from the group consisting of Hz0 and
CO2; and provided with the step of skimming said
liquid carrier prior to said mixture entering the
second reaction zone to reduce the amount of H20
entering the second reaction zone to about 5 to 10
wt. % (basis weight of feed), or alternatively to
reduce the amount of COz entering the second
reaction zone to about 10 to 30 wt. % (basis weight
of feed).

17. A process according to claim 4 provided
with the steps of cooling and cleaning the hot raw
product gas mixture in (2) by contacting said hot
raw product gas mixture with a liquid hydrocar-
bonaceous fuel cooling and scrubbing agent there-
by producing a slurry comprising fly-ash and cal-
cium sulfide in liquid hydrocarbonaceous fuel.

18. A process according to claim 17 provided
with the steps of steam stripping said slurry com-
prising fly-ash and calcium sulfide in liquid
hydrocarbonaceous fuel and separating H»S, and
recycling the sulfur-depleted calcium-containing
slurry to the second reaction zone.

19. A process according to claim 2 or claim 3,
wherein a matallic oxide from the group consisting
of copper oxide, zinc oxide, calcium oxide and
mixtures thereof is introduced into the radiant cool-
er or the second reaction zone in (2) in admixture
with said iron-containing additive and said second
portion of fuel.

20. A process according to claim 3 or claim 4,
wherein an alkali metal and/or alkaline earth metal
compound is introduced into the second reaction
zone in (2) in admixture with said iron-containing or
calcium-containing additive and said second por-
tion of fuel.

21. A process according to claim 20, wherein
said alkali metal and/or alkaline earth metal con-
stituents are selected from the metals in the Peri-
odic Table of Elements in Groups IA and/or lIA.

22. A continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:

(1) mixing a first portion of sulfur-containing
heavy liquid hydrocarbonaceous fue! and/or sulfur-
containing solid carbonaceous fuel whose ashes
include a minimum of 5.0 wt. % vanadium, a mini-
mum of 2.0 wt. % of nickel, and silicon with ad-
ditve A comprising an iron-containing additive
when the silicon content of said fuel feedstock is
less than 350 ppm, or additive B comprising an
iron and calcium-containing additive when the sili-
con content of said fuel feedstock is about 400
ppm or more; and reacting said mixture by partial
oxidation with a free-oxygen containing gas and in
the presence of a temperature moderator in a first
free-flow refractory lined reaction zone of a gas
generator at an autogenous temperature in the
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range of about 1900° F to 2900°F and above the
softening temperature of the ash in the first reac-
tion zone, and a pressure in the range of about 2 to
250 atmospheres to produce a hot stream of syn-
thesis gas, reducing gas, or fuel gas comprising
Ha, CO, CO2, H2S, COS and at least one gaseous
material selected from the group consisting of H20,
H», CHs, NH3, A and containing entrained material
comprising particulate carbon, unreacted fuel, if
any, and slag; wherein sufficient additive A or B is
introduced into the first reaction zone so as to
provide iron atoms when additive A is used or iron
and calcium atoms when additive B is used in the
amount of about 1.0 to 1.8 times the atoms of
sulfur in the first reaction zone plus about 0.3 to 1.2
times the atoms of silicon in the ash in the first
reaction zone;

(2) passing at least a portion of the hot gas
stream from (1) in admixture with a second portion
of said sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel and additive A comprising an iron-
containing additive when the silicon content of said
fuel feed-stock is less than 350 ppm, or additive B
comprising an iron- and calcium-containing additive
when the silicon content of said fuel feedstock is
about 400 ppm or more through a second unob-
structed free-flow refractory lined reaction zone;
wherein sufficient additive A or B is introduced into
the second reaction zone so as to provide iron
atoms when additive A is used or iron and calcium
atoms when additive B is used in the amount of
about 1.0 to 1.8 times the atoms of sulfur in the
second portion of sulfur-containing fuel plus the
atoms of sulfur in the sulfur-containing gases in the
second reaction zone plus about 0.3 to 1.2 times
the atoms of silicon in the ash from said second
portion of sulfur-containing fuel, and the mole ratio
of H20 and/or COz to carbon in the second reac-
tion zone is in the range of about 0.7 to 25.0; and
the weight ratio of additive A or B to ash in the first
and second reaction zones is in the range of about
1.0 - 10.0 to 1.0, and for each part by weight of
vanadium there is at least 10 paris by weight of
iron when additive A is used, or at least 10 parts by
weight of iron plus calcium when additive B is
used;

(38) devolatilizing said second portion of
sulfur-containing fuel in said second reaction zone;
and reacting in said second reaction zone in the
absence of additional free-oxygen containing gas
and at a temperature in the range of about 1000° F
- 2850°F, (i) H20 and/or CO, with carbon from
said second portion of fuel, particulate carbon and
unreacted fuel, if any, to produce supplemental Ha
and carbon oxides, entrained molten siag, and (ii)
said additive A or B with the sulfur containing
gases in the gas sireams produced in steps (1) and
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(2) to produce particulate matter comprising iron
oxysulfide and also calcium sulfide with additive B;
and where in said second reaction zone when
additive A is used said iron-containing additive
combines with at least’ a portion of said nickel
constituents and sulfur from the feed-stock to pro-
duce a liquid phase washing agent that collects
and transports at least a portion of the vanadium-
containing oxide laths and spinels and other ash
components and refractory out of the second reac-
tion zone; and when additive B is used separate
portions of said iron and calcium-containing ad-
ditive (I) combine with a portion of said nickel,
calcium and sulfur to generate a liquid phase wash-
ing agent that collects and transporis a portion of
the vanadium-containing oxide laths and spinels
and other ash components and refractory; and (li)
combine with a portion of said nickel, calcium and
silicon to generate a liquid oxide-silicate phase that
fluxes substantially all of the remaining portion of
said vanadium-containing oxide laths and spinels
and other ash components to produce molten siag;
and

(4) discharging from said second reaction
zone a stream of synthesis gas, reducing gas, or
fuel gas and slag; and in comparison with the
product gas stream produced without the introduc-
tion of said additive A or B in (1) and (2), the gas
stream discharged from (4) contains a reduced
amount of sulfur-containing gases, and increased
amounts of Hz + carbon oxides and iron oxysul-
fide and calcium sulfide particulate maiter.

23. A continuous process for the production of
desulfurized synthesis gas, fuel gas, or reducing
gas comprising:

(1) mixing a first portion of sulfur-containing
heavy liquid hydrocarbonaceous fuel and/or sulfur-
containing solid carbonaceous fuel whose ashes
include a minimum of 5.0 wt. % vanadium, a mini-
mum of 2.0 wt. % of nickel, and silicon with ad-
ditive A comprising an iron-containing additive
when the silicon content of said fuel feed-stock is
less than about 350 ppm, or additive B comprising
an iron and calcium-containing additive when the
silicon content of said fuel feed-stock is about 400
ppm or more; and reacting said mixture by partial
oxidation with a free-oxygen containing gas and in
the presence of a temperature moderator in a first
free-flow refractory lined reaction zone of a gas
generator at an autogenous temperature in the
range of about 1900° F to 2900 F and above the
softening temperature of the ash in the first reac-
tion zone, and a pressure in the range of about 2 to
250 atmospheres to produce a hot stream of syn-
thesis gas, reducing gas, or fuel gas comprising
Hz, CO, CO2, H3S, COS and at least one gaseous
material selected from the group consisting of H20,
Nz, CHs, NHs, A, and containing entrained material
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comprising particulate carbon, unreacted fuel, if
any, and slag; wherein sufficient additive A or B is
introduced into the first reaction zone so as to
provide iron atoms when additive A is used or iron
and calcium atoms when additive B is used in the
amount of about 1.0 to 1.8 times the atoms of
sulfur in the first reaction zone plus about 0.3 to 1.2
times the atoms of silicon in the ash in the second
reaction zone; and for each part by weight of
vanadium there is at least 10 parts by weight of
iron when additive A is used, or at least 10 parts by
weight of iron and calcium when additive B is used;

(2) passing at least a portion of the hot gas
stream from (1) in admixture with a second portion
of said sulfur-containing heavy liquid hydrocar-
bonaceous fuel and/or sulfur-containing solid car-
bonaceous fuel and a calcium-containing additive
through a second unobstructed free-flow refractory
lined reaction zone; wherein sufficient calcium-con-
taining additive is introduced into the second reac-
tion zone so as to provide calcium atoms in the
amount of about 0.95 to 1.8 times the atoms of
sulfur in the second reaction zone plus about 0.1 to
0.2 times the atoms of silicon in the ash from said
second portion of sulfur-containing fuel, and the
mole ratio of H20 and/or CO2 to carbon in the
second reaction zone is in the range of about 0.7 to
25.0; and the weight ratio of caicium-containing
additive to ash in the second reaction zone is in the
range of about 1.0 - 10.0 to 1.0;

(3) devolatilizing said second portion of
suifur-containing fuel and reacting in said second
reaction zone in the absence of additional free-
oxygen containing gas; and at a temperature below
that in said first reaction zone and below the ash
softening temperature, (i) H2O and/or CO> with
carbon from said second portion of fuel, to produce
supplemental H, and carbon oxides, and (i) said
calcium-containing additive with the sulfur contain-
ing gases in the gas streams produced in steps (1)
and (2) to produce particulate matter comprising
calcium sulfide and combining in said second reac-
tion zone a portion of said newly formed particulate
matter and/or calcium-containing additive with siag
and/or ash to produce fly-ash having a reduced ash
softening temperature; and

(4) discharging from said second reaction
zone a stream of synthesis gas, reducing gas, or
fuel gas with entrained fly-ash; and in comparison
with a gas stream produced without the introduc-
tion of said calcium-containing additive in (2), the
gas stream discharged from the second reaction
zone contains a reduced amount of sulfur-contain-
ing gases, and increased amounts of H2 + carbon
oxides and calcium sulfide-containing particulate
matter.

” o,
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24. A process according to claim 22 or claim
23, wherein said iron and calcium-containing ad-
ditive B comprises about 30.0 to 90.0 wt. % of an
iron compound, and the remainder substantially
comprises a calcium compound.

25. A process according to any one of claims
22 - 24, where included in the additive A or B in (1)
is an additional material compound selected from
the group of elements consisting of magnesium,
chromium and mixtures thereof.

26. A process according to claim 22, wherein
said liquid phase washing agent substantially com-
prises in wt. %; iron sulfide about 75 to 95, nickel
sulfide about 0.5 to 3.0, and iron oxide about 2 to
9.

27. A process according to any one of claims
22 - 26, provided with the step of separating at
least a portion of the slag entrained in the hot
effluent gas stream from the first reaction zone,
prior to the second reaction zone.
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