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[5 7 ] ABSTRACT 
Aluminum may be separated from iron oxide contain 
ing ores hitherto unusable through conventional pro 
cessing by conversion to a volatile tri-halide. This, at 
1,000°-1,200°C converts, with additional aluminum 
from the ore, to three moles of mono-halide, which, 
on cooling below 1,000°C, reverts to one mole of tri 
halide and two atoms of pure metallic aluminum. The 
aluminum trihalide, without cooling, unites with the 
iron oxide in imcoming ore to give volatile ferric 
chloride, which is removed from the system, and alu 
minum oxide which continues with the balance of the 
ore to form the subhalide. Di?'erent processes with 
other selected steps produce aluminum from clays, 
feldspars, oil shales, red muds from current aluminum 
production wastes, slirnes from phosphate manufac 
ture, etc., while producing economically and almost 
quantitatively the other metal values. 

10 Claims, 5 Drawing Figures 
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METHOD FOR PRODUCING ALUMINUM METAL 
DIRECTLY FROM ORE 

This invention allows the winning of pure aluminum 
' directly from various alumina-containing ores, includ 
ing bauxites, clays, shales, slates, feldspars, and others 
which, because of their large content of other oxides 
and the chemical nature of the compounds of these ox 
ides with each other and with alumina, are unsuitable 
for production of aluminum by conventional methods. 
Halogens, and particularly chlorine and bromine, are 
used for the attack on the ore. The corresponding vola 
tile halides which are formed of aluminum and other 
metals are separted to produce substantially pure alu 
minum metal therefrom, often in a single thermal oper 
ation involving disproportionation, and other pure me 
tallic compounds or metals by other steps. 

Hereinafter, the more common chlorine, chlorina 
tion, and chlorides are usually referred to with the un 
derstanding that bromine, bromination, and bromides 
may often be considered as equivalent for every step of 
the processes concerned, and with some respective ad 
vantages and disadvantages in different cases. 

CHEMICAL REACTIONS USED IN RELATED 
PRIOR ART 

When an aluminum-containing ore is treated with the 
sequence of the dual oxidation~chlorination and then 
reduction-chlorination, according to the HALOMET 
process, those metals, including particularly iron and 
titanium, which have a greater affinity for chlorine 
from the oxide than does aluminum, may be volatilized 
as the chlorides and removed ?rst. While iron comes as 
the ferric chloride, and in the gas phase it probably has 
the formula FezClu, a dimer; for the present purpose, 
this is of no moment and it will be called simply FeCl3. 

Along with the volatile chlorides of these metals will 
come sulfur present in the ore or in the reductant as 
$0.2, tqgsthsrawithphosphoms and vaaasiigmasllls 
oxychlorides. Under these conditions, all of these ele 
ments form volatile compounds. The aluminum may 
next be chlorinated to give the normal chloride, AlCl2, 
which is also volatiliz‘ed. Thus, after the sulfur, phos 
phorus, vanadium, iron, and titanium are separated 
from the’ore and, if desired, from each other, by one 
or more dual chlorinations and other steps of the Ha 
lomet process described in U.S. Pat. Nos. 3,244,509 
and 3,466,169, aluminum chloride passes off as a prac 
tically pure gas, with evolution .of heat: 
A1203 + 3C + 3Cl2—>2AlCl3(gas) + 3C0 + Heat (I) 

These steps resemble the usual fractional distillation 
of compounds of greater volatility (lower boiling point) 
away from those of lesser volatility in a succession of 
steps. Here, instead of volatility alone, there is used the 
additional property of the affinity of a metal to form the 
chloride from its oxide. 
The aluminum atom is normally trivalent, but 

changes to mono-valency or disproportionation at tem 
peratures higher than about 1,000°C; and at these tem 
peratures, MCI is the stable chloride. Thus, when 
AlCla gas is heated to temperatures of 1,100°—l ,200°C, 
twice as much more aluminum may be reacted with the 
three chlorine atoms of the molecule to give the mono_ 
chloride. 

AlCl3(gas) + _2Al(solid) + HeatTZBAlCKgas) ‘ (2) 
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frornmtbhe oxide A1203 

2 
If heat is supplied, this reversible reaction is known 

to go from left to right, above about 1,000°C, and is re 
versed to go from right to left below about 1,000°C, 
with heat being given off. Hence, by cooling the AlCl 
vapor below 1,000°C, the aluminum‘ again assumes its 
usual tri-valency; and the reaction liberates pure alumi 
num metal as a liquid above its melting point of 660°C, 
or as a solid if below this temperature. By operating the 
condenser at about 700°C, the pure liquid aluminum 
formed may ?ow into molds and solidify as ingots. 
The usual aluminum chloride, AlCl_-,, resulting here 

after loss of aluminum, has again been reacted in the 
prior art with additional metallic aluminum, usually by 
contacting an aluminum-iron alloy made into pellets. 
The process is repeated, with two atoms of chlorine 
acting as the carrier to chlorinate two atoms of alumi 
num from a source of the metal at the higher tempera 
ture; and the reverse from mono-valent to tri-valent 
aluminum at the lower temperature accomplishes the 
separation at the lower temperature of two-thirds of the 
aluminum present in the three molecules of AlCl. 
While these reactions have long been known in the 

art, there have been major problems in commercializ 
ing any process using them with the pellets of alumi 
num-iron alloy, which must, in any case, be prepared 
from ores by prior extensive and expensive processes. 

CHEMICAL REACTIONS USED IN THE PRESENT 
INVENTION 

At the high temperature of l,000°-l ,200°C it has 
now been found that at least three gaseous chlorinating 
agents may be used in the reduction-chlorination of 
A120,, togive the mono;chlori_deAlCl directly in the at 
tack on the ore itself. Sufficient carbon (as coke) may 
be added not only to accomplish the reducing action, 
but also, if necessary, to burn with added gaseous oxy 
gen to give whatever heat may be necessary to maintain 
this high temperature. 
The chlorinating agents under these conditions are 

both atoms in the molecule of chlorine, C12 itself; or all 
of the chlorine atoms present in some other gaseous 
metallic chloride,’as SiCl, of an element lower in the 
affinity series; or two of the chlorine atoms present in 
AlCl3. Any of these can be used to produce AlCl by re 
action with aluminum, taken not from a source of me 
tallic aluminum as in Equation 2, but instead directly 

through this reduction 
chlorination. If AlCla is used as the gaseous chlorinat 
ing agent, three molecules of the mono-chloride, AlCl, 
result. Thus: 
012 + A1203 + 3c—> 2AlCl + 300 (3a) 
‘SiCl.,+2Al2O3+4C—> 4AlCl+4CO+SiO2 (3b) 
A1913. JcélgQafr. 3C: éAlQLtlQQ . .. (3c) 

The above reactions proceed using coke sufficient 
for the reduction-chlorination and also to burn with ox 
ygen to supply additional heat, e.g., C+O2—-> CO2 -l 
(Ir-Ci l/zqwcq, - , . . . . . .. , 

Considering the heat quantities of the reactions 
themselves, that required to bring the reactants up to 
l,000°-l ,200°C and that required to maintain the fur 
nace at this high temperature, there may be required 
added heat. This amount will depend upon: 

a. the ore used and therefore the composition of the 
solids being treated by the gaseous chlorination 
agent in the reaction zone; 
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b. the relative amounts of C12, SiCl4, and AlClz which 
are used in the reduction-chlorination since there 
are different heats involved with the different chlo 
rinating agents in the respective reactions 3a, b, 
and c; 

c. the type of furnace used and therefore the amount 
of heat lost to the surroundings. 

Thus, the two aluminum atoms necessary for the re 
action of Equation 2 can be taken not only from metal 
lic aluminum as in Equation 2, but also from aluminum 
oxide in the presence of carbon with the formation of 
CO. The present invention thus uses Equation 3c prin 
cipally, but also 3b, and in other cases, 3a, to attack the 
ore, and then Equation 2 (right to left) to produce pure 
aluminum directly from the alumina in the ore. 
The careful addition of chlorine and of oxygen, pref 

erably as such although air may sometimes be used, so 
that the correct stoichiometric amounts are not ex 
ceeded, is the most essential control of the invention. 
Neither of these reactive gases can be present when 
metallic aluminum is obtained in cooling its mono 
chloride down from about l,000°C to some tempera 
ture down to 700°C, or the metal would be instantly ox 
idized or chloridized. Hence, in the operation of the re 
actions represented by Equations 3a, b, and 0, there 
must always be present an excess of alumina. 
The oxygen to combust the coke allowed for the sup 

ply of heat in the mixture of ore and reductant to main 
tain the high temperature of 1,000° to l,200°C, will be 
added to this reaction zone. This may be done in ad 
mixture with the chlorine, and through the chlorine 
feedline or, as suggested hereinafter, it may be through 
a separate inlet. In either case, the control is based on 
the temperature of the reaction zone wherein Equation 
3a, b, or c takes place; if the temperature falls, more 
oxygen is added; if it rises too high, the supply of oxy 
gen is throttled. 

In use of coke for heat and in the chlorination, more 
or less CO2 is formed; but the corresponding equations 
are not written here for this obvious modi?cation. 
The gaseous AlCla, which is uncondensed in the con 

denser for the metallic aluminum, may then be passed 
to contact the raw ore feed in an oxidation 
chlorination, to remove the iron present as FeCls in a 
?rst step, whiLe.si.\/_in.g.,t.hqa!9rninu@asthe oxidqALzQs 

zAlClslge?F?iqsjllisQlair AIlQaH-FBLL (4) 

The A1203 then returns with the solids of tga fgglto 
the’ reductionlchlorinnation, where vitwui'ldefgoes again 
the reaction of Equation 1; the AlCla formed undergoes 
the reaction of Equation 3c; and the AlCl so formed 
undergoes the reaction of Equation 2 (right to left) to 
give more aluminum. A cycle is thus formed of the re 
actions of AlCl3. 
There may be more iron in the ore than can be re 

moved according to Equation 4 by the amount of AlCla 
available, which!!! the basis. of thenumber of. atoms 
of aluminum metal removed in Equation 2 (reverse) is 
l to 2. Thus, if more than one-half as many atoms of 
iron are in the ore as atoms of aluminum, the AlClsof 
Equation 4 does not supply suf?cient chlorine to make 
FeCL», of all of the Fe2O3 present. Additional chlorine 
as C12 may be supplied then to remove all iron as 
FeClw . .. . 

The attack of almost any aluminum ore by chlorine 
is such that the aluminum may be removed almost 
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4 
quantitatively at temperatures of 750° to 900°C, or as 
AlCl at temperatures from l,000°C to l,200°C. These 
ores include various clays, shales, and other minerals 
widely distributed and of little present value, as well as 
the bauxites normally used for production of alumi 
num. In these ores, entirely non-usable by the conven 
tional process, the presence of Si02 and particularly its 
association with AI2Q3 malges di?r'icult and expensive 
the normal attack with caustic soda and the accompa 
nying loss of this aqueous alkaline reagent. Using chlo 
rine, no reagent is tied up in residues containing alumi 
num or silicon, as in conventional processing. 
The preliminary handling of the ore and the coke to 

be used requires their preparation to give a range of 
particle size preferably of 60 to 200a , although larger 
sizes may also be used up to 3 mm, with corresponding 
slowing down of the reactions. These pulverent or par 
ticulate masses must be thoroughly dried at a tempera 
ture high enough to drive off all free and as much as 
possible of any combined water. Water added to the 
system unites with the chlorine present, to give hydro 
gen chloride which may be a waste of chlorine and a 
nuisance in the operation. Intimate mixing of the ore 
and coke is necessary in their pulverent or particulate 
forms. Either term here includes this range of sizes. 
The chemical reactions (except that for aluminum 

metal from AlCl) are accomplished by the contacting 
of gases with pulverent solids; and each reaction has 
been found to go very fast because of the small size of 
the solid particles and hence the large ratio of surface‘ 
for reaction to mass to be reacted. Furthermore, these 
reactions are chlorinations by chlorine gas or by a gase 
ous metallic chloride of a metal whose oxide has less 
af?nity for the chlorine; and they always result in the 
formation of a gaseous chloride which is removed from 
the reaction scene by its volatility, or of a non-volatile 
chloride which stays with the gangue. Higher tempera 
tures cause reactions to go faster, thus while the reac 
tions of Equations 3a, b, and c operate above l,000°C, 
they go much faster at l,200°, which may often be the 
optimum because of problems with materials of con 
struction. However, even higher temperatures, over 
l,000°C and up to at least 1,500°C, have been found 
advantageous in speeding up and completing the reac 
tion. 
The invention comprises a series of chemical reac 

tions; and these may be accomplished by either batch 
or continuous processing in reaction zones, which fall 
into a definite sequence I, II, III, IV and V, based on the 
order of the solids in the system contacted by gases. 
These are not ?ve separate sequential reactions; but by 
having these ?ve reaction zones, the individual reac 
tions can be started in one zone and ?nished in another 
so as to strip, or eliminate entirely, one component in 
either the gas or solid phase before another reaction 
starts in a successive zone. 

This sequence may be of time in the same vessel, and 
thus “zones” may actually refer to the same place for 
successive operations or reactions which take place in 
the same vessel or location. Alternatively, the sequence 
may be of location as the different reactions which 
now, in point of time, are all taking place in ?ve differ 
ent, respective places simultaneously, as in a continu 
ous process. A still further variant is also described 
hereinafter, wherein the reactor vessel stays with the 
solids, so that each reaction of the solids does indeed 
take place in the same place; but at any instant, all re 
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actions are taking place simultaneously in a series of 
reactors, wherein as one reaction is ?nished in each re 

Cyclone\ contactors and multi-hearth furnaces are 
two of the types of contacting devices which may be 
used to conduct the gas-solid chemical reactions. Thus, 
the “reaction zones” may be referred to not only as a 
“reactor”, a “cell”, or a “stage”, but also as a “cy 
clone”, or a “hearth”, in each case with an appropriate 
number attached. 
As noted above, the other chemical reaction of MCI 

disproportionating to give aluminum and AlCl3 in a 
condenser actually depends on the cooling of the gas 
containing the AlCl to some temperature below 
l,000°C: - herein usually 700°C, to obtain liquid 
rather than the solidi?ed aluminum below the freezing 
point, 660°C. The hot gas cooled instantaneously by a 
cold surface to 700°C does “condense” aluminum in 
the familiar physical vapor-liquid phenomena, although 
the chemical disproportionation probably occurs ?rst. 
If I the gas is cooled before it contacts the cold surface, 
the disproportionation will occur, to give minute drop 
lets of liquid aluminum suspended in the gas phase, 
since aluminum cannot exist as a gas below 2,057°C, its 
boiling point. These droplets coalesce on a cold surface 
or may be' taken out by a suitable demister, cyclone 
separator, or other standard device. However, the 
terms “condensing” and “condenser” are used herein 
to include these phenomena involved in obtaining alu 
minum as a liquid from that formed by the dispropor 
tionation of AlCl in the gas phase. 
A different situation exists in the removal by conden 

sation of FeCl, from a gas stream. The gaseous FeCls 
(more exactly Fe2Cl6 in the gas phase, but here always - 
called FeCla) may condense to a liquid at the liquid’s 
boiling point, i.e., 315°C; or to a solid at the liquid’s 

. freezing point, i.e., 282°C, depending on the conve 
nience of handling one or the other. Hereinafter, a tem 
perature of condensing in the liquid region 282°—3 15°C 
indicates the liquid is desired, while below 282°C, the 
solid is more convenient to handle. Either maybe ob 
tained, depending on ease of subsequent processing. 
,In the condensation of AlCl3 at 180.6°C, only solid is 

produced, since this, he sublimation temperature, is at 
I a lower pressure and temperature than the triplepoint. 
Condensers for handling the solids are widely used in 
the manufacture of AlCl3 and any conventional one 
may be used here. 

Functions of AlCla 
Since the present invention involves AlCls both as a 

product and as a raw material according to Equations 
1, 2, 3c and 4, the relative amounts of AlCl3 used in 
each reaction, and particularly in Equation 4, depends 
von the amount. of FegQa and some other constituents in 
the ore, e.g., phosphorus and vanadium. Hence, the 
controls of flow of ore, reductant, and chlorine, as well 
as of temperatures in the reactions, ?x the amount of 
Al2O3 rcgycled baclghfrornthe highest chlorination step 
which removes the iron as FeCl3. 

If all aluminum entering in the ore ultimately leaves 
the system by Equation 2 (right to left); one-half as 
much more aluminum as enters must be in the AlCla 
formed; and this is recycling around and around to 
form more aluminum. This AlCla may be condensed 
physically and returned as solid for recycle to form 
more AlCl; or it may be condensed chemically by re 
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6 
acting with lie-203 to vaporize the iron as FeCla while 
giving A1203, according to Equation 4.'Thus, if the ore 
qqntains omelet! as marmelss gfuFszoa as, of A129.» 
the AlCla coming from the condenser for the alumi 
num, after leaving twice as much aluminum metal there 
(equivalent to all that enters in the ore) could all be 
used in the reaction of Equation 4 to remove the iron 
from the system as FeCl3. (However, this AlClsused to 
form FeCls which volatilizes and A1203 which remains 
in the system. is...l19ta§¢t ussagtshlqrinehyitselt.), 

If more than half as many atoms of iron as of alumi 
num are in the ore, then additional AlCla may be recy 
cled as a gas to displace and remove the iron -- or addi 
tional chlorine as C12 may be added. lfthe ore contains 
less than half as many atoms of iron as of aluminum, the 
heat in the vapors may be recovered by condensing 
AlCl3(gas) physically to preheat the ore charged in 
sofar as possible. Or the AlCls may be condensed with 
loss of heat and returned to the feed solids. These and 
other examples of working with ores of different con 
centration of different oxides will appear more fully 
h?eina?er .. . .. N , .. 

However, it is notable that, since the aluminum 
leaves the system as the metal, there is no net require 
ments of chlorine. for its separation; the AlCla simply 
recycles as a carrier again and again for aluminum from 
the ore to aluminum as the metal. 

FRACTIONAL SEPARATIONS 

As indicated above and as will be more apparent later 
from the description of several embodiments of this in 
vention, the fractional separation of the metals of an 
ore using differences of their relative affinities to form 
chlorides from the oxides may be operated comparable 
to the fractional separation — or recti?cation — by dis 
tillation of materials when using differences of their rel 
ative volatilities. In such distillation and recti?cation, a 
concentration of that material of greater volatility ‘re 
sults (in this case there results a concentration of those 
of greater chloride-forming af?nity) at one end of the 
recti?cation system, as they are stripped out of those, 
in the distillation case, with lower relative volatility — 
here, lower chloride-forming af?nity. 
The oxidation-chlorination as the “head” of the sys 

tem, i.e., where the element of the greatest affinity is to 
be removed, acts as a “heads stripper” to hold back all 
of the volatile chlorides save that of the metal highest 
in the af?nity series. Thus the volatile chlorides of the 
metals lower in the series chlorinate the oxide of the 
one highest in the series which is here in the batch of 
input ore acting as a “re?ux” on the system. The oxida 
tion-chlorination is less violent than the reduction 
chlorination and thus acts as a more precise “stripping” 
or separating mechanism. Of course, if two or three, or 
indeed all of the metals present in the system as impuri 
ties, were above in the af?nity system, the important 
metal desired might possibly be removed without re 
gard to their separation in a single vapor stream, leav 
ing the desired metal behind for other consideration. 
The gas mixture of the chlorides of the metals high in 
the affinity series could then be worked up separately. 

In distillation, it is theoretically impossible to achieve 
a perfect separation of two components; here, because 
of the preferential chemical af?nity, it is theoretically 
possible to achieve a perfect separation. However, be— 
cause of the large masses of solids to be reacted coun 
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ter-currently with a gas, it is practically impossible to 
achieve absolutely the same contacting throughout the 
entire mass at the same instance. ' 

In many distillation systems, chemical reactions are 
also effective in the separation by the distillation col 
umns, and the selection of the proper plate or stage on 
which to accomplish this reaction is based on the sepa 
rations accomplished up to and from that plate through 
differences in relative volatilities. Here, in the halide 
separations, there is also a comparable, if reverse, phe 
nomenon which may be utilized in the chain of chemi 
cal reactions which are producing the separations due 
to relative af?nities, and the accompanying concentra 
tions and strippings. 
Thus, it is possible, in many cases, to interrupt the 

stream of the affinity-fractionation and to take out 
streams of two or more materials, usually chlorides or 
oxychlorides, which have been formed, and to separate 
these streams by their relative volatilities; i.e., either by 
fractional distillation or by fractional condensation. 
Then the separated streams are either removed to be 
worked up to give the pure metal or reintroduced into 
the af?nity-fractionation. 
Also, differences in other physical properties may be 

utilized at some stage of the process of separation by 
affinities, often at either end of the process; as also hap 
pens comparably in a distillation system with either the 
overhead stream or the bottom stream. For example, 
here some of the very non-volatile chlorides (of alkali 
or alkali-earth metals) remain in the ?nal gangue and 
may readily be removed by dissolution with water, and 
then separated by various techniques of wet chemistry. 
Also, some chlorides and oxychlorides may be removed 
from the “overhead stream” here, along with HCl and 
other gases, all of which are readily separated by stan 
dard processing. 
Furthermore, there may be used other chemical reac 

tions, e.g., as indicated above, for obtaining aluminum 
from AlCla by changing the valence of the aluminum. 
Such chemical or physical operations to give separa 
tions may be used in a process step which interrupts the 
fractionation by chloride-forming af?nities, just as 
chemical or physical operations may be used to inter 
rupt the separation of other materials by fractionation 
through distillation. 
The present process, through the application of these 

principles, pro?tably separates aluminum from almost 
any aluminum-containing material, including those 

_-coming as wastes from other mining operations and 
from many natural ores which are so widespread and 
plentiful as to be valueless. However, it is highly desir 
able that both the free and combined water be com 
pletely driven off prior to chlorination, by ignition if 
necessary, before chlorine reacts therewith to form 
l-lCl. Such hydrochloric acid as is formed may be con 
densed and removed with the ?rst volatile chloride or 
oxychloride which is formed. It may often be used in a 
preliminary wet attack on the ores to chlorinate par 
tially some of the metals present before the ore is dried 
to discharge water. This may have the disadvantage, 
however, in giving chlorides which are volatile in the 
high temperature drying to eliminate combined water; 
and it may often be better to convert electrolytically or 
otherwise the HCl to C12, which may then be reused im 
mediately. 
The stream of FeCl;, which may result in the opera 

tions described may be oxidized to Fe2O3 while recov 
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8 
ering for reuse the C12 given off; and this Fegoamay 
then be reduced, e.g., by hydrogen to give pure iron. 
However, the immediate reduction by hydrogen of 
FeCl;, to give pure iron and hydrogen chloride may be 
simpler in those cases where there is a market or use for 
the acid. 
Another system of reusing the gaseous l-ICl in the off 

gases, which has been formed mainly by the reaction of 
chlorine with hydrogen coming from the reductant, 
coke, or with water in the ore or coke, is to treat pul 
verized and dried raw ores with the effluent gas con 
taining HCl so as to form some chlorides from this acid 
while preheating the ore with the hot gases, rather than 
accomplishing all of the chlorination from gasous chlo 
rine or the chlorides of metals lower in the affinity se 
ries. 

-Also, the process of this invention may use bromine 
instead of chlorine under substantially the same reac 
tion temperatures, although the boiling points and 
melting points of the bromides are usually somewhat 
different from those of the chlorides and the separa 
tions may be altered advantageously through the use of 
one or the other halide. 

OBJECTS AND ACCOMPLISHMENTS OF THE 
INVENTION 

The present invention thus accomplishes: 
a. the economical winning of aluminum through the 

intermediary production of its halides, often but not 
necessarily its chlorides, as substantially pure metal di 
rectly from shales, clays, bauxites, feldspars, and other 
aluminum-containing ores, which may contain other 
elements or the aluminum itself in compounds which 
prevent its economical separation by conventional 
processes; 

b. the pro?table disposal and use, principally for 
phosphorus and aluminum values, of waste slimes from 
the bene?ciation of Florida phosphate rock; 

0. the use of oil shales for the winning of aluminum 
and other values therefrom, using as the reductant the 
carbonaceous oil therein or the residue formed by its 
pyrolysis; 

d. the use of red muds from aluminum processing to 
obtain almost quantitatively their iron and aluminum 
values; 

e. the use of the conversion of aluminum from the 
mono-valent form of the mono-chloride, AlCl (stable 
above about 1,000°C), to the triple-valent form of the 
usual tri-chloride, AlCla, (unstable above about 
1,000°C), but singularly stable at or below 700°C), as 
a means of releasing two atoms of aluminum metal 
from three molecules of the mono-chloride going to a 
single molecule of the tri-chloride; and of the reconver 
sion of AlCla to 3AlCl by a reduction-chlorination to 
take the necessary aluminum from A1203, thus achiev 
ing a cyclic process using one atom of aluminum (in 
AlCl3) as the carrier for two atoms of aluminum from 
the ore to the product -- pure aluminum; 

f. the combination of this step of production of metal 
lic aluminum in this conversion from the mono 
chloride to the trichloride, with halogenation for the 
initial and practically complete elimination of sulfur, 
vanadium, titanium, and iron present in the ore as their 
volatile chlorides or oxychlorides through the recycle 
of A1203 and AlCl3; 

g. the combination of the dual oxidation 
halogenation and reduction-halogenation steps for the 
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removal of silica and oxides of other elements having 
less affinity for chlorine than aluminum, along with 
non-volatile chlorides,'all as a gangue; while producing 
the aluminum tri-chloride to be used for removal of 
iron and other materials as in (f) above and the forma 
tion of aluminum monochloride with additional alumi 
num from the oxide as in (e) above; 

h. the use of these several processes with bromine 
rather than chlorine as stated; 

i. the combination in sequential or cyclic steps of 
these various processes with the several materials indi 
cated so as to maximize the purity of each product 
formed while minimizing the loss of values of the ore, 
of reductant, or chlorine, and of heat supply; 

j. the conversion of some other materials present in 
ores containing aluminum as mixtures of two or more 
chlorides or oxychlorides of different volatilities, e.g., 
FeCl, (B.P. 315°C), TiCl, (B.P. 136°C), VOCl (B.P. 
127°C), POCla (B.P. 105°C) and the separation of 
these chlorides of oxychlorides to give more or less 
pure products through their relative volatilities, i.e., 
using either fractional condensation or fractional distil 
lation; 

k. the production of aluminum from ores wherein 
substantially all of the aluminum and iron values are re 
covered to leave a very small amount of disposable 

_ gangue and without pollution of air, water, or land. 

FIG URES 

The Figures are entirely diagramatic, with no relation 
to dimensions, scales, or even shapes of equipment; and 
they are essentially flow sheets of the processes of the 
invention, wherein any suitable pieces of equipment 
may be used. Not shown are the necessary instruments 
for the measurement of the temperatures of different 
parts of the operation or of amounts of solids and gases, 
also of liquid aluminum ?owing in the various streams, 
nor, indeed, the control valves, feeders, etc. 
FIG. 1 is the diagram of a laboratory tube-furnace 

and the operation thereof to separate a mixture of the 
oxides of aluminum, iron, and silicon, to give: — ?rst, 
iron as its volatile chloride; then aluminum as the 
metal, and silicon remaining as the oxide. 
FIG. 2 is the diagram of another arrangement and 

operation of a tubular furnace for accomplishing the 
separations as in FIG. 1, with all reactions occurring si 

- multaneously. 

FIG. 3 is the diagram of the batch-cyclic operation of 
six reactors — at any time ?ve are in use and one is 
being emptied and ?lled — and a condenser for alumi 
num vapors. Solids remain in each reactor which is 
used in a cycle by advancing the successive steps of the 
gas treatment with those solids remaining from the pre 
vious steps. 
FIG. 4 is the diagram of cyclone-reactor system for 

continuously contacting and reacting pulverent solids, 
a condenser for aluminum vapors, and other condenser 
for ferric chloride, for making these separations. 
FIG. 5 is the diagram of a multiple hearth furnace, an 

auxiliary condenser for aluminum vapors, and another 
condenser for ferric chloride for making these separa 
tions. 

ALUMINUM-CONTAINING ORES AND THEIR 
CONSTITUENTS 

In general, the clays, shales, bauxites and other 
aluminum-containing ores may be considered to be 
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10 
composed principally of A1203, FezOa, and SiO2. These 
may come in many molecular complexes, by them 
selves, and with numerous other oxides, all of which 
may be attacked with the use of chlorine and coke as 
a combination of reagents at the temperature em 
ployed. Other common oxides, often present in very 
substantial amounts, are those of the alkali and alkaline 
earth metals, as Na, K, Ba, Mg, and Ca. The halides of 
these are non-volatile at the temperatures employed 
and would go out in the ?nal gangue, which is princi 
pally SiO2. If of value, and since they are all very solu 
ble in water, they can readily be leached out of this resi 
due and worked up by wet techniques. 
Other metals, Pb, Zn, Co, and Ni, are very much less 

apt to be present. Their halides are much less volatile; 
but the oxides, if present, have great affinity to form ha 
lides which can all be separated from the aluminum and 
the iron chloride by additional steps, as may also the 
halides of Mn and Ti, two other metals which are pres 
ent more often. The separation from iron-containing 
ores of titanium as the chloride, sulfur as the oxide, and 
phosphorus and vanadium as the oxychlorides, all in a 
gas stream which would go with the FeCla if suf?cient 
chlorine is supplied, has been well known in the prior 
art, and would be accomplished similarly here. Thus, if 
F e203 and TiOz are present in the ore, the Halomet pro 
cess selectively and quantitatively may remove and sep 
arate from almost any complex of the metals iron as a 
?rst product, FeCl3, and after successive chlorination, 
titanium as a second product, TiCl4. These separation 
methods have been described elsewhere. However, it 
may sometimes be simpler, particularly if the TiOz 
amount is small, to separate the gaseous chloride mix 
ture containing also other materials by fractional con 
densation, fractional distillation, or both as later de 
scribed. 

LABORATORY DEMONSTRATION OF THE 
INYENIIQN.. 

The simplicity of the process of the invention may be 
demonstrated in the laboratory in a tubular combustion 
tube with a furnace near one end. Pulverent and mixed 
Fe2O3, A1203, SiO2, and coke are charged in the part of 
the tube heated by the furnace. Heat is supplied to the 
charge at this end, ?rst to 700°C, while chlorine is me 
tered into at this end of the tube to react with all of the 
FezOa in the charge and to volatilize FeCla which passes 
out the other end, and is condensed ‘at about 300°C in 
a separate ?ask condenser, air cooled. This FeCl3 ?ask 
condenser is removed and another air-cooled ?ask con 
denser for AlCla is connected. The temperature of the 
charge is then increased to 1,200°C; and additional 
chlorine is added to react with the charge of M203 and 
coke according to Equation 3a. The unheated end of 
the tube is kept at 700°C by air cooling, so that the re 
action of Equation 2 (right to left) allows aluminum to 
condense out as liquid metal, while the AlCla formed 
passes out of the tube to the ?ask condenser and kept 
from contact with moist air. The gangue remaining in 
the tube, principally SiO2, is removed and discarded. 

In a second run, charged and operated as before, 
after the chlorine removes all iron as FeCl3, the ?ask 
containing the AlCla from the previous run is con 
nected to the chlorine inlet end of the tube and heated, 
so as to distill AlCl3 at about 180°C and supply as a 
vapor to the reaction mass, now heated to l,200°C. The 
reaction of Equation 3c proceeds to remove all alumi 
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num from the A1203 in the charge in the reduction 
chlorination using the coke as the reductant according 
to Equation 3c. Additional C12 may be supplied either 
at the same time or after the supply of AlCla to make 
up losses or strip the last of the A1203, according to 
Equation 3a. The AlCl formed goes to the cooler 
condenser part of the tube; the aluminum metal con 
denses as before; and the AlCla formed with it is con 
densed in an external ?ask for use in the next run. 

Sufficient chlorine need be supplied to each individ 
ual run after a steady state of such operations is 
reached, only to form FeCla and to supply the chemical 
and physical losses. It is important to note that no net a 
mount of chlorine must be supplied to chlorinate alumi 
num in the alumina except ‘for, minor losses. When a 
steady state of operation of such a series of laboratory 
runs is reached, it will be seen that, since one-half as 
much aluminum (in AlCl3) is required to remove the 
aluminum in the ore, the amount of AlCls vaporized for 
the reaction to AlCl and condensed after the reaction 
from MCI is equivalent in aluminum to one-half of that 
in the ore; or one mole of AlCla is vaporized and con 
densed for each mole of A1203 in the ore. 
As an alternative system of operation, because of the 

difference of condensing points of the two volatilized 
chlorides, chlorine may be fed in at such a rate that 
both FeCla and AlCla are volatilized together during at 
least part of the operation; and the FeCl3 may ?rst be 
fractionally condensed out of the gas stream at 300°C, 
while the AlCls is condensed in the ?ask at a tempera 
ture below l80°C for use in the next run. In either case, 
other gases formed and having lower condensing points 
are passed off for subsequent handling, as will be de 
scribed, using other examples. 
This example and others presumes the presence of 

both iron oxide and silica in the ore. If only A1203 is 
present here or in the other examples, the charge would 
be heated to 1,200°C; and any one, two, or a mixture 
of all three of the gaseous chlorinating agents of Equa 
tion 3a (C12), 3b (SiCh), or 3c (AlCl3) would be used. 
In the case of 3b, solid SiOz replaces the AlzOs of the 
charge as the aluminum is vaporized as AlCl. If the 
charge contains SiO2, as well as A1203, the aditional 
solid SiO-z formed remains and goes off with any SiOz 
originally present as the gangue. If this gangue from 
one batch, or other particulate SiO2, is chlorinated with 
Clz, the SiCl4 so formed could be used as the chlorinat 
ing agent of Equation 3b in the next batch. 
Herein, and in the other examples, both silica and 

Fe2O3 are assumed to be present, as in usual ores. 
When iron is not present, the step for its volatilization 
by a gaseous chlorinating agent is irrelevant; and both 
equipment and operation are simpli?ed accordingly. 

If, on the other hand, in this laboratory experiment, 
or in a plant operation, there are present iron, titanium, 
vanadium, phosphorus, and sulfur, in addition to alumi 
num and silicon, adequate chlorine in a reduction 
chlorination at any temperature above 750°C would 
bring over FeCla, TiCl4, VOCl, POCla, and SCIQ, or S02 
and HCI. Some AlCla might come, but this could be 
held back by passing the gas mixture through an oxida 
tion-chlorination of fresh ore to cause it to revert to Al 
2O_-,. With or without this oxidation-chlorination, the 
wide range of relative volatilities of these compounds 
allows them all to be readily separated by fractional 
condensation, fractional distillation, or both. 
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In this laboratory experiment, the temperature of 

l,000°—l ,200°C necessary for the disproportionation of 
AlCl, to take ‘more aluminum from the AlgOV3nis readily 
maintained by the external heating and usually the 
burning of additional coke through oxygen addition to 
the chlorine at this stage of the process is not required 
for additional heat. 

Alternating Sequential Reactions In Tube 

A somewhat more efficient system for winning from 
Al2O3 of aluminum metal and for separating it from 
FeCls and SiOz may also be used with what is essentially 
a laboratory tube furnace, as is standard for combus 
tions and other high temperature tests and analyses. As 
is the previous example, this reactor-condenser tube is 
made of a material suitable for operation up to 
1,200°C. 
In FIG. 1, there is indicated such a tube, 1, of about 

2 cm. inside diameter, which is relatively long, 125-160 
cm., and symetrically ?tted from an axial midpoint, 
since it is to have internal gas ?ow going either from 
left to right, or from right to left. The tube, 1, may be 
made of magnesium spinel, which is satisfactory for 
temperatures up to 1,200°C under the conditions and 
materials of operation. 
The tube has ?ve sections, each 25 to 40 cm. long. 

The central section III of the furnace must withstand 
the highest temperature. Adjacent side-sections 3 and 
5, and 4 and 6, do not have to withstand such tempera 
tures, and instead may be of silica tubing attached by 
gas-type joints to the spinel center section. The central 
section III is heated by an exterior furnace, 7, capable 
of raising the temperature to 1,200°C. Inlets l0 and 11 
are provided for use as alternate chlorine inlets with Cl; 
flow, under carefully metered conditions. Outlets l2 
and 13 are provided as alternate exits for gases; and, as 
with 10 and 11, one or the other may be closed when 
not in use. 

Provision is made so that the reaction zone III may be 
charged with pulverent materials and discharged of 
gangue after an experimental run, without disturbing 
any material which may be in the side sections, particu 
larly 4 or 6. Suitable porous dividers 15 retain the solid 
charge in section 1. Sections 6 and 4 are provided with 
removable heating units, 8 and 9, respectively. When 
either 8 or 9 is removed, the surface of the tube 1 in the 
section 6 or 4 may be cooled by air streams or other 
wise, to condense vapors. No heating elements are pro 
vided for sections 3 and 5. Appropriate cooling, as by 
cooling air, may be administered to remove heat from 
the walls of these sections, as well as the walls of 6 and 
4. 
Drain connections for liquid metallic aluminum are 

provided in sections 5 and 3 by tubulatures l6 and 17, 
respectively, or the aluminum may be allowed to col 
lect simply as globules in 3 or 5 during a run, to be re 
moved at the same time as the gangue is removed. 
For this operation, a synthetic mixture of dried, pul 

verent coke and ore containing Fe2O3, Al2O3, and SizO3 
is charged into the reaction zone III of the tube and 
heated to about 750°-900°C, while controlling care 
fully the amount of chlorine entering at 10 to pass 
through the pulverent mass in 2. 
The section 6 contains AICI; remaining there from its 

condensation during the previous run; and the section 
5 is empty, as it was drained of aluminum metal as fast 
as it had condensed during the previous run, or during 
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the shutdown for recharging III. A minor amount of 
heat is applied by 8 so that the chlorine, in passing 
through 6, is preheated slightly to a temperature of 
l00°-150°C without undue volatilization of the AlCla. 
Chlorine is supplied thus to chlorinate the Fe2O3 in the 
charge in Ill; and FeCl:, fonns ?rst due to the greater 
af?nity of iron from its oxide to form the chloride, and 
this FeCl, passes off through the exhaust 13 to be sepa 
rately condensed at a temperature of 300°C. Any HCl 
and other gases leaving 13 would also be processed 
after condensing out FeCla if desired, including any 
TiCl4, S02, POCla and VOC] which might come off if 
there were present the corresponding elements Ti, S, P, - 
or V in the ore. 

When the FeCla is removed from the ore in the reac 
tor III, the feed of C12 is throttled back and then 
stopped completely. 
The amount of chlorine metered into this system, in 

which the gas ?ow is reversed in direction after the first 
run, with a charge of Fe2O3, A1203, and SiOz as major 
constituents and some TiOz, P205, and V205 as minor 
constituents would be that required to chlorinate only 
the Fe2O3, plus that for losses, including the production 
of HCl, TiCl4, VOCl, and POCl3; in other words, the 
materials leaving the system as gases through 13 or 12. 
No chlorine would go out with the aluminum metal and 
all chlorination of A1203 would be accomplished (ex 
cept for losses and inefficiencies) by ' the AlCls 
remaining from the decomposition of the AlCl of the 
previous run; This AlCla has condensed out and re 
mains in 6 or 4 ready to be volatilized again and used 
as the chlorinating agent and gaseous carrier for alumi 
num out of N20,, in the reactor Ill, to give aluminum 
metal in its condenser 5 or 3. No chlorine as such is re 
quired to chlorinate the alumina in winning the alumi 
num, chlorine used is always recycled as AlCl3. 
Additional heat-is supplied by 7, to brihg‘i‘??éni?er 

ature of III up to l,200°C, also more heat is supplied by 
8 to volatilize AlCla at 180°C. The AlCla gas and possi 
bly a small amount of free C12 coming in at 10 to make 
up for losses are passed through the charge in the reac 
tor "I. 
At the high temperature of l,200°C in III, the reac 

tion of A1203 and coke with AlCla proceeds by Equa 
tion 30, and with C12 as by 3a. The MC] formed in both 

. reactons is passed into 3, which is maintained at a tem 
perature to condense aluminum as the liquid without 
allowing it to solidify. The temperature in 3 is therefore 
maintained by air cooling or otherwise at about 700°C 
and the liquid aluminum is drained through 17. The 
furnace 9 is removed; and the temperature in 4 would 
be reduced and maintained by air cooling or otherwise 
so that AlCls could condense here at its normal con 
densing temperature of 180°C. 
This operation is conducted until all of the A1203 in 

the charge has been reacted with AlCl3 or C12 and 
driven out of reactor III to give aluminum metal in 3 
and drained at 17; and AlCla in 4, with the exhaust of 

' l3 opened. Then the system is disconnected; the 
gangue residue, principally SiO2, is discharged from the 
reactor Ill, also aluminum metal from 3 if not drained 
continuously as it is formed. 
The process is repeated, with gas ?ows from right to 

left instead of left to right. For the second run, the iden 
tical procedure is followed, with the supply of chlorine 
coming through 11 to the reactor Ill, ?rst to volatilize 
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14 
and remove the iron as FeCla, which passes out at 12. 

When this reaction is complete, the chlorine flow is 
stopped, or nearly stopped; the MC, in 4 remaining 
from the previous run is volatilized to pass to the reac~ 
tor Ill, now heated to l,200°C; and the MCI formed in 
III is decomposed to give aluminum which condenses 
out, preferably as a liquid in 5, and drawn off at 16, 
while AlCla condenses in 6. The cycle is then repeated. 

As noted above, in an ore containing FezOs, A120,, 
and SiO, with one or more of TiO2, P205, S and V205, 
the respective elements are usually present in minor 
amounts and can be preferentially chlorinated to give 
respectively TiCl4, POCl3, SCls (or S02), and VOCl. All 
of these are formed more readily than AlCla due to the 
af?nity series relationships. The chlorides or oxychlo 
rides and S02 will go off with the FeCla and HCl for 
separation by fractional condensation, distillation with 
recti?cation, or both. Thus, the FeCla (B.P. 315°C and 
MP. 282°C) would condense out completely as a solid 
in a ?rst condenser at 275°C; any small amount of 
AlCls (B.P. 180°C) may condense out as a liquid at a 
second condenser at 150°C, or it may be condensed 
with the TiCl4, POCl3, and VOCl in a water-cooled con 
denser at 20°C. The HCl and S02 would be in the 
stream of CO and CO2 as exit gas and would be scrub 
bed therefrom. The TiCl4, POCl3, and VOCl (also 
AlCl3) are fractionally distilled for separation if the 
quantity of each warrants, or one or more may be sepa 
rated by known wet chemical methods. 

lf, however, the ore contains, in addition to M203 
and SiO,, only FezOa and TiOZ, the effluent gases in a 
?rst fractional condenser at l75°—200°C would sepa 
rate out FeCla substantially pure and in a second frac 
tional condenser at ll5°-l30°C would separate out 
TiCl, substantially pure, while a ?nal condenser at 
20°C arid-an absorber would remove the 119, 
Here again, as in the previous example, ample. heat 

is supplied externally by 7 to the reaction zone, identi 
?ed as Ill when AlCl is being produced, and no coke or 
oxygen for its combustion need be supplied to maintain 
a temperature of l,200°C. 

Simultaneous Sequential Reactions in Tube 

FIG. 2 diagrams the operation of the reactions neces 
sary for the separation of aluminum metal from an ore 
containing A1203, Fe2O3, and SiO,.. A reaction tube 1 
has that part which serves for the left three zones made 
of some material such as magnesium spinel (MgO-Al 
203). This withstands quite satisfactorily the corrosive 
effects of any of the materials involved at temperatures 
up to l,200°C. 
Normally, the exothermic heat of the several reac 

tions will keep the reactors at its desired temperature; 
but the small size of a single tube experiment requires 
additional heat to balance heat losses. This is supplied 
by tube-furnaces to heat the cells. The several cells are 
therefore each enclosed in tube furnaces 7. 
The condenser for aluminum metal 3, between Cells 

ll and III is provided with a means of cooling, by draft 
of air or otherwise (means for providing not indicated) 
to maintain a temperature. of about 700°C, which is 
considerably lower than that of either adjacent cell. Be 
cause of the greater thermal stresses imposed due to 
the cooling of this part of the tube, it may be desired 
to make it and the additional tubing to the right thereof 
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of a length of silica tube. This tube length representing 
cells I and II, the condenser for aluminum and the con 
denser for FeCl3, wherein is maintained a temperature 
of about 275°C, is joined to the spinel tube for cells III, 
IV, and V. 
For this qualitative demonstration of the several 

chemical reactions involved in the process, there is no 
movement of solids. However, in a plant, solids may be 
moved either batchwise or continuously from right to 
left, through cells in the order I, II, III, IV, and V, with 
an entire by-pass of the condenser for FeCla and the 
condenser for aluminum metal. Actually the cells are 
speci?c chemical reaction zones. One reaction may be 
conducted in two or more cells or zones; being largely 
completed in one, then ?nished in the next one. Thus, 
a “stripping” of one component completely eliminates 
it in a ?nal reaction zone. 
The several zones or cells I, II, III, IV, and V may be 

assumed to be preliminarily charged respectively with 
the solid oxides indicated in each, together with coke 
as the reductant where necessary, as might be the re 
sulting composition therein, after a steady state had 
been developed in the system of an operation which did 
have the possibility of moving the solids right to left. 
For this demonstration, any suitable divider 15 may be 
used to separate the solids in the several cells, while al 
lowing gases to pass through freely. 
The ore used in the general demonstration of FIG. 2 

contains the three oxides of Fe, Al, and Si, which would 
be added in a plant operation only from the right side. 
Coke, as in a plant operation, is precharged in the mix 
ture to cells II and III. It is assumed that coke is present 
in the plant operation in a lesser amount in cell IV and 
in a still lesser amount in cell V; so smaller amounts are 
precharged in the mixtures to the respective zones in 
this demonstration. 
Thus, carefully sized and dried samples of the partic 

ulate or pulverent constituents of the ore and of the 
coke are preliminarily prepared in the assumed ratios 
and charged to the respective cells. 
Chlorine gas is fed in at the left, through inlet tube 

10, and it and/or the gaseous products of the reactions, 
pass through and in intimate contact with the pulverent 
solids in each cell in succession from left to right. This 
gas movement is in countercurrent to the movement of 
ore and its resulting solids, also of coke, when such sol 
ids were moved in a continuous plant operation. Gases 
moving left to right in this demonstration are shown by 
dashed arrows. 
These gases leaving any cell may contain some hy 

drogen chloride, HCI, formed from the hydrogen in the 
reductant, coke; and also there will be carbon oxides, 
CO and CO2, from the reductant coke uniting with the 
oxygen of the oxides. Therefore, I-lCl, CO, and CO2 are 
present in the gas streams leaving the cells; but for sim 
plicity, these gases are not indicated on each of the ar 
rows. The exception may be that the exit gases will con 
tain little or no I-ICl, but water instead. 

In FIG. 2, the temperatures are assumed to be main 
tained by heat input if necessary from the furnaces out 
side the wall of the reactor tube, while in an actual 
plant the temperatures would be maintained by the 
heat given off by the reactions of the chlorinations. An 
important temperature control is that in cell III, which 
should be maintained at about 1,200°C. This tempera 
ture is necessary to change the aluminum for tri 
valency to mono-valency and to give one molecule of 
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AlCl from one molecule of AlCla while chlorinating 
one molecule of A1203 to give twice as much additional 
aluminum in the gaseous mono-chloride as in the gase 
ous tri-chloride. 
The temperatures in the cells II and V are maintained 

at about 750° and 900°C, respectively, although an 
exact temperature control is not necessary as in cell III, 
and either temperature may vary between about 700° 
and 900° C. The higher the temperature in any reactor, 
the greater the speed of the reactions involved; and 
higher or lower temperatures may be used if desired, to 
increase or decrease the speed of the respective reac 
tion in order to obtain the completion of the reactions 
assigned to each reactor at about the same time —- i.e., 
that of the cycle. 
The temperature in the condenser for aluminum va 

pors, 3, however, is maintained at about 700°C by cool 
ing it to cause the reconversion of three molecules of 
AlCl to AlCl3, with an elimination of two atoms of alu 
minum as metal. Since this aluminum comes out of the 
gas phase of AlCl as a liquid, the condenser is main 
tained at a high enough temperature so that the alumi 
num, which freezes at about 660°C, does not solidify. 
A lower temperature might increase the rate of produc 
tion of AlCl3, but is not necessary; and the gaseous 
AlCl3, if cooled to a lower temperature, requires more 
heat to be supplied for its reheating in cell II. 
The temperature of the condenser for ferric chloride, 

18, is maintained at about 275°C so that the vapors of 
AlCls will not condense at its condensation point, about 
180°C, but those of FeCl3 will condense at any temper 
ature below about 300°C. Remaining AlCla vapors con 
dense as solids to preheat the solids of cell I (in a plant 
operation as much as possibly while preventing the dis 
charge of the AlCla). 

In the demonstration diagrammed in FIG. 2, the 
three pulverent and well mixed solid oxides of iron, alu 
minum, and silicon are charged into cell I, and are 
being contacted by the gaseous AlCl2 coming from cell 
II, probably containing free I-ICl. 

In cell I, there is no coke and, besides the preheating 
of the solids, there isa chlorination here by reaction of 
the gaseous HCl with Fe2O3 and A1203 to give FeCls 
and AlCl3, which are solids. However, all of the Fe2O3 
in cell I may not be reacted; and some small amount, 
together with the A1203 and the SiOz may be found in 
the solids which by-pass the condenser for FeCL-3 and 
thus reach cell II. The criterion used in controlling the 
operation of cell I is that no AlCla or FeCla is allowed 
to discharge from it in the exit gases, and hence from 
the system as a whole. Thus, a temperature below the 
condensing point, 180°C, of AlCl; is maintained; i.e., 
about 150°C. This may require the cooling rather than 
the heating of cell I. 
For those ores with a large enough amount of FezOs 

to combine with all of the AlCla leaving cell II and 
amounting to one-half as many moles of F e203 as A1203 
in the original ore, it may be desirable to operate Cell 
I differently, as will be explained hereinafter. Actually, 
cell I operates without chemical reaction except the at 
tack of HCl on FezOa and A1203. It is a means of pre 
heating the raw ore, while condensing AlCl; to a solid 
phase so that it may be returned conveniently via cell 
II to cell III. 
No solids are charged to the condenser for F eCla; and 

in a comparable plant operation, solids would by-pass 
this in going from cell I to cell II. This operates at a tem 
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perature sufficiently below the condensation tempera 
ture of FeCl;, which is about 315°C, to condense it out, 
substantially pure and completely, while operating suf 
ficiently above the sublimation temperature of AlCl3 
(l'80°C) so that practically no AlCla condenses. 

In cell II, the charge consists of pulverent A1203 and 
SiOz as well as a much smaller ratio of Fe2O3 than went 
into cell I, and a small amount of powdered coke as a 
reductant, also possibly a small amount of AlCla and 
FeCl;,. All have been well mixed. Here there is the 
reduction—chlorination of A1203 by C12, as shown in 
Equation 1, if any has penetrated so far to the right; and 
also of the small amount of P620, which may not have 
been removed in cell I. (In some operations, no coke 
would be added here.) Gaseous AlCls comes from the 
condenser for aluminum; and it reacts in an oxidation 
chlorination with FezOa. 

Cell II operates to give a complete cleanup or elimi 
nation from the solids of Fe2O3, which, however, is 
present in the original ore only in a relatively small mo— 
lecular ratio to the aluminum, otherwise a different 
operation is used. ' 

In cell 111, there has been charged A1203, SiO2, and 
coke, all ?nely powdered and well mixed. This is the 
principal converter or volatilizer for the aluminum 
from the A1,,O3 as AlCl at a temperature of l,200°C, or 
slightly less; but well over 1,000°C. The three gaseous 
chlorinating agents, AlCl3, SiCl4, also C12 come in 
greater or lesser amounts of each in the gas stream 
from cell IV to act with coke in the reduction 
chlorination attack on the A1203 in the ore. Each of 
these three gaseous chlorination agents produces, with 
alumina, the mono-chloride of aluminum, gaseous 
AlCl, as shown in Equations 3a, b and c respectively. 
These chlorination reactions, together with heat from 
the furnace in this example, supply the considerable 
heat requirements to bring the temperature to above 
1,000°C and preferably nearer l,200°C. Aluminum is 
mono-valent at these temperatures. The control of the 
gas ?ow to this cell III provides that no free C12, and 
preferably, but not so rigidly, that no SiCl, be allowed 
to pass into the vapor stream leaving to go to the con 
denser for aluminum.‘ Desirably, but not absolutely 
necessary, this gas ‘stream going to the condenser would 
containvno C12, AlCla, or SiCl4, but would contain only 
AlCl (plus, of course, CO and CO2). 
Cooling of the condenser for aluminum metal, 3, re 

moves the considerable heat of the gas stream and due 
to: 

a. the sensible heat of the gas stream, principally AlCl 
at its high temperature; 

b. the heat of formation of 2Al(metal) and AlCl3 
(gas) from 3AlCl(gas); and 

c. the latent heat of condensation of the aluminum 
metal as it simultaneously changes from the vapor 
state to the liquid state. ' 

This large amount of heat is removed by cooling the 
wall of the condenser. Liquid aluminum accumulates 
during a run in this laboratory demonstration; but it 
would be removed in a suitable drawoff in any plant 
unit. 
The condenser section for aluminum is not charged 

with any solids in this operation, nor would any ore sol 
ids be allowed in it in a plant unit; they would by-pass 
it in going from right to left. 
Cell IV has been charged before the operation with 

SiO2 and much less A1203, also coke -— all in a ?ne par 
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ticulate or powder form and well vmixed. Here, there 
are also the same reactions as in cell III; but there is 
also the reaction of the gaseous stream of SiCl, coming 
from cell V with AI2O3 to form SiO2 and MC], and also 
probably some AlCl3, at the somewhat lower tempera 
ture which is desirable in cell IV, 950° to l,lO0°C. 

Cell IV is the general purpose reactor wherein is: 
a. produced much of the AlCl which is formed; 
b. removed from the solids to pass to the vapor phase 
of all but a trace of the aluminum in the ore; 

c. removed substantially the last of the free chlorine 
coming in the gas stream, also most, if not all of the 
SiCL, coming from cell V, by its oxidation 
chlorination of A1203. 

Cell V has been preliminarily charged with Si02 and 
a small amount of coke; both are in a particulate or 
powdered form, and well mixed. Here is accomplished 
what might be called a “stripping” from the solids of 
the last trace of A1203, to leave substantially only SiO2 
in the gangue which is then discharged from the system. 

In a plant operating with any usual ore, the gangue 
discharged would also contain the non-volatile chlo 
rides of the alkali metals and of the alkali-earth metals, 
also of some other metals, if they have appeared in the 
original ore or in the ash of the coke which is used as ' 
reductant. Some of the silica, SiO2, reacts with the 
chlorine entering the system, to giveSiCl4, and this, 
with the C12, goes in the gas stream to enter cell IV, but 
it becomes SiOz in reacting with oxides of metals higher 
in the af?nity series, and passes in the solids back to 
cell V. 
This somewhat idealized demonstration shows the 

several reactions all culminating in the condensation of 
pure aluminum metal in its condenser, while separating 
the iron as the volatile chloride by condensing it in its 
condenser, and removing the silicon as a gangue of 
SiO2. It does not illustrate a practical system for pro 
duction use because the cells of the tube would become 
depleted of the materials originally charged (except for 
the SiOZ) and there is no provision for recharging, nor, 
indeed, of passing solids from right to left, nor for 
charging coke or adding chlorine at intermediate cells. 

It should be noted that, in those ores with half or 
more as many molecules of A1203 as of FezOa, cell I 
would not be operated as described above, but it would 
be operated as an oxidation~chlorination reactor at a 
temperature of 650°—900°C; the condenser for FeCls 
would be placed downstream of the gas flow from cell 
I, i.e., off the ?ow sheet to the right; and AlCla entering 
this cell I would interact with the Fe2O3 to give A1203 
in the ore solids, which would later pass to the left and 
FeCls which would pass into the gas stream and thence 
to the right and to the condenser therefor. 
The furnace for III maintains the high temperature, 

l,200°C, for the formation of AlCl. Oxygen could be 
introduced, but with difficulty in this small unit, to burn 
carbon to give such heat internally, as may be done in 
plant units. 

Cyclic Series of Reactors 

A plant system to produce aluminum directly from 
aluminacontaining ores, which also contain silica and 
iron oxide, is shown in FIG. 3. This system may be op 
erated also by the ?ow sheet of FIG. 2; but here it is op 
erated with a flow sheet for an ore wherein the molecu 
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lar ratio of iron to aluminum is greater than about one 
half and the FeCla produced therefore is discharged 
from the system rather than being condensed in the sys 
tem as in FIG. 2. Here, each component reaction zone 
— or in this case more simply reactor — for contacting 

solids with gases corresponds to one of the cells of FIG. 
2, except for the somewhat different operation here of 
the No. I reaction zone. 

Solids remain always in the cell or reactor to which 
they are charged. The reactor and solids container 
therein are changed as an entirety after a cycle of reac 
tions therein is complete and become the next higher 
stage in the process. The solids are then contacted by 
a gas stream of different composition, i.e., that entering 
the next higher stage. 
The six identical reactors of FIG. 3 form a regular 

hexagon around a central condenser, 3, which con 
denses out liquid alumimum. At any one time interval 
or cycle of the operation, ?ve of the six reactors are in 
service, as were the ?ve cells of FIG. 1, and are simi 
larly numbered I, II, III, IV, and V, while the sixth, VI, 
is being dumped of the gangue, principally silica, and 
charged for the next cycle with the fresh ore — without 
coke - which is here again considered as being com 
posed of iron oxide, aluminum oxide, and silicon diox 
ide. Each reactor vessel is ?tted with a connection, 19, 
so that it may be charged with coke before it enters the 
position of No. II or No. III. This may be the same con 
nection as for charging with ore, or a different one, as 
desired. Connections, 24, allow gas flow from reactor 
to next lower numbered reactor. 
Also, each of the reactor vessels has a means for con 

nection to the condenser, 20, for aluminum metal of a 
separate short section of pipe for such connection 
when the reactor is in the position of No. III, to supply 
the MCI vapors to the condenser for aluminum or in 
the position of No. II for receiving AICI3 vapors, 21, 
from the condenser. The mechanics of all such connec 
tions and of their closure when the reactor vessel is in 
a position where their use is not required, are simple, 
and are not a part of this invention. 

In any cycle, since the solids are not moved, the sev 
eral reactors charged with the solids as they remain at 

' the end of the last cycle are supplied with gases in se 
quence until the particular charge of the reactor is fully 
converted for the particular reactions taking place at 
that stage or cell. Then the reactor, VI, which was not 
in service and was being charged during the cycle just 
?nished, is connected in as No. I, while the previous 
No. I is connected in as No. II, and each successive re 
actor becomes the reactor of next higher number. 
The interconnections to and from the condenser for 

aluminum are adjusted so that gases from No. III always 
enter the condenser, and those leaving the condenser 
always go to No. II. Finally, the old No. V is taken out 
of service for discharging of the residual gangue and re 
charging with new ore, while the connection 10 for 
chlorine addition is made to the new No. V. The se 
quence of the reactors for each separate cycle contin 
ues in a clockwise direction, and thus no solids are 
moved except to charge the ore and coke and to dis 
charge the gangue; and provisions are necessarily made 
so that inlet and outlet of all solids may indeed be made 
to each reactor-vessel, regardless of its physical posi 
tion when it comes up as the appropriate number in the 
cycle for that input or output. 
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Thus, each reactor must have connections provided 

for addition of the ore being charged before it is placed 
in the No. I position, also for addition of coke when it 
is in the No. II and No. III positions. This may be 19 for 
both services. Chlorine enters inlet 10 when the cell is 
in the No. II, No. IV and No. V position. 
FIG. 3 shows connection 10 only for these positions 

where used in this cycle; but a similar 10, also 19, must 
be on each vessel since all occupy each position at dif 
ferent times. As hereinafter explained, connection 10 
for chlorine is also connected to oxygen (or air) supply. 

Reactor No. I, for example, is operated to give an 
oxidation-chlorination without coke, in this case ac 
cording to the reaction of Equation 4 at about 
700°—800°C, until all but a very small amount of iron 
in its oxide has been chlorinated to vaporize and pass 
off as FeCl3. 

In this operation, there is assumed to be in the ore a 
substantial amount of iron, as, for example, over one 
half the number of atoms as compared to the alumi 
num. (In the case of a lesser amount, the iron would be 
removed in a condenser intermediate to cells I and II, 
as in FIG. 2.) In FIG. 3, the FeCla leaves the system 
from reactor No. I as a vapor and may be condensed as 
a liquid at 315°C or a solid at 282°C. It is separately 
worked up for pure iron in ways well known. This con 
denser, for FeCl3, not shown, may be attached as to 
outlet 13. Since the same condenser for FeCla may be 
used for each of the reactors when its turn comes for 
it to become No. I in the cycling, a convenient location, 
like the condenser for aluminum metal is at the center 
of the circle formed by the reactors. If so, it is located 
either above or below the condenser for aluminum 
metal and on the same axis. 

If the ore contains zinc and if reactor No. I is oper 
ated at 800°C, ZnCl2 is formed and comes in the gas 
stream (B.P. 732°C). It may be separated in a pure 
form by an additional dual-chlorination system; or it 
may come over with FeClg and other chlorine com 
pounds formed more readily than AlCls (i.e., higher in 
the affinity series). Because of its high condensing tem 
perature compared to other gases present, it may be 
condensed fractionally at 700°C before separating 
FeCla liquid at 300°C, and the fractional condensation 
of other chlorides or oxychlorides at lower tempera 
tures as noted elsewhere. 
Meanwhile, reactor No. II during this period or cycle 

is operated at about 700-800°C in a reduction 
chlorination stripping for the iron, so that the very last 
of the iron oxide is converted to FeCl3. Any chlorine, 
as needed during the reaction for the complete chlori 
nation of the Fe2O3, in addition to the AlCla entering 
through 21 is added through 10. Additional coke may 
be added through 19 during the down time between cy 
cles. 

Similarly, coke is added through 19 to reactor No. III 
during the down-time between cycles. The chlorine 
connection IOTs also ?ttéa'ia‘an't?y'gen‘subb'iy‘wh'ich 
may be provided alone or simultaneously with the chlo 
rine. Oxygen (or, less desirably, air) is added to burn 
with coke in the solid mixture, to raise and maintain the 
temperature in III to about l,200°C, while chlorine is 
added to supplement, if necessary, the chlorinating 
gases coming from IV through 24. The combination 
thus chlorinates much of the A1203 in III at a tempera 
ture up to 1,200°C to pass the gaseous AlCl formed at 
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this temperature to the cooler-condenser 3 for AlCl, to 
allow it to change valence and to give up the aluminum 
metal. This is a liquid at 700°C and is drained from the 
bottom to be cast as ingots. Also, in reactor No. III, the 
operation has proceeded to absorb all of the chlorine 
coming through 24 from No. IV so that no chlorine is 
allowed to pass off in the gaseous AICl going to the 
condenser. 
During this time, reactor No. IV has been acting as 

a stripper at 800°—I,O00°C, to remove, by reduction 
chlorination, substantially all of the A1203 which it has 
received from No. III, which is with all of SiO2 of the 
original ore. The gas stream from IV to III, through 24, 
thus carries AlCla and SiCl, along with some C12. 

In reactor No. V during this cycle, SiOz has been re 
duction-chlorinated at 750°—900°C to SiCl4, which has 
been passing off as a gas and which then must be com 
pletely utilized in Nos. IV and III to displace aluminum 
from A1203 to give AlCls or MC]. The Si02 so formed 
by SiCl, in chlorinating A1203 will remain in these reac 
tors until each, in turn, becomes No. V, after which it 
is discharged with the gangue from the system, when it 
is in the off-position of VI. ‘ 
No. V will preferentially chlorinate any trace of 

A1203 which comes through from IV and thus acts as a 
safety against its loss. 
The temperatures of the individual reactors are ad 

justed so that the reaction velocities, which increase 
with higher temperatures, allow each reactor to accom 
plish its appointed reactions within the same period of 
time, i.e., the period of the cycle. As noted before, the 
temperature in reactor III must be maintained at ap 
proximately l,200°C in order to allow only the mono 
chloride AlCl to come over to the condenser. This is 
adjustable by the addition of coke through 19, and oxy 
gen (possibly air) through 10 to burn internally and 
supply heat required to maintain III at this high temper 
ature. ~ 

Any excess of coke charged in No. III remains in No. 
IV and then passes to No. V. The high temperature, 
l,000°C, in No. IV may be maintained by addition of 
oxygen in the chlorine supply line 10 connected to IV 
or to oxygen in the chlorine supply to No. IV. 
However, the temperatures in the other reactors are 

variable within rather wide limits and are adjusted to 
complete, or substantially to complete, the reactions 
assigned to that stage of the operation within the limita 
tions of the time required for the conversion in No. III. 
The temperature in No. II may also be increased by 
adding more coke there; and provision is made for add 
ing oxygen through its inlet 10, also to burn coke. Since 
a higher temperature in No. II increases the tempera 
ture of the gases going to No. I, it speeds up the reac 
tion there also. 
Each reactor is thus ?tted with a connection 10, not 

shown for Nos. I, IV, and VI, since it is not used with 
these during the part of the cycle discussed. Oxygen or 
chlorine, or both simultaneously, may be carefully me 
tered into any reactor through its own 10 and with coke 
in the solids. The oxygen burns with coke to give inter 
nal heat to raise the temperature as desired for the par 
ticular reaction, and thus to increase its rate. Normally, 
the chlorination reactions supply the necessary heat; 
but at start-up, with all reactors cold, or with a change 
of cycle with the new reactor I being placed on line, or 
with an unexpected change of ore or other upset, the 
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temperature of any reactor may thus be raised, if coke 
is present, by supply of oxygen. 

This, as other systems, uses a condenser for FeCla on 
the gas stream leaving reactor I because of the substan 
tial amount of Fe2O3 in ore, so as to react with all AlCla 
coming from II. However, if the ore contains P, S, V, 
Ge, Ti, Zn or other metals higher in affinity series than 
aluminum, they all will add with iron in using AlCls to 
form chlorides or oxychlorides, thus using AlClz 
present and equal to one half of aluminum atoms in the 
ore. 

Reactions in Batteries of Cyclones 

The reactions in the cells of FIG. 2 or the reactors of 
FIG. 3 are between gases and ?nely divided solids. One 
type of reactor which has been found useful in such ser 
vice for continuous use is the cyclone battery of reac 
tors, each of which may, in fact, be an interconnection 
of several individual cyclones operating as a single re 
actor, thus giving counter-current ?ow of pulverent sol 
ids and reacting gases. Such a reactor is again a unitary 
reaction zone or cell for the purpose of comparing the 
several mechanical systems for accomplishing the proc 
esses of this invention. 
Here, the feed of the pulverent solids, 25, is blown 

from the previous reactor in the cyclone reaction zone, 
by the gases which are to be reacted therewith and 
which come from the following reactor. This allows an 
intimate contact of the gas and powder on entering the 
cyclone, wherein there is also a further excellent 
contact. The solids, because of their greater density, 
whirl in a thin layer on the inner wall of the cyclone, 
with the gas in intimate contact. Finally, the gas sepa 
rates free of the pulverent solids, to discharge from the 
top of the cyclone through line 24 after the reaction has 
gone to its substantial completion under the conditions 
pertaining. Such cyclones are in use in the cement in 
dustry and elsewhere for heating ?ne materials to go 
into the cement-making process, and are also used for 
various other contacting and chemical reacting be 
tween gases and solids. 
The design and operation of the cyclone batteries to 

give the intimate contact required for the particular re 
action are more or less standard; and it is not part of 
this invention. 
FIG. 4 diagrams such a system, whereas each one of 

the ?ve numbered cyclones are indicated as a single 
unit or reaction zone, as, for example, the individual 
reactors or cells of FIGS. 2 or 3. It may be desirable to 
have more than one cyclone for any one or more of the 
five reaction zones accomodating the respective reac 
tions of FIGS. 2 or 3 in contacting the pulverent solids 
and gases. Several or more actual cyclones might there 
fore take the place of any one of units diagrammed in 
FIG. 4; and all would, of course, operate in counter 
current. 

lndicated as another cyclone-type unit is the con 
denser for aluminum metal, 3, wherein the aluminum 
mono-chloride, AlCl, is passed in at about l,200°C to 
be cooled to about 700 °C_. This converts it to AlCls plus 
the aluminum which is condensed on the side walls and 
then passes out the bottom, 16. This is actually a chem 
ical reaction zone of the disproportionating of AlCl, 
but is not a numbered reaction zone in the present dis 
cussion because it does not involve contacting of ore 
particles and gases. 



3,793,003 
23 

In this system of FIG. 4, the operation of each num 
bered cyclone may be regarded as that of a reaction 
zone or cell of FIG. 2, except that there is the move 
ment of solids continuously, always downwardly, from 
the dried and pulverent or granular ore coming in at 22, 
with gangue leaving at 23. Necessary heat to maintain 
the temperatures is supplied in each cyclone by the ex 
othermic heat of the chlorinations, as previously indi 
cated. Chlorine is supplied through the lines 10 as 
shown in FIG. 4 in admixture with the particulate solids 
going to cyclines Nos. II, III, and V, those wherein chlo 
rine might normally be added. However, the line 10 
may also be connected to No. l and IV. As previously 
indicated, oxygen may also be supplied either alone or 
in mixture with chlorine through any of these lines 10, 
to burn the coke in the solids and supply necessary in 
ternal heat to maintain the desired temperatures in 
each cyclone. _ 

One conventional type of condenser long used in the 
art to give liquid aluminum from a gaseous phase, as 
here, 3, uses a mass of molten aluminum as the coolant 
which is sprayed into the gas phase to cool it and con 
dense out the aluminum therefrom. The molten alumi 
num is cooled, in turn, by contact with a molten salt in 
soluble in the aluminum, which is cycled through an ex 
ternal cooling system. The mechanical design of such 
a condenser for aluminum is not a part of this inven 
tion, which involves only the use of a gas cooler and 
condenser for aluminum of any of the suitable types for 
the processes described. Here, the MCI in cooling re 
leases metallic aluminum which collects on the cold 
surface 18, (700°C) and drains out the bottom of 3. 
FIG. 4 has also a condenser for FeCla in between the 

cyclones No. I and No. II, as was previously used in 
FIG. 2 for processing. continuously those ores with a 
relatively low iron content. FeCl3 is here condensed out 
as a solid, 26, from the vapors from No. II going to No. 
I. The ?ow sheet of FIG. 3 is used equally well with cy 
clones for discharge of gaseous FeCl2 from the exhaust 
gases of No. I in those cases where a larger amount of 
iron is present in the ore; i.e., as much as one-half the 
amount of aluminum on an atomic basis. As in FIG. 3, 
provisions are made by connections, 10, for chlorine 
inlet to both cyclones No. II and No. Ill, if additional 
carefully metered chlorine and/or oxygen is desirably 
added to either or both of these cyclones, as well as to 
No. V. Also connections, 19, are provided for inlet of 
dried and pulverent coke into the streams entering No. 
II and No. III. 
As previously noted, the atoms of other elements 

whose oxides are chlorinated by AlCl3 to form chlo 
rides or oxychlorides (e.g., P, S, V, Ge, Ti, Zn) will add, 
on a chemical equivalence basis, to those of iron in de 
termining whether there is twice the amount of alumi 
num present so as to react with all AlCls entering I. If 
so, all of these chlorine compounds should leave I in 
the gas stream, 13, for later condensing or other pro 
cessing. 

Use of Multi-Hearth Furnace 

Another type of counter-current contactor or reac 
tor, which has been widely used for drying and calcin 
ing in other processes where gases, usually hot, are 
counter-currently contacting a wide variety of pulver 
ent solids, is identi?ed by the names Nichols, Wedge, 
Herreshoff, or McDougall. The number of hearths used 
in such furnaces varies from two or three to 20, in di 
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ameters up to 7 meters. They may be, like the cyclones, 
made of steel and then lined with refractory materials 
which are also resistant to the corrosive action of the 
gases. They are in common use; and their physical de 
sign and that part of their operation which is conven 
tional is not a part of this invention. However, their par 
ticular operation accomplishes the chemical reactions 
and physical operations of the present method of treat 
ment of ores, particularly with the accessories de 
scribed hereinafter, which are also, by themselves, 
more or less standard in design. 
The ?ow sheet of the present process in such a con 

tinuous multiple-hearth furnace operation is dia 
grammed in FIG. 5, which operates in a similar manner 
to the demonstration batch operation of FIG. 2. Here 
again, the dried and pulverent ore enters the top, 22, 
and passes downwardly, 25 from hearth to hearth, 
through the furnace with an ultimate discharge of the 
gangue, principally SiOz, at the bottom, 23. The reduc 
tant, powdered coke, is also fed through intermediate 
levels, 19, to No. II and No. Ill, and chlorine enters 
through inlets 10 in precisely metered amounts. 
As indicated above, if adequate coke is present, oxy 

gen may be added as desired through these connections 
10, or through similar connections, not shown, to other 
hearths or reaction zones, to burn the coke and thus at 
tain or maintain the desired high temperatures. 
Again the reaction zones or cells are numbered from 

I to V, and again it may be necessary to have from two 
to four actual hearths to take the place of one reaction 
zone or cell as de?ned by the reactions to be accom 
plished therein and in accord with the other systems. 
Each reaction zone will be called hearth No. I, hearth 
No. III, etc., with the understanding that this may actu 
ally refer to two to four actual hearths in practice to 
achieve the desired counter-current and stripping reac 
tions already described as regarding the corresponding 
cells or reaction zones. 

In this type of furnace, the standard details of which 
are not indicated, the several hearths are inside of the 
steel shell with refractory lining. A vertical axial shaft 
rotates carrying arms supporting, over each hearth, 
rakes which move the powdered solids around the 
hearth as they turn them over to contact the gas. The 
solids on one hearth are raked to the outside to dis 
charge through a suitable hole near the periphery, 
through which they fall to the hearth below, this dis 
charge being indicated by the arrows, 25. Here the pro 
cess is repeated; on the next lower hearth, the rakes 
move the solids to an opening near the central shaft to 
fall to the successively lower hearth. Gases go upwardly 
through these openings, the upward passage here being 
indicated by dashed line arrows, 24, and over the solids 
in each bed, always to the next higher hearth, so as to 
give a counter-current operation. 
The individual reaction zones or hearths are identi 

fied by the same numbers as the cells in FIG. 2. The 
temperatures and reactions may be nearly the same as 
those already described under FIGS. 2 and 4. A side 
drawoff for vapors 20 of MC] from the cell or hearth 
No. III goes to a cooler-condenser for aluminum, 3, 
outside of the furnace, which is cooled and maintained 
at a lower temperature of 700°: 25°C, to condense out 
the liquid aluminum passing out at 16 and to return the 
MCI, formed to the hearth No. II of the furnace proper 
through the vapor connection, 21. 
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Similarly, vapors of FeClz and other gases are with 
drawn from hearth No. II; cooled in a condenser for 
FeCla to 275°C, and passed out at 26 as solids. A tem 
peratureof 300°C allows a liquid drawoff at 26. This 
temperature is suf?ciently high to prevent the conden 
sation of other materials in the gaseous stream on its 
way to hearth I. The solids from hearth No. I drop di 
rectly to hearth No. II, then to hearth No. III, in each 
case by-passing the respective condensers for FeCla 18 
and for aluminum metal, 3. Thence the solids pass via 
hearths No. IV to No. V, from which they are dis 
charged as gangue from the bottom through 23. Chlo 
rine is added at the bottom through 10, and passes 
across the hearths in counter-current to the flow of 
powder; and it or other volatile chlorine compound or 
compounds, plus CO and CO2 pass upwardly through 
the openings, down which the powder descends from 
hearth to hearth. There may also be added through 
connections, 10, to hearths No. II or No. III, chlorine 
as may be necessary to complete the desired reactions 
in those hearths, or with added oxygen to maintain the 
temperatures desired, as described above. 
A mixture of particulate or pulverent ore is added at 

the top through 22, and pulverent coke may be added 
to hearths No. II and No. Ill by appropriate feeding 
connections, 19. In the multiple hearth operation of 
FIG. 5, as in the multiple cyclone operation of FIG. 4, 
excellent mixing of solids is obtained in each reaction 
zone; and this is particularly important in the interme 
diate feeding of coke, always pulverent or particulate. 

While this ?ow sheet FIG. 5 indicates a continuous 
operation similar to that of the intermittent and batch 
operation of FIG. 3, the multi-hearth system (as also 
the cyclone system of FIG. 4) may be operated contin 
uously with the general flow sheet of FIG. 3, i.e., with 
an external F eCl3 condenser, to which pass through the 
exit gas connection 13, ef?uent gases of hearth No. I 
carry the gaseous FeCl3. 
Herein, as previously noted, the FeCla may be frac 

tionally condensed by operating at about 275°C; and, 
if TiO2 is present in the original ore, the corresponding 
TiCl, may be fractionally condensed out in a second 
condenser operating at about I l5°—l20°C before con 
densing out, at the low temperature of cooling water 
other materials as POCla — depending on the composi 
tion of the ore, and scrubbing out HCl which passes the 
condenser along with CO2 and CO. 

Separation of Elements in Ores Other Than Al, Fe, Si 

In the attack on aluminum ores by the reduction 
chlorination and oxidation-chlorination method, many 
materials are chlorinated in the ?ve reaction zones, 
with, however, some differences in the reactions con 
ducted in each. The readily formed and volatile TiCl4, 
S02, VOCI, POCI3, also GeCl4, if any or all of the corre 
sponding materials are present in the ore, may all be 
discharged along with FeCls in the ef?uent gaseous 
stream, 13, from reactor No. I if the ?ow sheet of FIG. 
3 is used; and if the amount of chlorine metered into 
the system stoichiometrically equals that in all of these 
gases and that of the accompanying HCI. None of these 
gases will condense in the FeCls condenser, which 
would be appended to the ef?uent gas connection of 
reactor No. I of FIG. 3; nor in the FeCla condensers of 
FIG. 4 or FIG. 5 if the operation of this process is con 
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ducted with ores containing any or all of these parent 
materials, according to these ?ow sheets. These mix 
tures of gases, all of which are condensed considerably 
below 315°C, the condensation point of FeCl 3, then 
pass on to separation operations known in the art. 
Various ores, including clays and shales from which 

aluminum may be directly separated by this process, 
may contain up to 10 percent or more of magnesia 
along with more or less calcium, sodium, and potas 
sium. Under proper conditions, the oxides of these met 
als may be chlorinated also; and these chlorides, if 
formed, boil at such high temperatures that they will 
remain unchanged throughout the temperature ranges 
of the several reactions and be discharged in the 
gangue along with the silica. Such discharge of chlo 
rides of these alkali and alkali earth metals represents 
a loss of chlorine, which must be charged against the 
cost of the operation. However, all of these chlorides 
are water-soluble and may be dissolved from the 
gangue if desired. The magnesium chloride, usually the 
most valuable, may then be precipitated and worked up 
as the hydroxide. 
Manganese, if present, is usually in amounts of not 

over a few percent; but its chloride, MnClz, if formed, 
boils at 1,190°C and passes in the stream of AlCl gas to 
the condenser for metallic aluminum. A condenser for 
MnClz operated at l,l50°C might fractionally con 
dense it out before cooling the MCI gas to cause it to 
disproportionate at about l,O0O°C or higher. However, 
the physical condensation of MnCl2 with the aluminum 
metal presents no problems, since it may be readily sep 
arated. MnClz also solidi?es at almost the same melting 
point as aluminum metal, but it has a higher density. It 
is readily soluble in water. 
Traces in the ores of those other metals higher in the 

affinity series for chlorine from the oxides, i.e., lead, 
zinc, cobalt, or nickel may also form chlorides; and 
these, PbCl2 (B.P. 950°C), ZnCl2 (B.P. 732°C), CoCla 
(B.P. 1,049°C) and NiCl2 (B.P. 973°C) would volatilize 
at the high temperature (l,lO0°-l,200°C) required to 
change the valence of aluminum and condense with the 
aluminum metal. These metals are seldom present in 
the ores which would be used for aluminum; but their 
chlorides are also readily separable from the aluminum 
metal coming from its condenser should they collect 
there. 

Aluminum From Slime Solids from Phosphate Rock 
Production 

Aluminum metal may be won and re?ned by the pro 
cess of this invention from many and widespread alumi 
num ores, compared to only one, high grade bauxite, 
now used conventionally for processing by current 
methods. 
One source of alumina now made usable by the proc 

esses of this invention is the solids in the “slimes” pro 
duced during the bene?ciation of phosphate rock, as, 
for example, in the Florida phosphate industry. Here, 
single operations must dispose of 10 million tons/year 
of slime solids in producing 8 million tons/year of phos 
phate rock. This industry, as a whole, must handle over 
30 million tons/year of slime solids; and there is a 
stockpile of hundreds of millions of tons of such waste 
material taking up thousands of acres of land which 
otherwise would be very valuable. There is no present 
substantial use of these slime solids; and the cost of dis 
posing of the slime approximates 25 cents per ton of 
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solids or 32 cents per ton of phosphate rock produced, 
which totals over $3 million per year for just one opera 
tion, or $ 10 million for the entire Florida industry. 
Slimes are pumped to waste disposal ponds which are 
expensive of land area and have other major disadvan 
tages; they remain inde?nitely, charging some cost for 
maintenance besides the loss of rental value of the land 
for other purposes. 
Thus, slime solids are not only available without cost, 

but with an actual negative value, i.e., their cost of dis 
posal. On the other hand, the very small particle size of 
the slime solids makes them particularly suitable to the 
processing of the present invention. Besides the alu 
mina which is present, there is a high value of P205 
which is recoverable by the process of this invention 
directly as phosphoric acid, the sale of which is the 
business of the companies mining phosphate rock. 
There is also a substantial amount of iron to be recov 
ered. A typical analysis of slime solids might be as fol 
lows on the dry basis, i.e., totally free of water: 

M203 18.70% 
mo, 7.48% 
s10z 31.60% 
17,0, 16.10% 
CaO [8.70% 
MgO 2.09% 
MnO 0.09% 
no, 0.73% 
c 0.62% 
c02 1.24% 
Na,o 0.41% 
14,0 ’ 0.69% 
F 1.55% 

TOTAL 100% 

This analysis shows a disadvantage of these slime sol 
ids as a raw material for use in the chlorine process for 
aluminum separation. The CaO, Na2O and K20 present 
will require chlorine to give the corresponding chlo 
rides which will have no sale or value. MgO gives 
MgCl2, and this may be sold if it is dissolved from the 
gangue, and then precipitated as the hydroxide. 
As a first step in handling these slime solids, all water, 

including that present in hydrate form, must be re 
moved by'drying or roasting, since water forms addi 
tional HCl. Techniques for doing this, however, are 
more or less standard. 

In using the chloride separation techniques, the 
methods of this invention, described above, the P205 is 
chlorinated to POCla preferentially even to iron and 
volatilizes ?rst; this is condensed; then readily con 
verted into phosphoric acid while distilling off the ac 
companying hydrochloric acid. Next, the iron is re 
moved as FeCl3, which in turn will be converted back 
to pure Fe2O3, with recovery of Cl2 for reuse, as in 
other examples. The A1203 is converted to aluminum 
metal by the process of this invention. The titanium 
would go off as TiCl,, which could be separated as indi 
cated above if desired, in a separate reduction 
chlorination system of the Halomet process, or from a 
mixture with FeCla if this and TiCl, are chlorinated to 
gether. The TiCl.1 and FeCl3 would be separated by 
fractional condensation of FeCl;, first, then TiCl.,, by 
fractional distillation, or both. The SiO-z would be in the 
gangue, along with CaCl2, MgCl2, MnCl2, NaCl, and 
KCl, together the F as NaF and KF. The C and CO2 
would be lost. 
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Only about one quarter as many atoms of iron are 
present as of aluminum; and this amount of iron is in 
sufficient to react with the AlCla leaving the condenser 
for aluminum. However, the very large amount of P205 
indicates that the system of either FIG. 3 or FIG. 5 may 
be used. 
Considering the ?ow sheet processing of FIG. 5, 

using a multi-hearth furnace, the effluent gas from the 
top, 13, contains POCl3 and HCl, also the very small 
amount of TiCl, for the making of which chlorine has 
been supplied, as well as CO and CO2, etc. The POCl3 
and HCl would be condensed in an external condenser, 
not shown. An absorption column using a water wash 
would follow this to scrub out residual HCl from the 
final gas discharged. The dilute HCl formed in the ab 
sorber would be added to the condensate, from which 
HCl would be distilled. Phosphoric acid is a residue; 
and it may be concentrated or sold as it is after remov 
ing HCl. 
The chlorine feed would be metered carefully so that 

the FeCla and TiCl, formed would leave in the vapor 
stream from the reaction zone of hearth No. II to 18. 
FeCla would be condensed out fractionally in the FeCla 
condenser shown at 300°C at a condenser temperature 
of about 250°—275°C. The TiCl, and other gases pass 
uncondensed in 18, then through the hearth No. l at a 
@rnneraturs show the condensing 29in! of TiCll, 
They would pass out to a condenser operated at about 
l05°-125°C to condense TiCl,; and the HCl, H20, and 
POCla would condense at the temperature of cooling 
water, for further separation. 

Alternatively, aluminum could be won from slime 
solids in the ?ow sheet of FIG. 3, as a desirable system - 
of making this separation in a continuous operation, 
e.g., with batteries of cyclones or a multi-hearth fur 
nace. The temperature of the reaction zone or reactor 
No. I would be 750°—800°C; and the FeCl3, TiO2, 
POCl3, S02, l-lCl, CO and CO2 would all discharge 
through 13, ?rst to a partial condenser at 250°—275°C 
for condensing FeCl3; then to a condenser operating at 
about 20°C for the TiCl,,, and an absorption tower for 
removing other materials except CO and CO3, princi 
pally l-lCl. An item of major value in this example is 
phosphoric acid. It is removed as a residue after distilla 
tion off of other volatiles, including the l-lCl coming 
from the cold condenser and the absorption tower. 
As another recovery system for vapors leaving in 13, 

a partial condenser for the FeCla would separate it at 
300°C; the TiCl4 would then be condensed in a separate 
condenser at 120°C, considering its boiling point of 
136°C, while the POCI3 and l-lCl would be removed by 
condensers and scrubbers later, at the lowest tempera 
ture practical with the available cooling water. 
The condensed TiCl, may be separately recti?ed to 

remove l-lCl and any small amount of FeCl_-, which is 
present. As still another system, the iron and titanium 
could be separated by operating another l-lalomet Duo 
Chlorination system to accomplish the duo 
chlorination separation, rather than depending on frac 
tionation by the relative volatilies. 
The aluminum would be separated out in the con 

denser for aluminum, 3, as already described; and the 
silica would be discharged in the gangue at the bottom, 
23, where chlorine enters, 10. The CaCl2, MgClz, 
MnCl2, NaCl and KCl would all be present in the 
gangue, from which they may be leached if it is desir 
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able to recover the MgClz by conversion to the hydrox 
ide in the standard system of wet chemistry. 

7 Aluminum from Oil Shales 

Shales are formed through the compacting of clays 
under pressure. The oil in oil shales comes from sedi 
ments of aquatic organisms of both animal and vegeta 
ble origin, deposited with clays on lake bottoms and 
later subjected to high pressures. The oil is very inti 
mately dispersed throughout the solids. 
A principal constituent of most oil shales is alumina; 

and in general, there is from two to four times as much 
silica as A1203. Iron is usually present as Fe2O3 in about 
one-third to one-tenth the amount of A1203. 
Oil shales as such cannot be used as fuel; thus, many 

separation processes have been developed to remove 
the 5 to 30 percent oil present. However, it has now 
been found that the more volatile materials in this oil 
may be distilled off and the-less volatile ones carbon 
ized to be used directly as the reductive fuel for win 
ning and separating the aluminum and iron by the proc 
esses of this invention. 

In one typical oil shale from Nova Scotia, Canada, 
after oil was removed, the analysis was: 

Oil (approx. 85% Carbon) l8.8% 
Water 0.8% 
Gas and Loss 2.0% 

. Spent Shale Solids 78.4% 

TOTAL 100% 

This shale has a heating value of 5,420 BTUs per 
pound. After combustion, 62.4 percent ash results, 
having an analysis of: _ 

A1203 30.1% 
Fezoa 5.0% 
SiO, 61.1% 
CaO l . 1% 
MgO 1.6% 
Other Oxides l.l% 

TOTAL l00% 

In a laboratory operation, utilizing the set-up of FIG. 
1, the pulverized and dried oil shale is charged into the 
reaction zone No. III. In this case, the reductant is al 
ready intimately mixed in with ore. - 
The furnace 7 is heated to bring the material in the 

reaction zone Ill up to a temperature of about 500° , 
while distilling off gases and oils which amount to about 
half of the oil content and contain most of the com 
bined hydrogen. This ?rst step may be done in a drying 
operationg outside of the reaction zone. In either case, 
these gases are burned for heating, in various steps of 
the process; e.g., in heating up the ore to 500°C while 
distilling off volatile fractions of the oil. Alternatively, 
carefully metered air may be passed in through the tube 
10, to burn some of these hydrocarbons in place, for 
the preheating of the balance of the ore. 
Chlorine is then introduced through 10 to give the 

typical reduction-chlorination of A1203, according to 
Equation 1, and of FezOa by the comparable reaction. 
The highly carbonaceous and very intimately mixed 
residues of the oil serve as reductant instead of the 
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coke usually used. The temperature of the reaction 
zone is increased to 800°C as the iron is driven out as 
FeCl3. Then the temperature is increased to 1,200°C; 
and the subsequent reactions are accomplished as de 
scribed above for the recovery of aluminum and of alu 
minum chloride in 4 and 3 respectively. The aluminum 
metal is removed as before, as is also the remaining 
gangue, largely silica and soluble metal chlorides. 

In processing the next batch of oil shale, C12 is fed in 
at l l to pass from right to left; and the operation is con 
tinued as above described. 
The plant operation for recovering the values of this 

shale may be conducted according to the flow sheet of 
FIG. 5, a diagram of the operation of a multiple-hearth 
furnace. Here, in the upper section corresponding to 
the reaction zone of hearth No. I, there may be added 
a connection (not shown) for the admission of air, to 
burn a part of the oil in the entering shale, raise the 
temperature, and distill out an additional amount of the 
light ends of the oil. The balance of the oil is carbon 
ized at a temperature in the reaction zone of hearth No. 
l of about 500°C, which would be the discharge tem 
perature of the solids to the hearth No. II. No coke 
would be added there, since it would have been carbon 
ized in place from the oil originally present in the 
charge of the pulverized shale, fed to hearth No. l, and 
thence to hearth No. II. Here again, the iron is chlori 
nated to give FeCla and removed as shown in the con 
denser, 18, on the right of hearth No. II, the FeCl3 
condenser. No coke would have to be added in hearth 
No. III, as is usually done; and, in fact, there may be 
even an excess of coke ?owing through hearth No. IV 
and hearth No. V to be discharged with the gangue out 
in a form from which it would be uneconomical to re 
cover. As before, oxygen or air may be added simulta 
neously with, or separately from, chlorine to burn'with 
the oil to give heat if necessary in No. III or other reac 
tion zone. 

As in other examples, theFeCls may be burned with 
oxygen to give pure Fe2O3 for reduction to iron, and 
giving C12 for reuse. 
The light ends of the oil, i.e., the gas to naphtha frac 

tions from the exit gas leaving 13, would be burned to 
supply heat and mechanical energy for related opera 
tions, or they may be further re?ned as salable hydro 
carbon products. 

Aluminum and Iron from Red Muds 

A substantial amount of the alumina in even the most 
desirable bauxites comes in a combination with silicate, 
which, when attacked with caustic soda in the conven 
tion process for the dissolution of aluminum, forms an 
insoluble sodium alumino-silicate. This transformation 
comes from the aluminum silicate or kaolinite of the 
bauxite. This insoluble aluminum compound, together 
with the iron oxides and titanium oxide and other impu 
rities insoluble in the caustic soda, makes up a substan 
tial amount of muds which appear as very ?ne particles 
and are difficult to separate. 
Thus, there are large amounts of these “red muds” 

associated with conventional aluminum processing as 
an industrial waste, expensive of disposition. In some 
places, the amounts of red mud are very large, an accu 
mulated waste from years of operation. Compositions 
vary with ores, but one analysis is: 
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M203 26.0% 
Feo, 50.5% 
SrO, 8.5% 
T10, 6.0% 
Na,0 7.0% 
C a0 2.0% 

TOTAL 100% 

These percentages are on the dry basis, as would be ob~ 
tained after heating the material to a high temperature 
to remove all combined water. 
Here, again, it is necessary to separate iron as the 

chloride, aluminum as the metal, and silica as the 
gangue. The Na2O and the CaO will be converted to 
chlorides which will remain in the gangue. The opera 
tion may be conducted generally according to the ?ow 
sheet of FIG. 2, which may be operated, however, in a 
battery of cyclones, FIG. 4, or in a multi-hearth fur 
nace as FIG. 5. The-hot ore from a dryer operating at 
500°—750°C would enter FIG. 5 at the top hearth or re 
action zone of the furnace. The amount of chlorine me 
tered into the reaction zone of hearth V would be stoi 

" chiometrically measured to produce only the iron and 
the titanium in the form of their chlorides, leaving the 
top hearth of the furnace. This gas stream contains 
also, possibly, any small amounts of impurities, as S0, 
and POCI3, as well as HQ]. The FeCla would be con 
densed out ?rst in an external condenser, not shown, 
but operated at about 250°—275°C; and the TiCl, would 
then be condensed in a second step at an operating 
temperature of its condenser of about 1l0°—l20°C, 
while the other gases would be uncondensed, until they 
reach a third condenser operated at the lowest temper 
ature of the cooling water. Exhaust gases from this 
would be scrubbed to remove‘ I-ICl. FeCls may then be 
converted to Fe2O3 and to iron, as above described, 
while the TiCl, could be redistilled, if necessary, to pro 
.duce a high purity material, or in many cases may be 
used or sold as it is. 
The operation of the balance of the multi-hearth fur 

nace of FIG. 5 would be as above explained, with the 
separation of aluminum in its condenser 3 and the ulti 
mate removal at the bottom. 23, of the gangue contain 
ing SiO2, NaCl, and CaCIZ. 

I claim: 
1. A process for producing aluminum from an ore 

containing aluminum and iron in compounds with oxy 
gen, comprising: 

a. contacting said ore with a ?rst gaseous halogenat 
ing agent at a temperature above about 700°C to 
form a volatile iron halide in a gas stream; 

b. removing said iron halide in said gas stream; 
c. increasing the temperature of the solid mixture re 
maining after step (b) to over 1,000°C and up to at 
least 1,500°C in the presence of a second gaseous 
halogenating agent and a carbonaceous reductant 
to produce with said aluminum compound the cor 
responding gaseous aluminum monohalide; 

d. removing said gaseous aluminum monohalide and 
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cooling it to *1 tsmpstamrs 91f about 700° C19 form 
metallic aluminum and gaseous aluminum trihal 
ide; 

e. removing said metallic aluminum; and 
f. recycling said gaseous aluminum trihalide to 
contact a further amount of ore in step (a) as at 
least a portion of the first gaseous halogenating 
agent which forms a volatile iron halide in a gas 
stream. 

.2. The process according to claim 1 wherein said ha 
logenating agent in step (a) and said halogenating 
agent in step (c) are chlorinating agents, said aluminum 
monohalide is aluminum monochloride, said aluminum 
trihalide is aluminum trichloride, and said iron halide 
is ferric chloride. 

3. The process according to claim 1 wherein said ha 
logenating agent in step (a) and said halogenating 
agent in step (c) are brominating agents, said alumi 
num monohalide is aluminum monobromide, said alu 
minum trihalide is aluminum tribromide, and said iron 
halide is ferric bromide. 

4. The process according to claim 1 wherein the gase 
ous halogenating agent in step (c) is, at least in part, an 
elemental halogen. 

5. The process according to claim 1 wherein in step 
(a) a carbonaceous reductant is added, said carbona 
ceous reductant containing compounds of carbon, sul 
fur, and hydrogen, wherein said compounds in contact 
with said halogenating agents and said ore form gase 
ous compounds along with said volatile iron halide in 
said gas stream. 

6. The process according to claim 5 wherein said gas 
stream containing said iron halide is cooled below the 
condensation point of said iron halide but not below 
the condensation point of said gaseous compounds of 
carbon, sulfur, and hydrogen; and said iron halide is 
separated as a condensed phase. 

7. The process according to claim 1 wherein said ore 
also contains a silicon compound with oxygen, said sili 
con compound constituting a part of the solids remain 
ing after the reaction of step (c); said solids containing 
said silicon compound are contacted with a gaseous 
halogen in the presence of a carbonaceous reductant to 
form a volatile silicon halide; and the gas stream con 
taining said silicon halide is passed to halogenate, at 
least in part, said aluminum compound in the ore to the 
corresponding gaseous aluminum monohalide. 

8. The process according to claim 7 wherein said gas 
stream passes through a multiplicity of ?xed zones con 
taining said solids. 

9. The process according to claim 7 wherein said ore 
and solids therefrom are progressively heated without 
reheating; said halogen is chlorine; the halides of alumi 
num, iron, and silicon are the corresponding metal 
chlorides, and the aluminum monohalide is aluminum 
monochloride. 

10. The process according to claim 1 wherein said 
ore also contains titanium in a compound with oxygen; 
and said titanium is halogenated along with said iron to 
form a volatile titanium halide in the gas stream with 
said volatile iron halide. 

* * * * * 


