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SILICO:\' FHO~1 ALU?\n:\l~?\1 SILICON ALLOYS 

Thomns A. Sll!liyan, Eben I~. Singleton, and Morris 1.. 

2 
A still further object is to recover said aluminum in 

a molten state. 

Johnson, Bouldcr City, Ncv., as~ignors to the t:nited ;) 
States of America as represented by the Secretary of 
the Interior 

In the practice of the present invention the aluminum 
silicate source material such as clay or offgrade bauxite 
is smelted in the prior art manner so as to produce 
Al-Si alloys. U.S. Bureau of Mines Report of Investiga-
tion No. 5575 (1960) describes such a smelting pro­
cedure. Carbothermic smelting of such materials is de­
scribed in (1) "The Chemical Background of Aluminum 

Filed Feb. 1, 1973, Ser. No. 328,826 
Int. CI. COIb 33/02; C22d 3/12 

U.S. CI. 204-67 10 Claims 

ABSTRACT OF THE DISCLOSURE 

A1L'minllm-silicon alloy produced, for example, by 
smelting a,uminum-silicate ore, is employed as the anode 
in electro,ysis in a molten salt electrolyte of 

NaCl-KC1-AIC13 

or NaCl-KC1-AlFz. ~ro1ten aluminum is produced at 
the cathoJe. Anode residue is acid leached to produce 
metallurgical grade silicon. 

This invention relates to trealing aluminum-silicon 
alloys. 

]0 Industry," Royal Institute of Chemistry, London, 1955, 
pp 72-82, and (2) "Carbothermic Smelting of Alumi­
num," Aluminum Company of America, Alcoa Research 
Laboratories, "i'ew Kensington, Pa., 1964, pp. 42.45. 

Thereafter, the aiumim:m-silicon 8110y is employed as 
15 the anode in molten salt electrolysis. The theory of opera­

tion of the electrolytic process is the selective electrolytic 
oxidation of aluminum from an aluminum-silicon alloy 
anode in a molten salt electrolyte and the simultaneous 
reduction and recovery of aluminum at the cathode. 

20 Silicon, undissolved alumicum, and other impurities re­
main at the anode from which tbe silicon can be reco-iered 
as metallurgical-grade silicon. :'Ifolten electrolyte used 
in the process is used at an electrolyte temperature range 
of 670 0 C. to 1,000 0 C. so that the aluminum recovered 

25 as metal is in a liquid form to facilitate its removal from 
the system and reduce electrolyte dragout losses. The re­
actions taking place during electro;ysis in the molten 
electrolyte may be expressed: 

At the anode: 

Many aluminum-containing domestic ores a~e unsuit­
able for use in present processes for the product;on of 
alumim:m. However, research into methods for the 
utilizaiton of such ores has shown that many of them 
can be utilized for the preparation of aluminum-silicon 
alloys. Numerous studies have been made into me,hods 
of preparing aluminum-silicon alloys from domestic clays, 30 
bauxites, and other aluminum ores. 

AlxSiy-> xAI++++ YSi+3xe= 

At tbe cathode: 

(1) 

The possibility of extracting aluminum from aluminum­
silicon alloys has b;;en investigated using several proc­
esses. One approach has been to extr<lct aluminum by 35 
dissolution with another metal such as zinc, m"gncsium, 

xA1++++3xe=--xAI 
With the overall reaction on electrolysis: 

(2) 

AlxSiy->xAl+ySi (3) 
or mercury. The aluminum is then recovered from' the 
solute metal by distillation or other means. Technical 
difficulties in both the solution of the aluminum and in 
the distillation step have hindered the utilization of these 40 

where x and y represent the proportions of AI and Si 
in various alloy compositions. Thus,aluminum-silicon 
alloys are broken down into their elements -by the elec­
trolytic oxidation of the aluminum. leavin!! elemental 
silicon and the reduction of the extracted al~minum ion 

processes. 
A process for treating aluminum-silicon aJ:oy with 

aluminum monochloride to extract the aluminum has also 
been explored. While the technical feasibility of the 
method was demonstrated, other difficulties have pre­
vented the commercial utilization of this pro,:ess. 

Several procc\ses for the usc of low-temperature elcc­
itrolytes (90 0 _600 0 C.) for thl! extracCon of aluminum 
from crude aluminum have been patented. All of these 
processes rely on the li<:positioll of solid aluminum at 
the cathode. The necessity for frequent removal of the 
dendritic deposits on the cathodes and consolidation of 
the aluminum w;thollt oxidation have been the chief 
obstaclls to utilization of the,c low+'mpcralurc proc~sses. 

\Vc have now Je\elopcd a process for clectrowillI1ing 
alull1inUll1 from alulllinum-,iiicoll aliol'"i by molten salt 
electrolysis in NaCl----KCI--AICI:J or NaCI-KCI-,\IF3 
elcctrnlytl's. Additionally. a Inctallllr).'il·al pradc silicon 
product call be prqnn:d by acid-kalhing th.; n:sidll~ of 
the e1cctro:ysis step fWIll tl'e anodes of aluminum-silicon 
alloys that clliltaincd only alulllinUIll and silicon as the 
m:tjor clements. 

By combining sllch [J101t~n salt ckclfoly"is with a 
smelting slep, a plocess is proviJcd for extracting alullli­
num from allllllillulll silicate ore 1l1:1tnials and clays. 

The phrase "lll<:t:dlurgic,tl i'l:tt!,: ,.ilicoll" as lIsed 
throu!'hullt the spl'(ilications and daims means a purity 
of al ic:,,1 <)X.5 Pt." ,·"nt sili,-on. 

It i" tht'l eft>!c ;tn objl'ct of the present invention to 
,ll ~'..lUJIiI;HJrn"~l.tL()J1 .I;~ 

silicon. 

to aluminulll metal. 
Exemplary apparatus used in the extraction of alumi-

45 num from aluminum-silicon alloys is ~hown in the figure. 
Reference numeral I designates a nickel crucible with 
a 11anged top and cooling gland 2. A graphite crucible 
3 inserted in the nickel crucible 1 is used to contain the 
molten electrolyte 4. A perforated graphite anode cru-

50 cible 5 is used to contain AI-Si alloy anode 6. A graphite 
support ring 7 resting on top of the anode crucibk 5 
supports an alumina crucible 8 in which the extracted 
aluminum 9 is collected and al<;o supports a perfll:atcd 
graphite shield 10 which surrollnds the alumina crucib~e 

55 II and the cathode 11. The eel! lid J 2 rests on a rubber 
gasket] 3 and is scaled to the nickel crucible by means 
of C-clamps 14. A sliding seal of rubber tubing 15 pro­
vicles an air-tight seal on the cathode leal! 16 and rer­
Illits raising and lowering of the cathode:. The anode Lad 

GO 17 is electrically insulated from the cell lid. The sp:ll'e 
ol"er the electrolyte is tilled with an inert gas through 
the gas parts 18. The cdl is heated to the opcratiL;; 
temperature in a re"istance heating furnace. 

To op~ralt;, the cell is first charged wilh the salts that 
(;5 compose the electrolYle. The cell icmperature is r;!i'.ed 

to 700 0 C. to l11l'lt the salts. Any llloisture in the salts 
is r,~rn()\'ed by slweping Ihe atlllosphc:le owr the 11101lt:n 
sails with a flow of inert gas (helium, argnn. or nitrogen 
Ill:ty be used). \Vhcn the salt is molten, the alUlllilllll11-

-/h ~iikon aiii)), to be l/",Cll is ct .. trged inlo tile ""Chlc U ll<.ihk 

nlt'milla n Ill'illk Ii and ~hHd 10. Tile lid 12 of tlle: cell 



" 

->~';---_---L _______________ _ 

3,798,140 
3 

is clamped on the cell, and any air admitted is replaced 
by flushing with inert gas by means of ports 18. Direct 
current is then applied to the anodc and cathode leads 
17 and 16, respectively, and electrolysis is started. On 
electrolysis, the aluminum is solubilized by electrolytic ;; 
oxidation at the anode and reduced on the surface of 
the cathode 11. Because the temperature of operation 
is higher than the melting point of aluminum, the 
aluminum deposited on the cathode drips off and is col­
lected in the alumina crucible 8. Electrolysis is continued 10 
until the majority of the aluminum content of the aiumi­
num-silicon alloy has been removed. The aluminum is 
recovered by opening the cell and removing the alumina 
crucible 8. The anode crucible 5 containin~ the ar;o:ie 
residue is also removed and the residue dumped from it. I" 
A new charge of aluminum-silicon alloy is added to the 
anode crucible 5 and replaced in the cell. The aluminum 
in the alumina crucible is poured into a mold and the 
alumina crucible 8 returned to the cell. The cell lid is 
then replaced and the cathode 11 inserted and electrolysis ::0 
started again. The aluminum prepared is primary grade 
(at least 99% purity) or better aluminum. The anode 
residue from the anode basket may be acid leached to 
remove any residual aluminum, leaving the silicon as a 
metallurgical-grade silicon (at least 98.5 % purity). The Z.j 
perforated graphite screen 10 is used to prevent any fine 
silicon liberated at the anode from floating into the 
cathode compartment and contaminating the aluminum 
metal. 

In the following examples, the specific apparatus and :30 
procedures described above were employed to test the 
process of the present invention of various aluminurn­
silicon alloys. 

EXAMPLE 1 

4 
C was processed using an NaCI-KCI-AICI 3 e:ectrolyte 
(same as previOl:S examples) at 750 0 C. Aluminum of 
99.99 percent purity was prepared. A rccol'ery of 81 
percent of the aluminum and a cathode currcnl ej;,ciency 
of 90 percent were achievcd. 

EXAMPLE 6 

An aluminum-silicon casting aHoy (87.0 percent AI, 
11.9 percent Si, 1.5 percent Fe and 0.2 p~rcent Ti) was 
processed using an NaCI-KCI-A!CI3 electrolyte (s~,m~. 
as previous examples) at 750 0 C. Aluminum of 99.99 
percent purity was prepared. A recovery of 89 percent 
of the aluminum and a cathode current efficiency of 81 
percent were achieved. 

EXAMPLE 7 

A commercial 50-50 aluminum-silicon allcy (same as 
Example 1) was processed using an 1\ aCI-KCI-AIF3 
electrolyte at 750 0 C. The electrolyte was composed of 
equimolar mixture of NaG and KCI, with 7% added 
AIF3. Aluminum of 99.98 percent purity was prepared. 
A recovery of 97 percent of the aluminum and a cathode 
curent efficiency of 96 percent were achieved. 

EXAMPLE 8 

A commercial 65-35 aluminum silicon (same as Exam­
ple 2) \Vas proces:;ed using an NaCI-KCI-AIF3 elec­
trolyte (s:llne as Example 7) at 750' C. Aiuminum of 
99.95 percent purity was prepared. A recovery of 93 
percent of the aluminum and a cathode efficiency of 93 
percent were achieved. 

EXAlIfPLE 9 

A commercial 50-50 aluminum-silicon alloy (50.0 per­
cent AI, 45.8 percent Si, and 0.3 percent iron) was 
processed using an NaCI-KCI-AICI3 electrolyte at 
750 0 C. The electrolyte was an equimolar mixture of 
NaCI and KCI, to which 10% AICI3 was added to pro- 40 
vide the aluminum carrier ion. Aluminum of 99.98 per­
cent purity was prepared. A recovery of 82 percent of 

An aluminum-silicon-iron alloy (same as Example 3) 
was processed using a NaCI-KCI-AIF3 electrolyte 

::>.J (same as Example 7) at 750 0 C. Aluminum of 99.83 
percent purity was prepared. A recovery of 94% of the 
aluminum and a cathode current efficiency of 92 percent 
were achieved. 

the aluminum and a cathode current efficiency of 98 
percent were achieved. 

EXAMPLE 10 

The anode residue from a test ming a commercial 
50~50 aluminum silicon al:oy (same as Example 1) 
was leached using hot dilute hydrochloric acid. After 
filtering, washing, and drying, the undissolved silicon 

EXAMPLE 2 

A commercial 65-35 aluminum-alloy (65.0 percent 

45 product contained only 0.33 rercent aluminum and 0.23 
percent iron and met metallurgical grade silicon specifica­
tions (98.5S0 silicon). 

AI, 34.2 percent Si, and 0.13 percent Fe) was proces,ed 
using an NaCI-KCI-AICI3 electrolyte of the same com­
position as Example 1 at 750 0 C. Aluminum of 99.99 
percent pmity was prepared. A recovery of 88 percent ;'0 
of the aluminum and a cathode current efliciency of 91 
percent were achieved. . 

EXA~IPLE 3 

EXAMPLE 11 

The anode residue from a te,t using a commercial 
65-35 percent aluminum silicon al!oy (same as Exam­
ple 2) was leached lIsing hot dilute hydrochloric acid. 
After filtering, washing, and drying the undi"olved sili­
con product contained only 0.25 percent aluminum and 

An aluminum-silicon-iron alloy (19.6 percent AI, 55.3 
percent Si, 19.7 percent Fe, and D.2 percent Ti) pre­
pared hy smelting of aluIllinum silicate was proccs,ed 
using an NaCI-KCI-AICI;l electrolyte (same as prc­
vioU"i examples) at 750 0 C. AluminuIll of <)<).70 percent 
purity was prcp:\red. A recovery of 94 percent of the 
;lIl1minllm lll1d a C<lthode currelll etlicicncy of H~ p~rce[]t 
were achieved. 

;,,, 0.11 pcrcent iron and met metallurgical grade silicoIl 
specifications. 

The preparation of aluminum from aluminum silicoIl 
alloys using a wide variety of alloy compositions has 
been accompli,hell. The :,jlllllinuIll content of the alloy 

EXAMPl.E 4 

iii) has ranged froll1 19.6 to 1\7 PCI cent aluminulH. The ,ilicoll 
content of the alloys h:" ranged from J I.') (0 55.3 per­
cent silicon. In addiiiol1, tht: :!lloys l.'ontaincd iron rang­
ing fruill 0.1 to 1').7 pcrc~nt inlll. Sli'~ce,sfl!1 extraction 
of alurllillilm flOlJl all tile" .. ;dlu),s wa, delllon,trakd. 

The eke·tlolyte compo',ition or c,/uiflloi:rr <ju;lntitics 
of NaCI :lnd KCI 1\ illl 5 to 15 ptrccnt AIel" is lllo,t 
suitahk fur thl~ all~chlol ide: c!,·ctro[yte. '] he electrolytc 
compo,ilion of cquill1()i:lr qllantities of NaCI and KCl 
with 3 to 10 pcrLenl All-'" i, most suitabk for the clilo-

A crude aluminuJll·silicon alloy (GO.O percent AI, 26.7 Ii:> 
pcrcent Si, G.l perccJ\t l'c, 4.2 p"rc~nr Ti, alld 0.5 per­
cent C) was pro(c,scd ll',illg all NaCl--KCI·--A!CI 3 

electrolyte (saIlle a~ previous exampks) at 750 0 C. 
Aluminum of ')').99 percent purity was prep'lIed. A re­
covery of 1\2 p,;rcent of tile alllflJinllUl and a catllOdt: cur­
rent eflkicncy of 90 percent were aciiieved. 

70 ride-tlulli ide electrolYle. 

EXAMPLE 5 

l!ic'ctroly,is ill the chloride electrolyte i, IIlost fa\orable 
lit an tlfccli,.e voltaye of 1.2 volts and 100 to 150 :UIIJl,f 
ff 2. FkcIJoJ.,Y.sis,. in,lht\ (,Llnri,f,·-tlunr;d,_· h n~()':! ~':~ ,,~ .... t...!.~ 

f 
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The most favorable temperature range for the elec­
trolytic process is from 700 0 to ~;oOO C. 

6 
6. The process of claim 1 wherein said aluminum­

silicon alloy is produced by smelting an aluminum-silicate 
ore material. In the leaching of the anode residue, suitable acids 

such as HCl or H 2S04 can be employed. Acid concentra­
tions are 5 to 30 percent. 

What is claimed is: 

7. 'nle process of claim 2 wherein said temperature is 
[) about 700-800 0 C. 

8. The process of claim 4 wherein during said elec­
trolysis the voltage is about 1.2 volts and the current 
density is 100-150 amps/ft.2. 

1. A process for removing aluminum from an alumi­
num-silicon alloy comprising 

electrowinnillg said aluminum by molten salt elec­
trolysis at a temperature of about 670 0 C.-IlOO° 10 
C. with an electrolyte selected from the group con­
sisting of NaCl-KCI-AICI3 and 

NaCI-KCI-AIFo 

2. The process of claim 1 wherein the anode residue 15 
of said electrolysis is leached with an inorganic acid 
to remove impurities and leave behind metallurgical 
grade silicon. 

3. The process of claim 1 wherein said temperature is 
about 700-800 0 C. 20 

9. The process of claim 5 wherein during said elec­
trolysis the voltage is about 2.0 volts and the current 
demity 150-200 amps/ft.2. 

10. The process of claim 7 wherein said aluminum­
silicon alloy is produced by smelting an aluminum-silicate 
ore material. 

2,598,777 
2,937,929 
3,148,131 
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