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ABSTRACT 

The present report outlines the factors to be considered 
in developing an economical process suitable for the com­
mercial production of lithium materials . These factors 
include: (1) available lithium raw materials, (2) processing 
requirements, (3) removal of lithium values from the ore , and 
(h) purification and conversion to the desired lithium material. 
All available information pertaining to these factors has 
been analyzed with respect to its accuracy and possible 
application to the present problem. 

The Kings Mountain, North Carolina spodumene ores appear 
to be the most attractive source of lithium rav, materials due 
to the extent, uniformity, lithia concentration and availa­
bi lity of the deposits . A prelimi~ary concentration by froth 
flotation should yield ore containing 5-6 percent lithia, 
with an 80- 90 percent recovery of lithium. For methods of 
recovering the lithium values from the ore, it is recommended 
that a research program be carried out with emphasis on a 
Ca0-CaC12 high temperature replacement reaction to free the 
lithium, followed by a vacuum distillation to remove it from 
the ore residue . A similar process, in which a cheap sodium 
salt, such as tho chloride, sulfate or carbonate, is the 
replacing agent, should also be investigated . 
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INTRODUCTION 

A. Authorization 

1, This SUl!ll:1ar1zes part of the investigation authorized by 
the Bureau of Ships Project Order 253/45 for the production of 
chemicals to purify air for breathing purposes. 

B. Statement of Problem 

2 . The success registered by lithium hydroxide as a carbon 
dioxide absorbent aboard submarines is evident from its con­
tinued use during the present war period. However, limited 
production capacity and high cost of materials make lithium 
hydroxide practical only for emergency tactical use. Should 
full scale operational utilization of this material be desired, 
marked expansion in the lithium industry, and reduction in 
production costs, would be necessary. 

The purpose of the present investigation, therefore, is 
to develop an industrially o.ttrc.ctive, economical process for 
the recovery of lithium salts from the ores. 

C. Previous Worl-c in the Field 

3. The production of lithium materials has been studied, 
both on a laboratory and commercial scale , by numerous investi­
gators . Unfortunately, reuch of the published work appears to 
be limited in scope, outmoded, end, due to the lo.ck of any 
~nalysis for lithiun in silicate ores which is both convenient 
and trustworthy, even unreliable. Also, operational details of 
the industrial processes in · use today are usually closely­
guarded secrets of the individual concerns manufacturing 
lithium compounds. 

4. The present survey will concern its elf with a critical 
analysis of the available information with respect to validity, 
scope, and possible application to the problem at hand. 

OUTLINE OF PROBLEM 

5• The production of metallic lithium and lithium compounds 
involves the following considerations: 

A. Available Lithium Raw Materials 
1 . Ionic lithium (salt brines, mineral springs) 
2. Spodunene 
3_· Lepidoli te 
4 Amblygonite 
5. Others (zinnwalditc, montebrasite, triphylite, 

lithiophylite, pctalite). 

- l ... 
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B. Processing 
1. Securing lithium raw material (prospecting, test-drills, 

:mining). 
2. Preliminary concentrating (hand-sorting, dccrcpitation, 

flotation). 
3. Preliminary processing (heat treatment, grinding, 

mixing). 

C. Recovery of Lithium Values 

1. As lithium compound 
a. Decomposition of ore (heat, acid, alkali) 
b. Alkali replacement of lithium values in ore 

2. As metallic lithium 
a. Electrolysis 
b. Thermochemical reduction 

D. Conversion to Desired Lithium Material and Purification 

1. Chemical treatment in solution 
2. Distillation 

AVAILABLE LITHim.! RAVI i.IATERIALS 

A. General 

~. Lithium is abundantly represented in nature, comprising 
approximately 0.004 percent of the lithosphere, according to 
Clarke and Washington (57), or more than lead and tin combined. 
It occurs as ionic lithium in mineral springs and salt brines, 
as complex aluminum silicates in lepidolite, spodumene, 
petalitc, and zinnwaldite, and as alumirio-phosphatcs in 
amblygonite and montebrasite. Although the above raw materials 
are widely distributed, few deposits are of sufficient 
magnitude and lithium concentration to warrant commercial 
exploitat ion. 

7. Table I presents the theorcticul composition of the 
important lithium raw materials and the approximate lithia 
content as mined and as sold. Tho last colur.m is an estimate 
of the total lithia prodm~tion o.cqounted for by co.ch type of 
raw material in 1941 (10). 

- 2 -
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Rc.w l!o..tcrial 

Snlt Brines 
Spodumene 
Lcpidolite 
Amblygonite 
., 
;Final Product 

TABLE I 

Empirical Theo. Li20 
Fo:rT.J.ula Content(1a) 

Li2NaP04~} 
LiAl (S i0.:3 )2 
LiKAl2F2Si309 LiAlFP04 

22 . 8 
8.4 
4.1 

10.1 

%Li20 %Li20 
(As (As 

Mined) Sold) 

0.01 
1- 2 
1- 3 
8-9 

20 
4-7 
3-4 
8-9 

% of Toto..1 
Li20 Mined 

(1941) 

30 
30 
30 
10 

As most of the lepidolite ores are used "as is" in the 
glass industry, salt brines and spodumene together contribute 
over 80 percent of the lithia marketed as lithium salts. The 
total U.S. production for 194-l is equivalent to approximatel y 
250 tons of lithia. Lithium ores sell for approximately ~5 per 
unit of lithia, in which a unit is one ton of ore containjng 1 
percent lithia. For example, a ton of 6 percent·spodumene ore 
would contain six units and sell for t30 per ton. 

8. The total foreign production of lithium materials before 
1941 Yms probably less than that produced in the U. S . alone, 
although Germany and Russia may have greatly expanded their 
facilities during the war. South West Africa and France·· were 
tho greatest lithium ore producers outside the U. S . (20) . 

B. Ionic Lithium 

9. rtuny mineral springs contain 0 . 03 percent lithiu...~ (cal-
culated c.s the chloride) or more; in fact, a spring at 
Conneautville, Pennsylvan~a is reported to contcin 0.08 percent 
lithium chloride (1) . Although those small percentages 
represent a considerable total lithium tonnage, the cost of 
ova.pore.ting approximately 3000 :pounds of wat er for each pound 
of lithium chloride recovered Tiould mnke the cost of lithium 
conpounds from this source prohibitive . 

10 . Salt brines also carry smo.11 but significant quantities 
of lithium. Here again the cost of evaporation and separation 
from other solids makes the production of lithium impractical 
except as a by- product . The American Potash and Chemical 
Conpany's plant at Trona, California (9) , utilizing the Searles 
Lo.ke brines, is the only industrial unit known to be producing 
lithium in quantity from this source. It was found that the 
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removal of the lithiUl!l from the brines reduced foaming during 
subsequent evaporations (3) and that the Li2NaP04 so produced 
could be readily sold due to its high lithia content {approxi­
nately 20 percent Li20). Since 193e roughly 300 tons Li2!JaP0-1 
have been produced annually (10), contributing 4o percent of all 
the lithia sold as lithium salts. As the lithium renoval fron the 
brines is a necessary step, the selling price of Li2NaPO-i is not 
governed by the cost of its recovery or by current narlrnt prices 
for lithj_um ores. It, therefore, is a big factor in deternining 
narket prices for other lithium ores. 

11. Hovrnver, for each ton of Li2NaP0-1, approxir:iately 1200 tons 
of soda ash, potash, borax, and sodiur.i sulfate are also produced 
frot1 the Searles Lake brines (13). The production of Li2UaP04 
vlill therefore follov, the product ion for the latter products and 
so renain fairlI constant, beconing less and less of an econonic 
factor as the 1 thiun industry expands. 

c. Lcpidolite 

12. This conplcx lithiun nica is probably the most widely 
distributed lithiu.~ ore. It frequently occurs in l~rge crystals, 
ideal for selective nining and hand-sorting, but the deposits ~re 
not cxtensJve and the lithia concentration is only 3-4 percent 
in the sorted ore. On an ore-tonnage basis, lcpidolitc furnishes 
approxinately 60 percent of the total sold in the United States, 
but, on the basis of the nctual nur1ber of lithia units contributed, 
this ore accounts for only 30 percent of the total (10). Further, 
since the glass industry utilizes a large fraction of the ore 
production without recovery of the lithia, lepidolite actually 
furnishes considerably less than 30 percent of the lithia sold as 
lithiun salts today. 

13. Until 1930, the Harding Iliine in Taos County, New Hexico 
(16), n.nd the Stewart 11ine c.t Pala, California (17) wore the chief 
producers of lepidolitc. Since then, the higher-grade, nore 
abundant deposits in the Black Hills, South Dckota have been the 
major source of lepidolite in this country; the Ingersoll r.11ne of 
tho Black Hills Keystone corporation is the nain producer. Other 
appreciable, but non-co~.nercial, deposits occur in Colorndo, 
\Tyonj ng ( 10), I:aine, Massachusetts, and Connecticut ( 15). 

14. The Gemn.ns have been utilizing largo deposits of low-grade 
lcpidolite (loss thn.n 1 percent Li20) fron the Harz I.!ountains, 
and also, n. 3 percent ore fron Czcchoslovc.kia (21). Considerable 
lcpidoli te depos 1 ts c.re lmovm to exist in Portugal, South ,·;est 
Africa, northern Rhodesia, Russ in., l.~oni toba ( 19), c.nd Brazil ( 3). 

15. The low lithia content of lcpidolite, the difficulty of 
ronoval of the lithiun values, and the scattered n~ture of the 
deposits no.kc this ore unattractive for largo-scale cor.nercial 
exploitation. This picture could, of course, be changed by the not 
inprobable discovery of extensive, high-grnde deposits, 
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D. Spodum.ene 

16 . Although not as widely- occurring as lepidolite, spodur.1ene, 
o. lithium aluminum silicate, is probably the most important 
commercial source of lithiun at present , and in the forseen.ble 
future, due to the extent of the known deposits . A medium grade 
ore has been found in the vicinity of Kings Mountain, north 
Carolina , v1hich is conservcti vely estimated to contain 20 , 000 
tons of metallic lithium (13). As the ore analyzes 1- 2 percent 
Li20 as mined (11, 12), occur~ in one locality, and appears to 
have a uniform. composition, it should be ideal for large- scale 
mining operati ons . 

17 . r.iost of the spodl.l1:lene produced today comes from the Etta. 
1:ine, Keystone, South Dakota, n.nd fro:r.1 the ·neighboring Tin 
I:i:ounto.fn Hine , where enormous crystals of re la.ti vely pure 
spodunene, ideal for hand- sorting, are found . The limited extent 
of these deposits, however, makes appreciable production increase 
impossible . The Tennessee I.Iinoro.l P:i;-oducts Corporation is also 
producing significant quantities of spodumene at Spruce Pine , 
North Ca.rolinn.. At Tinton, South Dakota there ex:i st extensive 
deposits of a very fine grained spud- quartz (approxinately 50- 50 
spodu."11.ene and quartz , intimate·ly nixed) , estimated to contain 
3000 tons metallic lithium (3) . V!hile this deposit does not 
o.pproo..ch the one in North Carolina in nagnitude, work i-s being 
carried out to t r y to r8covcr the contai ned lithio. (51) . 
Spodunene deposits of sone size nro also fou..11d in l:o..ino, Uasso.­
chusetts ( 14), Nevi I.Iexico ( 16), and California . 

18. Useful deposits of spodUL1ene a.re found in Northern 
Argentina (18) , nrazil (3), 1:0.nitoba (19), and Sweden but none 
a.re of a size com.po.ruble with those found in this country . Care ­
ful prospecting should bring to light additional pegnntites 
containing possibly greater supplies of lithiur.i. than any knovm 
today . 

E. Amblygoni te 

19 . Fron the stondpoint of the lithium industry, the nost 
dosiro.ble raw :r:iatorial found in nature is tho lithiUn aluminum 
flue - phosphate, called omblygonito. This is duo to the high 
conto.ined- lithin. and also to tho case of rcnoval of the lithium 
values . Hore o.gain , the lo.ck of_ extensive deposits restricts 
its recovery to small- scale mining and hand- sorting operations . 
Amblygonite is widely distributed but th8 largest single deposit 
knovm, on the Lawrence Judson property, Keystone , South Dakota, 
only contains approximately 1000 tons amblygonitc (50 tons 
:r:ietallic lithium) (3). Alr.:tost all tho o.mblygonito sold in the 
United states cones fron tho Black Hills, South Dakota, although 
snn.11 doposi t·s are known to occur in Co.liforni::t, Vlyo:r:iine;, o.nd 
C olorc.do ( 10) • 
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20 . Co.no.do., Austrc.lio. , Spain, Fro.nee (3) , o.nd South West 
Africa. (19) nre producing some o.mblygonite but nothing to compare 
with the United States. Apparently o.nblygonite will never 
furnish ~ore thun n snall fraction of the lithiQ denanded by 
industry. 

F . Other Lithium Ores 

21 . Zinmm.ldi te, montcbrns i te, triphyli to, peto.li te, c..nd 
lithiophilitc a.re the only other true lithiun ores kno,m to 
exist in nny qunnti ty, c.nd of these, only zinnvmldi tc c.nd nonte­
brc.si to ho.vc cor.11:1orcio.l significo.nce . Zinnvmldi to is o. li thiur.1 
nico. sinilo.r to lcpidolitc but contc.ining o.pproxino.tely 10 per­
cent ferrous oxide. Only Gcrno.ny is known to be utilizing any 
of this lm"T-gro.de ore ( 3) . !.!ontebro.s i to is a. vc.riety of .. 
nnblygoni to, found in sr.:.o.11 deposits in Fro.nee :md Bro.zil . 
Triphrlite nnd lithiophilito ure phosphates, high in lithio. , 
but containing considcro.blo iron nnd no.ngo.ncse, und iron, 
respectively. Significant quantities of pctalite, o. lithium 
o.lUJ!linum silicate fron v1hich. Ari'vcds on first identified li thia , 
arc found only on the island Uto in Sweden . 

None of the o.bove ores nre known to occur in any extensi,ve 
deposi t·s but the possibility of such ri discovery is always 
present . 

PROCESSING 

A. Securing Li thj.um Raw 110.terials 

22 . Considerations incident to a choice of lithium deposits 
include , (1) extent of deposit, (2) lithin concentration in ore 
as nincd , (3) unifcrnity of ore, (4) eo.sc of renovul of ore from 
ground , o.nd (5) possible detrimental conto.nino.nts . 

23. For largc- sco.lo production of lithium salts or metal at a 
rco.sono.ble cost , nining operations nust be of a co~po.ro.blc size 
in order to insure c.n ndcqu~to ro.w natcrio.l supply. An exten­
sive prospecting progrnn, including numerous test drills , nust 
be carried out to detQrnine what li thiun deposits o.rc o.vo.ilable·· 
and how well they fulfi l l the five rcquirenents nentioned above . 

24. Mining , milling, and concentrc.ting costs , as conpared with 
the market value of the concentrated lithiun ore, dctcrnine the 
lovrnst gro.dc lith:i:un rm-1 no.tcrial that co.n be utilized econol!li­
cally. Gernany has processed lepidolite ores containing less 
tho.n 1 percent lithin in the "o.s nined" state (4), and the 1- 2 
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percent lithia in the North Carolina spodunene deposits ho..s been 
recovered commercially during the war. However, the lower con­
centrating efficiency of these or es nnd the increased cost of 
handling ~o..terials would indicate that a lithiur.i ore containing 
less than 1-2 percent lithio.. , as mined, could not be economically 
processed at present nQrkot prices . 

25 . It is inperat1 v0 tha.t the lithiuri ore as :r:1ined be 
sufficiently extensive and unifom in composition so tho..t power 
shovels, o..utono..tic conveyors, etc . can be used to ~inc the large 
quantity of material required to produce o.. ton of lithium salt . 
The case of renovo..l of tne ore is also a vital consideration. 
Open- pit mining woul d be most desirable but is , of course, 
practical only if the lithiun ore is necr the surface . 

26 . care nust be exercised in o.. choice of lithilll!l raw 
mo..torio..ls in order to recognize possible complications due to 
inpuritics . For exanplc, lcpidolitc containing norc than 1/2 
percent iron is useless ns o.. cloo..r glass flux , and tho removal 
of arsenic, o..ntinony, sulfur , o..nd bronine from Trona Li2NaPO~ 
(8) complicate its use by the lithilll!l industry . Similarly, 
weo.thered lepidolite , spodunene; etc. may have po.rt, or even o.11, 
of its lithium replaced by sodiun, potassium, rubidium or 
cesium. These alkalies reduce the lithin content in th~ ore 
o..nd o..re difficult to remove in subsequent purifications . 

27. The only known deposits of 'lithiun ruw r.w.tcri als VJhich 
would fulfill the ~bove requirements of extent , contained lithia, 
uniformity and availability o.ppeo.r to be the Kings Mountain, 
North Carolina, spodumene deposits and, possibly , the .. smaller , 
spud- quartz mixture found around Tinton, South Dakota . 

B. Preliminary Concentrating 

28 . Due to the low lithia content of lithium ores as mined, 
large masses must be handled per unit of r.ietallic lithium. 
Thus, before recovering the li thiuri values in the ore by 
chemical means , a preliminary concentrating is desirable in 
ord·cr to reduce chemical and hen.t requjrenents , equipr.ient size , 
etc . To date , three nethods are kno~'tl by which this can be 
acconplished - (1) hand- sorting, (2) decropitation and (3) 
f l otation. Of these, only tho· last appears to have any promise 
for industrial.scale operation, 

29 . Hand-sorting is , of course, suitable if large, pure 
qrrstals of lithilll!l ore arc present, o.nd only small sea.lo 
operation is required . Decrepitntion methods ~re practical only 
with spodurnene , which has the unique property of expanding to a 
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friable, chalky solid upon transition to its beta. fol"r.1 at 
tenperc.turos approaching 1000°c . In this process (20), the quo.rtz, 
nico. , nnd feldsopathic inpuritios rennin unchanged so that the 
spoduncnc in tho resultant ~ixture mny be prefercntiully reduced 
in size by o. gentle grinding c.nd then separated by screening or 
by en a.ir blast. Although 85-95 percent recovery hes boon 
obta.j_ncd in concentrc.ting 3 percent ore to 5- 6 percent in the 
laboratory and small pilot plant scale (51) , large- scale operation 
rJi th the 1-2 percent ore tho.t will probnbly be used, would reduce 
thJs recovery considerc.bly. Other drm·:- backs arc high heat 
rcquircnents and difficult temperature control (14) - tho 
tmtcrinls in question a.re very poor heat conductors , requiring 
surface tenpcrntures very near the sintering temperature of 
spodur.~ene (1200-1300°C) in order t o transfer heat to the inside 
of tho necessarily large r.mss in c. reasonable tit1e . 

30. Both gro.vi ty o.nd froth fl·otation methods have boon tried 
for concentrating spodunenc ores . The usual gangue· nincro.ls 
occurring with spodur.-10ne ho.vo o. do:isi ty of 2 . 6 to 2 . 7 v,hile the 
pure 0re ho.s n density of 3. 1 (20) so that gravity sepo.ra.tion 
should be possible . However, spodur.iene breaks into "v10ody" 
sli vcrs ,1hich nullifies in po.rt o.t least, the effect of its 
greater density. For cxo.mplc , in concentrating o. 2.5 percent 
spoduncnc ore to 6-7 pcrce:it lithin only 50 percent recovery of 
lithiun was attained (24) . 

31. Much better results ho.ve been obtained by froth flot£?.tion, 
especially if the oro is first cleo.nod by v:ashing or n.ttrition 
scrubbing to olin1no.to conto.ni~ntion at the mineral surfaces 
(22). This "cleaning" is inportant with weathered ore or ore 
stained with iron end no.nga..'t'losc oxides . Thus a 20-60 r.iinute 
blungo in an attrition r.1ill , contn:l ning 50 percent solids and 
2- 5 pounds of No.OH per ton of ore , effectively cleaned six 
different spodunene ores , obtained fro□ vo.rious localities , so 
tha.t subsequent froth flotation, using 0. 8-1. 5 pounds of oleic 
ucid and 0 . 10 pounds of pine oil per ton of ore, effectively 
concentrated nll six ores (23) . A 2 percent spodurnene was con­
centrc.tcd to 5. 5 percent li thin v,i th an 80 percent recovery 
,·1hile u 3 percent ore ,w.s concentrated to 6 percent li thin ,·ii th 
a. 90 percent recovery of lithiun. Froth flotation ncthods nre 
nov; being used by tho lithiun industry to concentro.to spodunone 
ores . Supposedly, lepidolite co.n also be concentro.ted by froth 
flotation after a prclinino.ry cleanin6 using hydrofluoric acid, 
a. long chnin anine and snall quantities of an iron or aluninurn 
salt (21) . 

C. Prelininary Processing 

32 . Prelinino.ry processing r equirements, such as preheating, 
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grinding, screening, m1.x1ng with reactants , etc . will, of course , 
vo.ry VJith the process used for rer:iovnl of the lithiun values in 
the ore. Particle size and intimacy of nixing are extrencly 
importnnt in determining the speed of reacti)ns. Prehonting nc..y 
be important, cs there are indications thc..t the lithiun in beta­
spodumene is nore readily removed thnn in the more dense alpha 
forn . The optinun use of tho above operations can only be 
detcrr.i.jned by carefully controlled experinents . 

RECOVERY OF LITHIUl.1 VALUES 

A. As Lithiur.i. Compound 

33. Gcnernl. The knovm nothods of rcr:1oving lithiun vc..lucs from 
ores fnll readily into throe general classes (1) direct 
deconposition, (2) che~icnl rcplnccnent, and (3) direct reduction. 
In each case it is necessary first to brcnk the bond betvrnen 
lithiun and the rest of the ore to free it for subsequent djs ­
tillation '.)r leaching. As ench nethod for freeing lithiur.i may 
be applicable to norc than one type of nineral, the following 
discussion will be accJrding to type of reaction rather then 
type of ore . 

34. Direct Decomposition Methods . The nost direct method of 
rer.1o"ving li thiun from i t s ores vrnuld be by sir!lply hen ting the ore 
until it decomposed , thus freeing Li20 for further solution and 
purification. P. E. Billinghurst (35) proposed blovJing a dust 
of finely powdered ore through a furnace chamber heated to 1500-
1800°c , volatilizing tho Li20 , and lecving infusible silica 
residues behind. He doesn't, however , give any dcta as to 
actual results obtained, nor does he indicate whnt natcrinls of 
construction would withstc..nd the attc.ck of strong alkalies at 
the tenporatures gtven, nor how to prevent the ores fror:1 fusing 
before the lithia can be volatilized. These and other con­
siderations throw considerable doubt on tho practicability of 
tho !:1.e thod . 

35. Acids or acidic salts nay also be used to decompose lithium 
ore matrices . In tho laboratory hydrofluoric acid is used to 
volatilize silica fron aluminun silicates such as lepidolito c..nd 
spodumene. The large quantity of expensive hydrofluoric acid 
needed , cost of ~atcrinls of construction , etc. indicate a lack 
of cor.rr.10rcio.l application. ~-,ho.t is essentially an HF nethod has 
been patented by C. Adanoli ( 36) in vrhich silicates or aluminum 
silicates are mixed with alkaline earth fluorides , alkali 
chlorides, and hydrochloric acid until a paste is forr.ied, heated 
at 65- 85°c. for sonc hours and , after briquetting, heated above 
6oo 0 c. for several hours . No data on quantities , reaction times , 
or yields are given for lithium ores however. Cost of r:~aterials 
and chemical recoveries would apparently be high even if the · 
nethod should be efficient for freeing lithium from its ores . 
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36. Formerly, omblygon1te and lepidolite were decomposed by 
digesting with o. large oxccss of sulfuric acid to free the 
lithium values {5, 50, 37) . In this treatnont , however, all 
inpurities except u gelatinous ~ess of silicic ncid and 
o.lu.~inllr.1 hydroxide are also dissolved , which nakes subsequent 
filtrations and purifications difficult. 

37 . According too. French Pat ent {46) the above difficulties 
nay be elininated by using onl y a smal l amount of sulfuric acid , 
in which case, only the nlkc.lies o.nd alkaline earths are 
rendered soluble in tho subsequent leaching operations . The 
authors give an exn.nple in r1hich 100 parts of a f inely ground 
nnblygonite ore, containing 8 . 5 percent lithia, nre heated nt 
150- 180°C with 55 parts of 73 percent sulfuric acid until o. 
paste is formed. The tine for this operation is not given. Then 
the temperoturc i s slowly raised to 800- 850°c to fune off exces s 
sulfuric acid and other volatiles . The resulting mass, upon 
leaching, yields 95 percent of its lithillr.1 and most of the 
phosphorus to the solution, both of which are then recovered by 
fractional crystallization. 

38. Laborctory experiments curri ed out by Lof and Lowis {48), 
in which hydrochloric acid vapor i s passed over heated lepidolite , 
indicated greater than 90 percent lithillr.1 recovery after 13 
hours at 935°c. The high tcr.iperature , slow reaction, and 
necessity for recirculating hydr ogen chloride, due to the large 
excess required, would probably e l iminate this process from 
comnercial consideration. 

39. In a po.tent by Roder and Siegens (53) it is claimed that 
the lithium in triphylite can be solubilized by treatment in 
water with elemental chlorine. The fact that no extensive 
triphylite deposits are lmovm and that the ore must be ground 
to a 10,000-25,000 mesh size no.kcs this nethod highly impractical . 

40 . Sodium bisulfate is also used as a decomposition agent 
for amblygonite . It has tho advantage over H2S04 i n that the 
ore - No.HS04 mixture r.10.y be brought to red hen t . It is reported 
that this method is o.t present used by at least one co:cnnercio.l 
lithium producer to re·cover appr oximately 90 percent of the 
lithium in nmblygonite . 

41 . A prelimin~ry alkali decompositi on of arnblygonite followed 
by acid treatment is described ·in a patent by Coleman and Jaffa 
(47) in which they clain 83 percent recovery of the lithium as 
crude Li2COa. An example is cited in which 100 parts 6f 
runblygonite, containing 8.5 percent lithia, are digested at l00°C 
for 3 hours with 115 parts sodium hydroxide and 460 parts water. 
The mixture is then filte r ed , washea , and the residues, contain-
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ing most of the ljthium, digest with hot sulfur ic acid . Every­
thing dissolves except silica and go.ngue; 30 parts soda ash are 
added to precipitate nost of the phosphor us, and another 
nddition of 30 ,nrts soda nsh , precipitates the lithium. The 
difficul ties and expensive procedures inh€rent in acid methods 
of deconposition are also present in this nethod . 

4,2 . It i s apparent that acid or alkaline deconposition methods 
do not seen to lend thenselves to large- scale, econonicnl 
operation, especially for aluminum silicate type lithiun ores . 

43 . Alkali Replacement of Lithiur.1 Values in Ores. The nethods 
for recovering the lithiun values in a l umi nllr.l silicate type ores 
arc nostly variations of a neutral - salt replacement at high 
temperatures , followed by leaching or distillation . The usual 
procedure ~s to mix the replacing agent with the finely ground 
ore and heat until the reaction takes place . Car e nust be taken 
not to fuse the mlxture as this conplicntes tho removal of the 
reacted ore and is said t:J cons i dero.bly retard the reaction . 

44. Girsewald (45) clain.s the use of a rotary furnnce reduces 
the nn.ount of replacing chenicn.l needed by 50 percent due to 
better temperature control and nore intii~o.te mixing. His studies 
indicate that the optimum tenpernture for rcplacenent of 
lithiun by K2S04 is 880- 920°C and by KCl , 720- 750°C. However , 
he vms using lepidoli tc ore \,hi ch apparently yields its li thiun 
at slightly lower temperatures t han spodumene . 

45 . Due to the high temperntur 0 necessary for the reactions 
to progress satisfnctorily, high-oclting salts are required to 
prevent the salt- ore mixtur e from slugging. Potassiun sulfate 
is reported to be the best replacing agent but its high cost 
relative to sodium salts and, ai'tor lenching , tho necessity for 
the use of additional potassium. salts as precipitating agents 
(43), make this compound unattractive cor:11"1.ercially . Also , it 
is stated that in spite of the high melting point of K2S04 
(molting point 1050°c), reaction temperatures above 850°c are 
impractical due to slugging. Sivandcr et a l (40) claim this 
premature slagging is ,due to reduction i n the furnace ntr.iosphero 
or sulfate to sulfite and sul fide , whi ch , if present in concen­
trations as low us several tenths -of a percent , sinter the 
mixture. Thus , if oxidizing conditions are maintained, 
temperatures of 850- 1200°C mhy be reached without slagging the 
ore even though the reacting salt is fused. However, none of 
the ores may be heated abov~ their melting points without 
causing slagging, lepidolite melts at opproxinately 950°c ; 
spodumene approximately 1350°c~ 

46. The above authors (40) state that 90 percent of the lithium 
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1n spodumene, crushed to 25 mesh, cnn be extracted by washing 
with liquid sodillr.1 sulfate at 1000°C for ten m~nutes. They also 
claim that only relatively small cµnntities of extrnctant are 
necessary but that the maximun percent lithjum in the melt will 
no t exceed the percent in the original ore. As this type of 
process could be made to operate continuously, is applicable to 
spodumene ores, and uses relatively cheap raw ~aterials, 
further work in regard to lowering operating temperatures and 
separ ating the lithiun from the resulting Na2S04- Li2S04 mixture 
should be carried out . 

47 • Siegens and Roder (43) reduce slagging in lepidolite ores 
by using K2S04-Na2S04 mixtures . This is difficult to see, yet 
they clain that a mixture of 100 parts lepidolite ore, contain­
ing 3. 0 percent Li20 nnd 9 . 0 percent 1<20, 5 parts I~S04 and 
33 parts NS2S04 can be heated to 850°0 without slagging and , 
after leaching and precipitating with Na2C03 , 85 percent of the 
original lithiun is recovered as crude Li2003. No heating times 
arc given. In a subsequent patent (42), the sc.me authors 
substitute 39 parts OaS04 for the 5 parts K2S04 used above , and, 
after 6-1/2 hours heating at 800-830°c and leaching, recover 
99 percent of the original lithium and 50 percent of the 
potassium. 

48. A novel method for carrying out the ion interchange in 
a water solution at 100-300°0 i s described in a patent by 
Linblnd ot nl (38) . Any finely divided lithium ore is honted 
with a saturated water solution of a sodium salt such as the 
nitrate, chloride or sul fate, and a small amount of OaO (1 part 
CaO per 100 parts ore) . The cao is supposed to prevent silicic 
acid fron precipitating and stopping the reaction. No rates of 
reaction or yields are given , and the authors fail to mention 
that at 300°c the reaction vessel must withstand a stenm 
pressure of the or der of 1000 pounds ·per squnre inch. Unless 
further work should prove this ion exchange reaction to be 
quite rapid and complete, no possible commercial application is 
forscen. 

49. The use of CaC12 - 0a0 mixtures for replacing the lithia 
in aluminum silicate ores, has been patented by Rosett and 
Bichov,sky (50). In this method approximately 30 parts CaO (or 
50 parts OaC03 ), and possibly a small amount of Co.012 or CaS04 
are intimately mixed with 100 parts lithium ore and roasted at 
800- 1000°C for an unspecified length of time . Tho sintered 
cake is then ground and l eached. No yields are given in dis­
closing the patent . A variation on this method is described 
in a report by Fro.as and Ralston (49) in which the lithia in 
s podumenc is freed by heating to 950- 1100°0 with CaO and Co.012 , 
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and the resulting lithium chloride volatilized. In these 
experiments no attempt was made to coll ect the lithium chloride , 
In a pilot plant erected on the Black Hills Tin Company property 
at Tinton, South Dakota (51), 100 pounds of spodumcno , contain­
ing approximately 3 percent lithin., was treated with 100 
pounds of CaCOa and 17 pounds of CaCl2 . Onl y 1/2 pound of 50 
percent LiCl was collected per run, corresponding to a 3 percent 
yield . During tho war, however, a plant capable of producing 
50 , 000 pounds LiCl per r.1onth from. spodumene by neons of this 
reaction, was erected by one of the lithiun companies. 
According to them, approximately 90 percent of the Li20 contained 
in the ore is recovered as crude Li Cl (52) . 

50 . The lithium industry appears to be sharply divided with 
respect to the feasibility of the Ca0- CaC12 distillation nethod . 
Evidently the cheapness of rav, rm.tcrial s and case of purification 
arc counterbalc.nced by high equipment costs and technical 
difficulties such as collection of volatilized LiCl. A 
thorough study of the variables affecting this reaction is 
indicated. 

51 . A patent application by R. A. Staui'fer (27) stat0s that 
heating 220 parts CnO per 100 parts spodumene, or 300 parts 
CaO per 100 parts anblygonite, to 1150°c under high vacuum, 
distills out 90 percent of_ tho contained lithia in two hours . 
Further oxperinents directed towards a reduction in r0action 
temperature and chemical costs would be advisable . 

B. As _r.retallic Lithium 

52 . Electrolysis . At present , all corn;1ercial producers of 
elemental lithium in this country use an electrolytic process , 
in which the bath contains approximately equal weights of fused 
lithium and potassium chlorides (32) . The method has been 
improved in recent years so that 99- 1/2 percent pure netallic 
lithium can be nade with a conversion of lithium salt to metal 
of 95 percent and a 90 percent current efficiency (1). Although 
the method has been developed to such an extent that large- scale 
production is technically feasible, the use of 6- 1/2 pounds of 
LiCl per pound of lithium produced, makes the cost of the metal 
necesso.rily high at present LiCl prices. Another drawbo.ck in 
electrolytic nethods is the requirement that pure LiCl be used 
in order to produce high-grade lithium metal . 

53. A patent by Huise (34), if applicable to the electrolytic 
production of lithium as well as sodium, might permit the use of 
technical grades lithium salts . In this patent, the author uses 
a colunn of pure sodiun salt through which the metallic sodium, 
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contaminated with co.lciur.i, must pass before leaving the 
electrolytic cell, .At temperatures above 400°0 the co.lciur.i is 
supposed to react with the N~Cl to yield Co.Cl2 and sodiur.i. 

54. Thcmochomicnl. No lithium has been produced conr:1ercio.lly 
by chemico.1 reduction of lithiun salts although this method is 
finding increasing industrial application for the production of 
other r.!etals. No.tiono.l Research Corporation , in o, report to the 
U.S. ~rmy Signal Corps (26), lists three processes which have 
been studied on a laboratory or small pilot plant scnle and are 
considered feasible for cormercial production of netallic 
lithium. The reducing agent in each case is ferrosilioonJ 
although in the resulting patent application by R. A. Stauffer 
(27), aluminun is recommended. High temperature vacuum 
distillation, using retorts similar to those in which mugnesiun 
is produced by the Pidgeon process, removes the lithium from 
the reaction zone. Spodu..mene is the only lithiw:1 ore 
consider·~d and the lithium is freed by high tenperaturc reaction 
vlith Co.0. 

55 . In the first process, the FeSi6 is mixed with the ore 
and cao in the ratio of 220 parts Co.0 and 18 parts FeSih per 
100 po.rts spodur.iene (6 9ercent Li20) nnd supposedly yields 90 
percent of the theoretical lithium in 3 hours at 1100°C. Cost 
esti~ntes on this process, presupposing 6 percent spodumenc nt 
$36 per ton and FcS16 at ◊150 per ton {75 percent Si), per ton 
lithiun production per 24 hours, and 5 years anortization of· 
plant and equipment, are given as C,4, 20 per pound of lithiUI:1. 

56 . In proeess two, the L120 is first freed fron the spodumene 
by heating for one hour at 105O°c v,i th Ca0, in the ratio of 
330 parts Ca0 per 100 parts spodumene, Subsequent leaching 
recovers approximately 12 parts Li0H {80 percent Li20 recovery). 
The Li0H is then mixed with Ca0 and FeSi6 in the ratio of 6 
parts FeSih and 25 parts Ca0 per 12 parts Li0H nnd heated under 
vacuum at ll00°C for 8 hours to recover 90 percent of the 
lithium present , or an overall recovery of 72 percent of the 
lithium in the ore . Cost estirates on the same basis as in 
process one indicate lithium production nt ~.So per pound. 

57. Process three, although sttll in the beaker stage , is 
clained as the cheapest method for producing metallic lithium. 
Here, the Li20 is freed as in process two , but a.fter leaching, 
the lithium in solution is recovered o.s lithium sulfite with 
S02, calcined with Ca0 and the resulting Li20-Cn0 clinker 
ground and reduced with FeS16 at an indicated cost of only $2 . 50 
per pound of lithium. 
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In Table II tho stops, and quantities used in en.ch stop, 
are sivon for ea.ch process for the purpose of comparison. 

TABLE II 

Process Reactants Yield Time tg~}--m- Thrs) 

1. (a) Cn.0 + FeSi6 + SpodUI!lenc --i Li 90 3 1100 

(lbs) 220 18 100 2 . 5 

2 . ( D.) Co.0 + Spodunene ~ Li:a 0 80 1 1050 

(l'bs) 220 100 4 . 8 

( b) Li20 (loach, cvnp . ) ~ LiOH 99 . 4 100 

(lbs) 4.s 7.7 
( C) Ca.0 + FcSiG + LiOH -➔ Li 90 8 1100 

(lbs) 25 5 . 8 7. 7 2 . 0 

3. ( 0.) cao + Spodunonc ➔ Li20 80 1 1050 
(lbs) 220 100 4.8 

(b) Li20 (lon.ch, S02 , ovo.p . ) ~ Li2S03 100•::-

{lbs) 4 . 8 15 

( C) Li2S0., + Co.0 ~ Co.0 + Li2 0 100•:~ 

(lbs) 15 25 25 4.8 

{d) Co.0 + Li20 + FoS16 ~ Li 90•:~ 

(lbs) 25 4 . 8 5.8 2.0 

-1:-c s tino.tc s . 

58 . It r.mst be rcnonberod th~t the above cstir.10.tos are ovcr­
sinplificntions of results obtained in an exploratory typo 
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investigation with s~all units . Further work is indicntod in 
order to deternjne how material and equip:nent costs ~o.y 
possibly be reduced . 

59 . fl.luminurn, magnesium, iron and co.lcium carbide were 
olinino.ted as reducing agents due to higher costs, poorer yields , 
higher tonpornturcs needed, etc. than for ferrosilicon. In the 
potent o.pplicotion by R. A. Stauffer (27), in which 140 parts 
Co.O and. 10 parts alur:1inun 2.rc nixed w!th 100 po.rts spodurnene 
n.nd heated to 1150°c under vo.cuurn (0 . 01 Inr.1) for 2 hours, 90 
percent of tho lithiurn is supposedly recovered in the condenser . 
The method is olso clo.incd to be suitQblc for freeing lithiun 
from o.nblygonite in which co.so tho phosphorus is distilled o.nd 
collected before the lithiun. 

60 . A sinilo.r patent in which pure lithia is reduced o.t 750-
900°C with finely divided nn6nosiun or aluninurn and then vacuum 
distilled, is assigned to r:: . G. Hanson (28). In this patent , 
however, the stress is placed on recovering fixed alloys of 
nangn.nese and lithiun rather thn.n pure lithilm. - magnesium 
being only slightly less volatile than lithium. 

61 . An appo.ratus for distilling neto.llic lithiu1~ o.t o.tnos ­
phoric pressure jg inpro.cticnl due to the fact thc..t the required 
tcnperatures are nuch too high for known riaterio.ls of con­
struction. 

CONVERSION AND PURIFICATIOM 

~. Chonical Trontnent 

62. Lithiur.i is usually precipitated fron water solution as 
one of the so.lts for which solubilities uro given in Table III. 

Li2C03 

Li2 C03 
LiF 
Li.5P04 

T °C 

TABLE III 

Solubility 
{g. Lithiurt per liter) 

2 . 1 
1~4 
0 . 7 
0.06 

The phosphnte appears to be r.1ost widely used industrially 
fJr precipitating dissolved lithiun, YJith the fluoride n close 
second. Li2 C06 or LiOH would be tho nost desirable salts , due 

- 16 -

DECLASSIFIED 



to the co.se of conversion to other lithiun compounds, but they 
a.re not the l eo.st soluble in wo.ter . 

1Torno.lly , for conversion, the c.cid of the desired o.nion, 
i.e., sulfuric, hydrochloric, n.cctic n.cids , is n.ddccl ton. 
solution of the pure co..rbonnto or hydroxide and the resulting 
solution cvo.pcro.tc<l. 

63. Tho purif~co.tion procedure used to obtnin the fino.l 
lithiun so.lt tle,onJR , of course, on the type of ihpuritios present 
in the lonch o.n~, o.lso. tho desired final product . 

Iron, nl·..111irrn.:1> silicon and allrn.line oo.rths arc readily 
ronovcd fror.i lit1-,_:11r:: solutions if not prcsc-nt in considerably 
groo.tor concentro.t,.ot".~ th{'.n tho lithiun. The c.luminum prc-
cipi to.tcs in ncu-1;:r· .l o.r slightly nlkc.line solution , tho silicon 
in ucid solution,, ~:::1::c'. tho o.llrnl inc earths by tho nd<li tion of 
co.rbon dioxide t,, ~~lknlinc solutions or by the ndcition of 
sotliun or poto.ssir:.r.: 07.r'..;ono.te. The problen, ther-cforo, is to 
recover the li thi•m free fror.1 other ulknli metals . 

Uo.ny riethods have been proposed to remove the alkalies, 
but they are usually of doubtful vnluc for nn industrially 
successful process becnuso no nccounting is r:inde of coprecipi ­
tntion nnd o.clsorption problcns, o.ncl of the fnct tho.t sor.10 of 
the nore gelatinous precipitate~ are extrenely difficult to filter, 

64. As a guide to the neth~ds which hnve been proposed for 
purifying lithiun solutions the following table is offered: 

TABLE IV 

Ref. Impure Solution Pree ipi tc.. t inb Prccipito.te 
A,..ent 

( 38) Li, Ne. OS S01, No.OH, cool 0° No.2S0-1 
(544) Li, K c.s S01. 1'Jlfo K:2S04 
( 5 ) Li, K 0.S S0,i. K2C03 Li2C03 (inpure) 
( 54)1 Li, K ns S04 XCl Y,2S04 
( 5l+ )2 Li, K D.S Cl 1(2C0.:. 86% Li2CQ3 

(55) 3 Li, Nu , Cl 1470, 
(99 , 3% pure) 

K us Hco.t cool 96% no. o.ncl K 

(49. )4 
OS Cl 

L:J., Na., K ns Cl (NH4 )2CO., 92% Li2C03 
(~) Li, Ne. , K o.s Cl, S01, Na2SiQ3 Li2SiO:, 
( ) 5 Li , Nn , K ns S 04 No.2CO<> 501a Li2 C Q3 

- 17 -

DECLASSIFIED 



1 280 G• KCl added· to solution containi_ng 90 g. K2S04 o.nc1 75 g . 
Li2SO~ per liter. 

2 94 g. I~C03 nc.ded per li tor. 
3 :Cqual quantity Li, No., o.nd K present . 
4 170 g . LiCl per liter present . 
5 30 g. No.2C03 added to solution containing 140 g . Na2S04, 100 g . 

K:aS04 and 649 g. Li2S04 per liter. 

65 . Uhichever purifico.tion nothod if fino.lly used, recir-
culation of Mother liquors o.nd recovery of by-product chcnicnls 
will plo.y o.n inportnnt po.rt in detcr~ining the overall cost . 
Considerable laboratory rcsco.rch is needed before nny of the 
above mcth~ds could be used on o.n industrial scale . 

B. Distillation 

66 . The alkali metal chlorides boil o.t npproxin~tely 1360, 
1420, and 1400°c for lithiUL1, sodiun, and poto.ssiun, rospectjvely. 
This is higher than is practical in~ustrially, but at reduced 
pressures it sh;uld be possible to separate these chlorides by 
fro.cti)no.l distillation. At 900° for exunple, the vapor 
pressure of LiCl (7.3 l:lm) is roughly one o.nd one- half times that 
of KCl o.nd four tines that of Mn.Cl (59) . 

67. l:etallic li thiur.i also boils considerably hiGher than 
sodil.lrl or potassiun (60), so that here nsain reduced pressure 
distillation is needed to brins the tenperaturc clovm to a 
,rncticul ran6e. Mo.gnesium, however, hns n vapor pressure 
in tcrncclio.te botv,ccn thnt for li thiUI:1 and s odiUJ.""'.'l so it would 
be nuch nore difficult to renove than tho nlkcli netals . 

68 .· As nolten lithiun is only slightly soluble in r:10lten 
sodiun or poto.ssiun (58), end vice vorso., it should be possible 
to effect c. good separation r.1ercly by skir.uning off tho 
lighter lithium lnycr . Thus, the use of sodiUI:1 ns a reducing 
ngont for the production of notallic lithit1r.1 should be 
seriously considered . 
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CONCLUSIONS AND RECOMMENDATIONS 

69 . For lo.rge- sco.le 11thiun production the North Co.rolina 
spodumenc cleposi ts .oppea.r to be the best sour ce of ro.w r.mtorials . 
Concentro.tion by froth flotation followed by a Co.O-Co.Cl2 he~t to 
free the Li2 0, and o. vacuum dist~llo.tion , either to remove LiCl 
or , with a reducing a.gent , to remove metal lic lithium, seems to 
shov1 the most promise. The resulting product should be 
sufficiently concentrnted to' sir.lplify conversion nnd purification 
problens considerably. 

70. It is rccol!lnended tho.t tho o.bovc process be critically 
studied on a. lo.boro.tory scale with respect to tho effect of 
tonpero.turc, chemical concentrations , and type of spoduncn~ 
ore, on tho tine n.nd completeness of freeing of the lithia . 
Other chcnico.l O.Gents such o.s tho cheaper sodium salts should 
o.lso be investigated for ea.so 0f replacing lithio. in spodunone . 

71 . As ho.s boon pointed out in this report, further invcsti­
i;c.tions should be carried out on some of the processes Ylhich 
night be pro.ctico.l but for \7hich the ~a.ta is either too linitcd 
or of doubtful validity. 
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