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ABSTTTÅCT

The systenn lithlum, potassium, chlonld_e, sulphate,
water' at zsoc, has been lnvestigated. by chemicar analysis of
the solution and. of the lvet rosloues. There are large areas
i¡¡hene potassiunr sulphate and. potasstun Llthiu:n sulphate
(Kriso¿o) are, separaüely, in equillbrlum wiih solutions. Tlvo

lncongruent lnvarlqnt polnts have been found.; the soluülon at
the flrst has a composition of o"gL? mole fractlons of
chlorld.e, O"l+3? nrole fractions of 11thium, and. I9,& noles of
waËer per total more of sar-t, witrr potasslun chlor.id.e,
poüasslum sulphate, and. the d.ouble salt (Krisoto) as the sorld"
ph"ases ln the wet resldues" The second. l_nvariqnt liqì-rid. phase
has been founcl to contaln 0 .96? more fractlons of ck¡-lorJ-d.e,

0'870 nole fre.ctions of lithlun, and. 13,8 mores of waËer per
mole of sa-Lt. llhe solid_ phases hrero potassium eh].orld.e,
d-ouble salt, and. lltlrlum surphate monohyd.rate. At the
congruent invar-f-qnt point the composltion of the llquia phase
Tvas found. to be 1" o0 nole fnactlons of chlorld-e, 0.960 mole

fractions of llthlum, 9.6 ¡nores of u¡ater per nole of salts,
and. the sol-id- phases; lithlum surphate ¡ionohyclr:ate, I1thlum
chlorld.e nonohyd.ra.te, and. potasslum chLoriêe,

The systen lithlum, sod.rum, chlorlcle, sulphate, water.

at z|oc' has þeen investÍgated" by chemical anarysls of the



v

J.iquid. phase and. of the wet r.esiðues. An lncongruent Ínvariørt
point rihere sod.lun chorid"e, soIlc1 solution of sod-lun and.

liti:.ium sulphates, and. llthiuro sulphate monohyd-r'ate are in
equllibrlun vsith solutlon has been found.. The solution com-

posltion at this polnt nas 0"873 nole fractions of chlorid"e,

O"668 mole fra,ctions of lithiun, and- L5"L moles of viater per'

total mole of saLts. The solid- phases present at the congruent

invari-qgrÈ polnt are lithlum ch-Lo::ld.e nonolryd.rate, lithiun
sulphate monohyd"rate, and- sodLum chlorld.e" Analysls of the

l1quld. phases shoived. the solution to consist practically

entirely of llthl-uni chlorid.e in water,

The posslblllty of the exlstence of alt area of the

d.ouble salt NaI1S04 ls d.lscussed-, as 1s the posslbility of

using X-rays and. the petrographic mieroscope to examlne the

solld. phases.
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T}ITRODUCTTOi\T

l,rhen one pair of salts forms a second. pair of sarts by

d.ouble d.ecomposltlon, then, slnce one pair. is for.med_ fron the

oiher, tlney are isrov,m as reclprocal salt palrs.
ÄB+CD-+Á.Ð+cB

ïn stuclles of reciprocal sal-t pai-r's in v.¡hich the

valences of the íons a.r'e not arl the same it 1s customary to
make all the lons of the sane valence by combinlng enough of
the ions of ror,rer vaLence into rad.icals so that they have the

sane valence as iirat of the ion or rad.ical which, singly, has

the highest varence. rn the llthiuu'r clelorid-e-potassium

sulphate reclprocal salt palr, the li'bhlum, lootassiuni, and.

chlorid.e lons ar"e irtritten e- ¡¡ * + " + +rs Lij -, KZ' ', a:rd- CIZ- . Tl:ls

usage ls for stoichioraetrie reasons, and. d.oes noù suggest that
the ions exlst as d.imers,

The two reciprocal salt palrs; lithium, sod.ium, chlorld.e,

sulphate, and rvater, arrd- lithiun, potassium, chlorld.e, sulphate,

and" water, both at 25oc., which form ühe subject of this thesls,
are pa.rE of Ì;he five component systen of lithium, potasslunr,

sod"lum, chlorid.es, sulphates, and- lvater at zsoc. i.,u-hich is being

stud.ied- in thls d.epartment" The five component systen l_s the

analogue of the classical sea salt system, i,rhich v¡as first
stud.led. by vantt iIoffl.



Tn the sea salt syste;:a ihe lithlun ion 1s replaced. by

magnesium ion.

Phase r.ule stud.les, of the ilæe d.escribed. in thi-s tlresis,

are of great practical irnportallce, for they can 'be useC- to

CLetermlne the best proceC.ure to be follolied. in winning salts

fron solutions, as well aS the best procedui=e for producflon

of one salt palr fron the other pair. This is best carrled.

out by a multiple temperature cycling process in l"rhich

cond-itions are contz.o].].ed. so tlr.at firsi olr.e of the d.esired. salts

is d.eposited- in a plrre cond"ition, ancl then, by altering the con-

d.itions, the other ls d-eposited-. The process ean be mad.e to run.

ind.efinitely, by ad-d"1ng the unstable pair at the proper place in

the cyele, and. removing the salts of the stable pair when they

prectpitate.
An example of th.is process is the production of

conver'sion saltpetre. Flgure 1 from Flnd.ley, CarnpbelJ., and.

2CJt
Smitho¡ r¡ +t shows the equillbrlum d.iagram of the recfprocal

salt pair

NaNO3+ KCl = i'iacl* ¡t'IO3

ln water at 25oC. Each corrrer of the d-lagram represents a

pure salt; the llght J.lnes are the lsohyd.r'ores, or lines of

equal water content. There içilI be three soJ.id. phases ln

equlllbriun r,ryiüh solution at an lnvariqnt point. P1 ls the

lnvarient point r¡¡here pota.ssium nitrate, sod.lum nitrate, and.

sod-iun¡ chlorid.e are in equiliþrium l'¡ith solution, ætd T, is
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FTGURE 1

CONVEP,STON SAIffPETRE

the lnvarlqriü polnt where potasslum nltrate, sod.lum cl:-lorld.e,

ancl potassium chlorld.e are ln equllibriurn with solution, Bx

consid.eratlon of thls recS.pr:ocal salt pair ai 5oC. and- J-00oC.

Beind.ers3 f,r, d-evlsed. a cycllng process whlch gives LAO{, con-

vension of po.tassium chJ.onld-e into potassium nltrate"
From lsothermaJ. stud.les of reclprocal salt pairs the

lsothermal crystallizatlon path of any solution can be d.etermlned-n

As an example, take the reclprocal salt palr shown 1n Flgurê 2"

The polnt P1 where B, C, and- Ð are ln equtLlbrium is caIled" a
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FIGUEE 2

CO}IGRUE}IT AND IiIIIGO}'IGBUE}TT TiWAA,TENT POTIITTS

congnrent invarie¡-t point, because it lles v¡ithln the

eoaposition triangle BCD and. bhe conposltlon of the liquld

pha-se can be expressed. in posltlve quantities of the solid-

phases present at P1" The point, P, where A, B, and- D are

the Solid. phases ls an incongnrent invaricânt point beca.use

it d"oes not lie rrylthin the composition trlangle BÁ.D, and- the

compositlon of the Solution a'b P2 ca:nl:tot be elcpressed- in

positive quantities of the salts B, A, and- D whlch are

present at P2.
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If a solution of composition x ln Figure 2 ls subj ect-

ed. to isothermal evaporation the first salt to precipitate

i^r111 be D, and- the composition of the liquid" v¡iII move direct-

1y ar,.ray fron D to point Y wheie solid. i{ ir¡i}I be throu¡n d.ovnr

with D. From Y the l1quid. composi-tion urill- move to P2 where

B will begin to precipitate, and- a reactlon betlçeen solid- Á'

and- solution r'rilI ta.ke place, After" all- of A has reacted- the

solid- phases v¡iII be B and. D, and. the cornposition of the

solution r^rtll move to P1, l'rhere solid C will be preoipitated-.

The solution wil] d.ry up at P, because the composltion of

point X ls expressable in posltive quantlties of the salts

lrresent at ?t, but not in those present at Pr.



TI{EOBET ïChL C ONS ]DBBÂT ïoiVS

1" THE PHASË BUI,E

-

ïn IB79 J. til]-lard. Gfbbs5 d-erived. the phase rule

from thernocl¡mamlcs, and-, sometime later Boozeboom6

d-emonstnatedr lts practical. lmporüa:ece" The Phase EuIe is:
F=C-P+2

where tr' ls the varia:rce, C ls the number of components, and.

P is the nunber of phases present. The phase rule ls
appllcable only when equlllbrlum amongst all the phases

present has been attalned..

Since, 1n graphicaJ. representation, every four

component system is rnad-e up of four three componenf systems,

the rûethod. of gnaphlcal. representation of tirree arrd. four

compone:rt systenrs will be shoi¡ür.

2, THBEE COI'PONENT SYSTEI.IS

At constant temperaturo and. pressure ter'nary systems

can be represented. on an ectrullateraL triangle by Boozeboomr s

metlrod, The aplces of the triangle represent the pure

componentsu Ä, B, and. C. The length of each sid.e ls mad-e

equal to one hund.red", and. the components are plotted in l^telght

percent or mole percent of each eomponent, Thus polnt Ð 1n

Flgure J represents a mlxture of afi A, b% B, and. c/o Ç.



FTGURE 3

Á" POTNII' ON A TBTÁNGUIiifì GBÀPH

Two salts wlth a co¡naon lon, MtXt, I{#1, and. water
constltute a ternary systen. rn a system of thls t}.pe ùhere
inay be hydrate, solld. solutlon¡ or d.ouble sart formatlon.
Flgure 4 shows this system as it r¡rould. appear lf i,ilxl r^rere

hyd.rated., and. if a d.ouble saLt were for¡aed-. The d.ouble

sal-t ls I'ftlvlr(xr)2, and- it is in equfllbrlum with solu-bions
i^¡hose composLtions lle al-ong curve BC. At the tennperature
of thls lsotherm Mtxt exlsts as the hyd.rate lvirxr.nH2o.

Point B glves the composition of the solution at the



B

FÏGU1IE 4

TIP]C¡ì], [HBffi COI],æONE]II SySTEtf SirOt¡TIrIG
H]IDBÁTE "å}TD COT,TPOUI\TD

invariqnt polnt where lf1x1'nH2o and. li1r.I2(x1)2 ane the
soll-d" phases, and. polnt c glves the solutlon ln equillbrlruir
with ¡r2$r and. I'1tt'1t(x1)2" This d.tagran is proJected. onto a
l1ne by constructlng lines from the water apex, through
poÍnts B and. c, onto the base of the trÍ-angle, in ord-er to
obtai-n the ratio of I'i1x1 to t'1r$1 at pornts B and- c. The

salts are tleen represented" by the mole fraction of one of the
catlons ln the totar catlon mixture. rf there are n-t mores
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of I{l aïld- nz

of lui, is:

'1
The i^rater content

m- irhere m 1s the
U

salts" Figure 5

rt
2

of points

number of

shoi^ls thls

moles at a polnt, then the mole fra.ctionnf 'Ì"{

a

= mol-e fraction of I'I.
J

B and- C ls represented- bY m" and-

moles of wai,er per tota-l mole of

system represented- on a llne.

1.1-:_

Blms) k.,
'

FTGUBE 5

FIGUBE ¿l PROJECEED ONTO Ji LII\TE

If a solld- solution with the compound. is fon:aed., thep

the Ölagram will be as given in Figure 6, B and. C are the

invarlarrt points v¡here the solid. phases are I'lrXr'nllrO and-

solid. solutlon, &E B and. soIid. solution and I'itX, at C. The

rrtle llnesrr, olctained- from Jolning the solutlon composltion
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FTGUBE 6

TIIPICAL THRËE COI.ÏPOIITEI{T SYSTH:.Í SHOITTING
H].DR.&TE AI{D SOLTÐ SOI,IJTTON

along BC to that of the rvet resLdues are paralle1, ind.lcatlng

fhe fornatlon of solld. solution. If a eompound- lvlth no solid.

solution r'Iere for.ned. the tie llnes '¡¡ou1d- rneet at the point

representing 'bhe compositlon of tire compound., but varlability
in ihe composltlon of the so1id. pirase, iTr a case like this, is
a criterion of solid. solution formation.
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3" BECIPROC,{L S-&LT F/\IRS

Atconstanttemperatureand-presSurereciprocalsalt

pair'sinwaterarerepresented-onasquarebythelnethod.of

Janec¡<e? and. Le Chateller.B. The pure salts are represented-

bythecorlIersoftheSquare,and.thesaltsarearranged-so
thatthoseatad.Jacen.tcornershaveacommonion'Theno}e
fractlonoftheanionsisptotted.astheabsclssa,and.the
mol-e fr¿rction of the cal,ions as the ordinate' A polnt withln

thesquareisplotted-þycalcu}atingthemo}efractionofthe

M,X' F

FTGUBE
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anlons and. of the cations ln the sart mlxture; the water

content is given as m, the moLes of r,raüer. per total mole of
sa1t.

I{1X1 *
ls shown J.n Flgure 7.

The reclprocal salt

hyd.rate (UrX, ffie0), and. solld_ soLutton (t{exe ln lvilXr) fn
this exampleu Tho polnts -4., B, C, Ð, E, F, and. G are aII
polnfs Ln the four terreary systems that make up the ed.ges of
the square ln the graphlcal representatj-on of thls reclpnocal
sart palr, The sol1d- phases present at these polnts are;

Polnt Solid. !þlqe5

rqf:z

palr

There ls a eompound. ( (Vtr) ##ù ,

Mllrz + flexl

A

B

^

D

E

T'

11

12

The polnts H, r, and. 'Ï are lnvarlqrt points, where there ar¡e

thr.ee solid. phases present. These polnts a.re lnvarlq.t polnts
because, from the phase rule, with temperature and. pressure

flxed., the maxlmum number of phases posslble Ln a four ssmFonent

systen is four, when the varlqtlce ls zeyo.

Ytrx-, , (Mz ) *f z
M, Z n sol1C. solutlon
MtXe"nllr0, sol1d. solutlon
thXZ.nHrO, solld. soLution

i'frX, , soIld. soluËlon

ï'11X1 ' H2X1



The sol1d. phases present

Polnt

rl congruent

area bound.ed. by 'ühe

[he compositlon of

can be elipressecl ln
present, Jf solld-

then the end. menber

a.s the composition

glven by point k in

i{

ï

J

at H, I, and. J are:

Solii- Phasej;

(nù Z l(tXZ , Yï#2, so]l$.
so¿url-oï1

invariqnt polnt 1s one that J-ies rvithln the

pure salts present at the invarle¡;r.t point"

the solution at a eongruent invarlqnt point

positive cluantitles of the solid. phases

solutlon ls present at an lnvarlqrt polnù,

of the series of solld- so]-utions is chosen

of the solld, phase. Thls compositlon is
Figure 7, Therefore, since point J lj-es

U2Xf , (I'tr) 2 XrXr, sol1d- solutioir

I'11X1 , I,12ï'1, solfd- solution

within the triangle k, Tü21..Z, (\42)Zli.f.Z it is congruent. Foint
H is a.lso congnuent, wherea,s polnt I l-s not.

4. x-BllY POt,.rDEil pI-iCrrOGiùâ?.IiS

t3

If 1s i"rell Ìntoi,¡n that lvhen a beam of monochromatic

X-rays ls d-irected. at a crystall-ine substance, a character.istlc
d.lffraction pattern ls obta.ined-. If a crystalline pov.,'d.er ls
used-, the pattern lyil1 appea-r as a series of arcs on a strlp of

filn mounted" coaxial.ly ivlth the speelmen. The cond.itlons und.er

l^ihlch d-lffraction talces place are d.efinecl by the Eragg rela-tion
n À= 2 cl sin@,



wlrero

À = the wavelength of tir.e monochromatlc ra"d-lation

in *.ngstrom r.mlts

d = the d.istance þetween ti,vo successlve lattice planes,

also in Angstrom units
e = the angle betureen the lncid.ent beam, and. the

lattlce plane ( the glarrclng angle)

Slnce every crystallJ-ne substance has a ohai.acterlstic pattern,
x-ray porrrd.er photographs can be usecl as a rueans of id.en'bifying

erystalline substances. In a mlx'bure of ti,¡o or more crystalh-ne

matenlals, the patterns of each substance r'¡ill appear super-

lmposed- on the strip of fi1m, but the indlvid-ual pa.tterns can

usually be resolveC.. Thus a mixture of tin¡o or three crystalltne
phases ca.n read.ily be ld.entified_ by thls meails.

5, PH1\.SE CHAIüGES

One of the method_s to d.eter.mlne the temperature of a

phase change, tlna.t J-s, the tr.ansltlon polnt wkrere one sollc1 phase

und-ergoes a change to a seconci soricr phase, 1s by d"etecting ihe

volume ehange that usual-ly accompanles such a phase ehange.

Thls pnoperty ls utilized- to find- transltlon polnts by encloslng

the solld" phase ln a bulb to vrhich ls attached. a long caplllary
tube (a d.ilatoneter). The sollcl phase in the burb is covered-

tuith an lnert lic¡uia-. lis the bulb ls slowly irar.med. the iner.t

T = a positive lnteger d-enotlng i;he rtordertt of the

reflectlon

1¿t
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liquld. begins to rise in the caplllary, because of normal

expa;rsion due to lncreasing temperatune" i,,Ihen a phase change

occurs the lnert liqulcl wirl either rlse or farl rapid"ly in
the caplllary d.ue to a voluine change in the soltd. phase

which has und.ergone a transitlon" There is usurally a tÍme

1ag betuieen the transltlon tenrperature and- the tennperature

at iuhieh the voh.läre ckrange occurs¡ so þ'nat it is necessary

to observe the plrase change from both sid.es of the tr.ansltfon
polnt, and- to take the mean of the observed. temper"atllres of
volume change in ord.er to esbabllsh the transition
temperature,

6. oPTTcI\L EXAi'ITNATIoTT oF ÜBySTALS

Transparent crystals can frequently be ld"entlfied. from

their optS-cal propertles; to d-etermlne thelr propertles the

crystals have to be examinecl und-er a petrographie mj.croscope.

ït 1s lnposslble here to d-escrlbe the d.etaired- features of
crystal optics but Lt can be pointed. out that crystals can be

d-evid.ed- into th¡"ee maln groups on tlle basls of their optical
properties. 'rh.e f irst group consists of those crystals whlch



t6

are isotropic fn al-l crystallographlc d"lrec'cions; all- such

crystals belong to 1,he cubj-c systern. liil non cubic crystals

krave ine abllity of breaklng a loea-m of lighìi; into iv¡o separal,e

rays, exeept along a si:eciaI d-ir.ection in the case of certaln

crystals, and. along tlto speclal d-irectlons in the case of

other crystals, lhe second- optical grouplng of crystals

consists of ihose characterized- by the one d-irection, along

which the crystal ls isotroplc; these are said- to be optically
uniaxial and- all such crystals belong to either the tetr"a-gonal

or hexagonal systems. The thirci optical- group is mad"e up of

those crystals rru-hich have two d.lrectj-ons of optical lsotroplsm,

and- these are sa"icl l,o be optically b1axlal. Å11 iriaxlal
crystals belong to the orthorhornbic, monoclinic, oF triclinic
sys'bems. Und"er the petrographic microscope it is fairly
stralghtforward" to d.eternine to ivhich one of these optlcal

groups a given crystal beloirg*s, but to d.ecid-e i.vhether a uni-
axial crystal for exanrple, belongs -bo 'bhe tetragonal or

hexagonal system d.epend.s uÍ)on other optical and. physical

characterisl,ics of the crystals l,rhich may or may not be

observable in a given case" It i-s thus noi alrvays possible to

d"eterinlne by op'blcal r¿ethod.s the crystal systen to lvhich a

given crysta"l belongs.

Un-j a;ria,I ancl blaxial crysta,ls have iefractive ind"lces

wirich are d.lfferent in d.lfferent crystal d"irections, and. thus

each uniaxial or biaxial crystal ls characterized- by a range



of refractive indices from

Èo a ma>llmum vaLue in some

inclices used. along r^iith the

crystal can be very useful
when there is a set of tablesZZ glving the op.bical proper.ties

of a large nunber of crystals.
The refr"a"ctlve lnd-ex of a crystal 1s found. by compar-

lng lt to that of a set of oils of knor,,r¡r refractive inclex,

und"er the petrographic mlcroscope,

t7
a nrinimum va.lue 1n one d.lrection,

other d.lrection, fhese refractlve
other optj-cal propertles of a

in the id.entification of erystals
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LÏTEBATUBË ËTVÏET

TEBNARY SYSTEI{S

A, The System-Sod.i.um Chl-orid.e-Sod.ium Sulphatg-I^iater

This system was first lnvestigated. at 25oC, by

tieyerhoffer and- Saund-ers9 ln 1899 as part of the reclprocal
salt pal-r, sod.ium chl-or1d"e-potasslun sulphate-water. The

tennary sysüem was also investlgated" by Seid.elllo, ir L}OZ,

at several temperatures besid.es 25oC., buù hls rvork r¡as not

very exact. The composition of the invarient po5_nts ln the

üer.nary system irras reporÈed- by Ëchre1n"*rk*r=f1 ln 19ll,

THE SYSTEITI lrlacl - NarSoU - Hza at z5oT.

F]GURE B

1B
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BJ.asclale*-, in 1918, and. Takegaml--, in L92L, also

f-nvestlgated- thls system. Takegamlrs results d.iffer, but not

slgnlflcantly, from those of Blasd.ale" Flgure B shows the

equ11lbrLun d.lagram, d.ra¡¡'n from Takegamlr s d.ata"

The Ëystem-Sod.lr.lm Chlorid-e-Lithiunr

systen In L92l+" Their lvork shows the strong rrsaltlng outrr

effect of lithlum ch]-orid.e on sod.lum ch].orlÖe. The solution

at the only lnvarlq;nt polnt has very Ilttle sod.lum clrlorid.e

ln It. The equllibrlun d-lagram is shonm ln Figure p.

Snlts, Elgersma, and. Hard."r.b,r.rg1& lnvestlgated. this
at 21oC 

"

Chlorid.e-Water

"U-IGURE 9

l.HE SYSTEM LiCl - NaCl-H2o at ?5oC.



C o The Syst.e-Ig -
rì

aþ 24-Ç "

Apart from the work ca¡rled. out by Schreinemakens anfl
'l ( ô ----! ---^ ^r . O

Kayserr) aþ 30oC., the first study of this system at 25 C.

was mad.e by D*rzhinin and. yt rLol6 " Their equilibnirira d.lagram

ls reproduced- in Figure I0.

Lithlum Chlorid.e-f,!þiÉ¡¿m Sulpk¡ate-t-trater

2,0

at 21oÇ.

In the Past tlrere

( see the ad.Öendun) as to

D. The SYstçn-L1thlum

fHE SYSTEIVI LiCl - 112Ë04 - Hzo Ar 25oC.

FTGUBE 10

S ulphat e -S od-lun Sulphat e--t¡Iat e r

has been a good. d-eal of controversy

¡¡hether there 1s a solld- solution of
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the sulphates fn this systen, or whether d.ouble salts are
formed.. ca-varca and. Nard.erlirT clai* that the d.ouble salt
Narr,l(sotu) r"6\10 exLsts at z7oc, However, ùhe v¡ork of tampbell
and. KartzmarklS shows üirat there ls no such salt at z5oc" They

have also shoum that the d.ouble salt LlNaÊio4 d.oes exist at
hlgher tempenatqres, bu-t t]na.t j-t breaks d.ovnr to the sinple
sulphates at 2g,3oc, Figure l-1 shows the system accord.f-irg to
Campbell and. Kart"**"k.18

FTGUTIE 11

N c. S0o



E, Thg Syslem-Potasslum Sulpha-þs-potassium Chlorid.p-

fhe lnvariqnt polnt of this ternary systen appears in
tho reclprocal sart palr (K;'+, Nrz** )(cLz, so¿l=) waten at
25oÇ. u whlch has been invesüigated. by i'leyerhoffe¡- a:rd.

saund.ersg ane. B].asdalel2. ft has also been irnrestlgated. by

Ta. Anosov and. Byzouuag , dt a serles of 'benperatures.

t¡later at 21oc.

22

¡'TGUTIE 12

rJ'HE SïSTEM K2SO4 - KCi- - HZO at z5oc.
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F.TheSystgn.-PotasslumChlorld.e-LlthiunChlonld.e-

i¡later at Z<oC.

This system was lnvestlgated. by Campbell and Karþzwar]gíaO

LgS6. Their equilibrium d.iagram appears ln Flgure L3.

G. The system-LlBir.u3 sulphate-Potassiun Ëglphate-Î*iater

at ?1oC.

This system was f lrst lnvestlgateÖ by Ye.nko and-

21
Druzhintuft In L955. They claln that llthiun potassium

sulphate (IJ1KSOb) ls fonmed- only in the llnltlng case of a

Trffi IiYSTEIYI KCI - L1CI - Hro at 25oC .

FIGURE 13
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series of sol1d. solutions, The system has also been mad.e a

subject of stud.y by Campbell and- Kartzmanul8, and. thelr work

shows that double salt exlsts between LIZSO*.H,O on one sid.e

of th.e d.1agran, and. nrSO* on the other. Flgune l-4 gives the

equll1bnlunn d.iagram, as they d-etermlned. lt.

THE SISïEi\i LiZËoþ - KZSO& - HZo at 25oC.

FTGUTjE 14



2 ' THE SUATEB]IIA}iY SYS'IEIriS

.4. The Beclr¡rocal SalL Palr L$hiun, Sod.lum, Cþlorid_go
ôSulphate, tiater at 2\"C.

No nentlon of bhe reciprocal salt palr
turr+l l,itr) rc:rf, so,=) water at zioc. can be forxrd in the

llterature"

Bo The Recl-procal Salt Palr Llthlum, potasslum, Chlorld.e,

Sulphate, T¡iater at ZqoÇ 
"_

I?,eference to the reciirrocal salt pair
(rcz*+, i,if +i lcrj, So; ) water at z5oco could. not be found.

ln the llteratu¿e.

2Ë.



All the chemlcals were used. as suppl.led' by the

manufactvrer wlthout further purlfication' Ïn every Gaset

except one, analysed. matenlals were uged-n The grad.e and.

nanufacturer of the salts enployed. are glven ln Table Ï,

[ABI-.,8 Ï
THE AE{IGEITS

PUBTTT OF I'TATËBTAT*5

LlCL.HzO

L12s04'HzO

NaC1.

NaTSOU

Nar$OU'10HA0

Ftsher Sclentlfle Co.

Brltlsh Ðrug Houses LtÖ'.

Flsher Sclentiflc Co.

Fj-sher Sclentlflc to'
Brltlsh Ðrug Houses LtÖ.

Ma].].lnclrrod.t ChenlcaL ltorks

$alllnckrod.t thenrlcal Works

KC1

KzS0lù

The sulphates used. to oetermine the vlscoslfy eurves,

whlch forned. a part of the analysls scheme, were not further

purlfled., but they were drled. by fusion ln a platlnun d'lsh"

After fuslon they were ground. In a mortar, and. stored' ln a

d.eslccator over Drlerlte. It was found. that elq)osure to the

26

Certlfled. Beagent

Analan

Certlfled. Beagent

Centlfleil Reagent

AnaIar

Analytlcal. Re-
agent

Low Nltrogen
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atmosphere for short period-s of tlme d-id not lea.d- to any

apprecia.ble lncrease ln the welght of elther llthiu¡n sulphate

or sod-lum sulphate,

The silver nitrate used. in the gravl-metrlc d.eterninatlon

of chlorld-e v¡a.s the analysed- material supplied- by the l'lerck

Cornpany, lrl both the ll$eagentrr and- llÇhemlcally Puretr gra-des.

The sulphuric and- nitric acid-s used- were the

trChemically purett analysed- materlals manufactured. by Canad-lan

Industrles T,lnlted."



The anal.ytical- scheme makes use of a physical

property of sulphate solutlons to d.eterrnine the amounts of

lithii¡m and- potasslum or sod"Lum present in the liquid- and-

solld phases. soluttons of lithium sulpha.te in t'riater, and'

ofsod.lumsulphatelnwater'prepared"byd-issolvingfhe

same weig'ht of each sal-t ln water, and. mad.e up to the sane

volume, exhiblt a consid.erable d.lfference 1n vlscosity' The

viscosltles of the solutlons of the two sulphates 1le

between the vlscositj-es of solutions of the pure sulphates"

By preparirrg a Series of solutions of mlxed" sulphates, and.

d.etermlntng thelr vlscositleS, a curve of viscosity vei3sus the

amouïrt of one of the sulphates ln the sulphate mirbure can be

dravüïr. Therefore, the amoirn'c of each sulplTate ln an unlfn'owj1

mixture of the two sulphates cafL be found- by preparlng the

speclfled. so}ution, and. flnd.ing the viscosity of thls

solution.
After a gravimetrlc d.eterrolnatlon of chlorld'e, enougkr

information about a mlrture of the four ions tiz+ +, uaf *ot

ni*, cL?= and. sou= ls knovm so the percentage of each ca* be

oalculated., d.eter.nilnlng sulplrate by d.i-f ference.

iIIETITOD OF ANALYS]S

2B
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1'LlqltldP}rase.ofthePotasslr¡.rn,!'lthlum,Chlorid.e,Sulrrha.te.,
T¡later SYstem

Tlre water in the liquld' phase of this system was

d.etermi¡.ed" by weighlng the solutlon ln a platlnum d-ish' and"

then evaporating it overnight in an oven at t4ooC. The laSt

i,races of water were renoved by fuslon of the remainlng salts,

and.thetota}watercontentl¡asfounÖbywelghlrr¿5*thed-r.ied

salts, 1ïl the welghed' platlnim d'1sh'

The d_rled. sarts were coarsely ground. in a mortar and.

well mlxed.; a Snall por.tion was d.ried. at L40oC' for an hour,

tobeused.forthegravlnretrlcanalyslsofchlorld-e.Tothe
rerralnd.erofthesaltsanexcessof].:lsulphurlcacl.d"was
ad.d-ed.toconvertthechlorlÖestosu.lphates'Thevlater'and.

excess aciÔ ï\iere removed' by heating; first gently with a

Bunsen burrrer und.er a sand- bath, and' then more Strong'*Iy wlth

a lleker buiii.er app11e0 d'lrectly to the platl-num d'f'sh' untll

sulphurtrloxid"efumeswerenolongervislb].e.Flnally,the
d.ish and. 1ts contents were heated. in a furrrace at 6O0oC"

for a perlod- of not less than slx hours' to d'rtve off fhe

lasttracesofsulp}rurlcacld..Thesulphated.salts}Íere
flnelyground'and-tested.forthepresenceofchlorj.Öelona.nÖ
sulphuric acid., with si-Iver nitrate solutlon and' lltnus paper

respectlvely'Thewelghtofpotasslumsulphatej:ntengrams
of ùhe sulphated satts was found by dlssol-ving ten grams of

the salts in waÙer, maklng the volume up to one hund-red'
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niLlllLtres at 25oC. , and. d.etermlni-ng the viscosi'ty of the

resulting solutlon ln a mod.ifled. Ostwald' vlscomete¡ at 25oC "

Topreparethestarrdard.vlscositycurveaseriesof
sol.utionsrranglngfronpurepotasslumsulphatetopure
Ilthiu¡n Sulpkrate was prepared-. Each solution contalned' a

total weight of ten grams of sulpkrates, and- vras mad-e up to

a volume of one hund.red mllrilitres at 250C. The solutions

were flltered" raplÕ1y through sintered. glass to remove any

MODTFTEÐ OST'IIALD VTËC OI'IEITEE

FIGURE 15
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1nsoluble mater.ial, and. then the vlscoslüles at 25oCé Írere

found" by uslng a ¡oodifled. Ostwald vlseometer, The d-enslty of

eackt solutlon at Z5oCø Þras for.¡nd. by uslng a nod.Lfied. Ostvqald.

pyknometer" The vlscosltles of the sal.t solutlons were

conpared. to the arbltrani-J'y chosen stanci.ard- of T rr' = 1.0000

at 25oC,s where tì Hro Ir the vLscoslty of water.



VïSC0ST'-IIE,9 AiVir DEI{SITIES oF LITHïUï SUI-.PHATE-POTASSIUI'Í
SUü)IÍ¡IT8-ì'üA[,Eä SOI,UIL,IONS AT Z5aC .
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The percentage of eh-lonld.e was d.eternined. gnavtämetricalJ-y

accord.lng to the procedure glven by Kolthoff and. Sande1123.

Each analysls was carried. out ln quadrupllcate, and. the mean of

the four values for chJ.orld.e rvas taken as the percentage of

chf.orid.e,

The sulphate rad-lcal was d.eüernlned- by d.lfference.

z" Ï,lquid. Phass of the Soö1r.rg Llthlun

Systen

The analysls of this J-Lquld phase l¡üas carried out ln
exactly the sane manr.er as t}rat of the prevlous J-lquld. phase,

except that twenty grains of the sulphated. salts rÊrere mad.e up

to a volume of one hund.reð m1lllllters at Z5oen for the

d.etermlnatlon of the vlscoslüy" The stand.ard. viscosi-ty cÌrrve

was d.etermLned. by preparlng a serles of solutlons, 1n whlch a

total of twenty graÃs of sulphates was mad.e up to a volume of

one lu¡nd.red. nlJ.J.llLters at ? 5oC, , a¡rd. the vlscosltles
d.eter,ml-ned.. Once again the viscositles of the salt solutLons

are glven (see Table ITT) ln comparlson to the arbltratrl3.y

clrosen stand.ard of water havJ-ng a viscosS-ty of 1.0000 at 25oC*

The curve 1s glven ln Flgure 16.

Ch].orid.e SulpJrate. ïüater
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VISCOSTTIES AND DH\TS]TTES oF SoD]ui'T SULPHATEj-LTTHTUT,Í
SULPHATE-T;IIrTER SOJJru,ïOi{S Á1, ZsoC .
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3. $o11d- Phase of ihe, Potasslum, Lfthium, Chloriee, Sulphate,

ïJater System at 21oC,

The soJ-ld. phases of thls system were ld.entifled. by

chemlcal analysls, uslng the same method. tha-t was employed_ to
analyse the l1quid. phase of ühls system, .at all points where

one, tlvo, or. three solid. phases were beli_eved_ to be ln
equ1lf-brlum lvlth solution lt t¡as posslbl e to ascer.taln that
such was actually the case from the amount of each lon present

in ühe solid- phase, md. from the knoi,¡led.ge that lithiuin chloricle
tniould. be present as a solid- phase only when the amount of
llthium chlorÍd.e 1n the liquid. phase was e:rceed-ingly high.

l+, SoLj-d. jhase. of the Sod"iuq, Llthium,

l,,later System at 21oC.

Along the curve which shot'¡s sod.iun sulphate d.ecahydrate

and- soli-d. solution of llthlum and. sod.lun sulphate in
equlllbirum wlth soluù1on, trl thls system, chemical analysis,
carrled. oul, as in ihe liquid. phase, shows that t,he number of
equivalents of sod-ium cosLsid.erably excoed.ed- ùhe equiva.lents of
]lthlum ind.icating d.ecahyd.nate in the sorld- phase. sod-lum

sulphate d.ecahyd.rate r¡ras id"entifled. by plcking out a few

crystars, and- 'hrarming; them sllghtly. 'Jhese crystals d-ehyd"rate

lmmed.iately because of the translülon fron the d.ecahyd_rate to
anhyd.rous sod.ium sulpkrate and. iaraten, whlch takes prace at
approximately 32,54c. rt was not possible to id-entlfy the

Chlorid-e , Sulpha.te,
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solld" solution ln suclr a d.irect marvrer.- but its presence r\ras

shov¡n by the appearance of Lithium in the so].lcl phase.

At points r¡here one of the solid. phases was lithium
sulphate rnonolr.yd.rate it i^ras ld.entifled by the prlsnatic hablt
of the c::ystals, and. by the fact that it would. not d.ehyd.rate

on a steam bath. Thls salt loses Lts r¡rater of hyd_ration at
lz8oc;

.At the sod.ir:m chlorlde, llthlum sulphate monohyd.rate,

solld. solution lnvarlqnt point the only sal-t that could. be

ld.entifled. uneqtrivocally was llihium sulphaùe monohyd-rate and.

this by the method. Just glven. At ühls invariqnt polnt alI of
the solld. phases lnclud-i:rg llthlum sulphate monohyd"rate were

investigated. by using a plane polarizing nlcroscope, lout ln
orcler to be a,ble to use thls it was necessary to d.ry the solid_

phases" ft was quite possibre that one or more of the sotld.
phases which were süabLe ln the presenee of solution, would_ be

unstable in its absence, and. hence woul-d- und.ergo a phase

change on d.rying, This llmitatlon makes results obtained. fnoia

lnvestigating the d.riecl salts of questionable value.

A d.llatometer was usod. to d.etermlne the behavior of the

transitlon rcolnt of the d-ouble salt*1n the presence of chl-orl-d-e

ions. Ïn ord.er to master the tochnlque an equirnolar mlxture of
the sulphates of l1th1um and- sod.ium was put into the d.llatometer,

and. the transltion poJ-nt of the d.oubre salt was found_ to lie
at 2).9oÇ,i wlthln 0.6oC. of the value of Z9"3oC. found. by
* tualtso,
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caropbell- and. Kart"o,rrkl8. The experlment was nepea.ted. using
an equlmolar mlxtune of litirlum sulpha.te nonohyd.rate, and.

sod.lum chlorid.eo but the only transltlon polnt found. Ln thls
mlxture was at approxlnately raoc o Aïr ectrulmorar nlxture of
the sulphates d.oes not exlrlþit a transltlon polnt aù thls
tempenature, so the transltron rrolnt for¡nd. was not l1kely to
be of sod.ium sulphate d.ecahyd.rate und.ergolng d.ehyd_ration in
the presence of chlorld.e lons. The transltlon polnt for¡nd. at

o
Lz c" could. have been caused. by the breaklng d-own of sod.iun

llthlun sulphate but, 1t coul-cr arso krave been caused" by sone

other phase change, rf the transitlon polnt foi.rrd- at rzoc.
T¡Ías, in fact, ëue to the irTallsoU d.ouble sart breaking d.orrn to
soLld. solutloir, then, there would. be an area wlthin tne z5oc"

Lsotherm of this reciprocar salü pair, in whlch the d_ouble

salt luould. be in eo¡rlllbriunn with solu'bion" No such area ïras

found."

rt r¡ras origlnarly hoped. that the solld. phases could. be

id.entlfied. by mear:.s of x-ray powd.er photographso .A.ttempts to
d.o thls r'rere mad.e by enclosing the we'b solld. pTrases in glass

capillaries, but, plctures taken in this way gave only a
d.arkened. f l1n wlth one or two strong lines, 't¡,Irapping the røet

solid- phase 1n an envelope of col-lod.lan gave the same results"
The poor photographs in both cases apparentry resulted. from

excesslve x-nay scattering by the glass ol collod.ian, and. from
water in the sample,
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Ïn ord.er to d.etermlne the pnactlcablllty of the ¡oethod.

for the salts concerned., two mlxtures of d.nyo noagent gnad.e

salts were prepared. and. photographed., The flrst nixture
consisted. of /J welght pereent sod.lum sulphate ani- zJ lvelght
peroent llËhlum sulphate monolryd.rate Flgure rg (Flrn 1), and.

the seconcl" of 2J welght percent sod.lr,un sulphate, and. lJ weLg]nt

percent sod.lu.m chlorld.e FS.gure lB (l'11m z). tr'lrn 1 shows only
very r¡eak 1lnes due to lithlun sulphate, By comparlson, the
sod.luru sulphate lLnes on Film z are stnonger, but the strongest
Ilnes on the sod.lum chlorld.e and. sod.il,r¡n sulpirate powd.en

photographs eolncld.e, maklng thls method less sensltlve than

usual" The sod.li¡¡s sulphate lLnes are weak, but
d.lsËj.ngulshabre" rïr the practlcar case of weü sorid. phases

in glass the llnes rryorrld. all be much weaker, and. the background.

would. be ¡auch d.arker, the net effect of whlch would. be to
obscur"e most of the ¡{eak lLnes " photogi:aphs of pure socllun

chlonld.e, sod.lum sulphate, and. lithi.reu surphato nonolryd.rate

are shorn¡n 1n Frgune 18 (Ftlns 3, 4, and 5). lor the reasojls

glven above¡ ûo further attenpt was mad.e to utlltze thls method.

as a ineans of enalyzlng the soltd- phases,

5, Exampl-e- of the Calculatlons

Consld.er the llühfu:m potasslum sulphate (LlKSO4)r

potasslun chrlorld.e, potassiun surphate lnvarlant polnt ln
(Kz* * , LL; " ) (cIi=- So4= ) sysüem, and. the ana].ysis of the

the

IlqulÕ and.
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Fxln l" (?5ft Na2Soþ - 25% Lrz9o4"Hzo)

FLtn 2 {25% NarSo4 - 7J/' NaCL)

Fllm 3 (macr)

Film ll (NatSoO)

Ftln j (lrrSOO"HZo)

FÏGURE 18

X-BAY F O1.\IDER PHO[' OGRAPI{S



r+3

the solld. phases at thls polnt (point #10 , F1g. 2L, Tab1e IV).

Ao Llquld. Phase, The folIot¡ring d-ata r^rere d.eternlned.

erq>enlnrentally: 4l+.93L1 grams of water vÍere assoclated. wlth

l5,Bl+22 grams of salts. The salts $Iere 52"96% chlorld.e, and.

10 grams of suJ.pl,ateö salts contalneð" 6"?0 graÊs of potassium

sulphate, and. 3.30 grans of llthlum sulphate,

ïf 100 grams of the orlglnal salt mlxture were

consid.ered-, then 5?"96% of thls mlxture was chlorLd.e"

Tneatment v¡1th sulphunic acid- wil-] replace the chlorld.e with

sulphates, iresulti-ng ln a welght increase of the original 100

grans, The welght of the sulphated. sal.ts can be found- by

nul'biplyJ-ng the welght of chl.orld.e by the ratlo of sulpkete to

chlorld.e, subtracülng the welght of ckrloride, and. ad.d.lng the

d.lfference to one hundred.

(W x J?g6l 52.96 + 1oo = Ll7.ll srams of sulphated.
salts.\70 '9? /

Tn 10 grans of mlxed. sulphates there Ïrere 6"?0 grams of

potasslum sulphate, and. therefore, In LJ-l.ll grams of mlxed.

sulphates there were

l17.7? x U#O = ?8.9L grans of potasslunn sulphate

of whlch there were ?8"9L " 
jf2-- = ?B"gL rc 0orl¿l88 = 35.72

KzS04

Brams K, 1n the orlglnal 100 gnams of salts ,or 35.72/' KZ

in the orlglnal. 100 grams.

There urere L].?.77 - ?8.91 = 38"86 grams of lithlun



llrl+

sulphate in the sulphated. saltsu of whlch

LLp
38.86 x fçS'õ; = JB.B6 x O.Lz6z = t+.g5 grans was Lt2+ +or

the orlglnal salts contal¡.ed. /1. g5f" LIZ* *

[he sulphate was found. by d.lfference:

100 - 4"95 - i5"?z - 52"96 = 6"3?% sulphate.

rn ord.er to be able to pJ.ot thls polnt on the dlagnam,

the pencentages must be converted- to the mole fractlon of
LLZ Ln the catlons and. the mole fnactlon of CL, ln the anlonsu

rn 100 grans of the salts the nunber of mores of each lon was

welsht CIe = äe& = o.?LþZ noles CL,
moleculan welght c12 70"9?

Idü. K_-á
ffi ê-

moles

rnoles

of

of

nole fraction CIg

anlons

caflons

=d#=
s!ffi=

moJ-e fractlon Ll,

0"457 noles K2

= 0.813

= 0.813

= 8:eg = o'e18

To flnd. m, the

O,356 moles L12

o "066

=+:EF
number of moles of waËer per total nol-e

moles SO,

= 0.439



of salts, 1t v¡as necessary to flnd. holr many grams of salts

there üIere per üotaI mole.

There were

wlth 15,84 grans

Bo ËoIld. @9. The solld. phase was anal.ysed. by the

same procedure exoept that m i,vas not d.etermlned. The

percentage, and. the nrrmber of moles per 100 glams 1n the solld.

phases, of each lon ls glven beLow.

= 123.00 grams of salts per nole,

n = ffi = ]:g.4 mo]-es of waten

ttt+"93
18,01

of salts"
= 2"J0 laoles of wator assoclated"

llherefore,

clz-
,t ++\2
-.+ +utz

*o4=

45

.A,11 the elr-lorLde at thls polnt

potasslum sulphate, and. KLISO4 are 1n

must be pnesenÈ as potassh¡-m chlorld.e,

were 0"187 moles of KrCl,, ln 100 grams of the sol-ld. phase.

L3.24

4o "7l.+

l"?6
LþLl,.26

Slnce al1. the Llthlun exlsted. as I{L,1S04r then there were 0 "?-51+

moles of d.ouble sal.t pnesent, leavlng O.ZOL\ moles of potasslun

sulphate ln 100 grans of ühe solld. phase,

PIoIes pe_r _100 grams

0 "187
0 ,52L

o "].'27

o,l+6L

u¡here potassJ.un chJ.onld.e,

equf.llbrlun wlth soJ.utlon,

trlhlch means thât there



In ord.er to attaln equlllbrlum, the salts artd. water

I,rere placed. ln the solublLlty celI, and" stinreÖ for twenty-

four hour:s at 25oC" In the orlginal so]-ublllty cell, the

11qu10 phase was ren¡oved. by suetlon through a slntered. glass

fllter stlek that replaced. the stlruer. The J.lquld. phase

was colJ.ected. ln a necelver attacheil by a ground. glass Jolnt,
as shown ln f'lgure 19, Thls neËhod. of separatlng the phases

was not satlsfactory because lt frequently left the soJ.ld.

phases very wet. To correct thls d.lsaÕvanËage a seeond. tJrpe

of cell, whlch had. a slntened. glass d"lsk bull.t lnto lts
bottom, was used-" Durln,g the long perlod. of stlrulng the

slntered. glass d.lsk was covened. by a long handl.ed. glass plug"

The stlrrer v¡as d.eslgned. to flt over Ëhe long hanÕle of the

plug. Flgure 20a shoÌ^rs the cel.l set up for. stlru3.ng, and. 20b

shows tho method. of sepanatl-ng the Llquld- from the solld.

phases"

Ðensltles were cLeternlned. ln a nodlfled. OstwaLd.

pyicnoneter, and. vlscosltles were found. by neans of nod.lfled.

Ostwald. vlscometer; both were callbrated. ln the usual way.

Tine TJoC" thermostat was of the conventlonal tJæe, and-

controlled. the temperature to t g.-O5oC,

APP/dRATITS

Lþ6
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1" GENEBAT{ I{grHOD

plottlng the lnvarlqnt polnts of the four fernary systems,

conprlslng the partlcular reclprocaL saLt paf-n, on the

ed.ges of the square upoll whlch the experlnentaL ctata were

to be plotted." At a¡.ry o11e of ihese ternany lnvarl€S.t polnts

there would. be three of the four posslble lons present Ln

the Ilquld. pÏrase. Polnts nlthln the square were for¡¡rd.

etçperlmentally by add.lng the fourth lonn and. movlng lnto the

square fron the lnvar:lqrt polnts !n the ternary systems"

Thls was accompllshed. by naking up solutloas whleh were very

near to betng saturated., and. whlclr. contalned. a small amounf

of the fourth lon tlrat was belng ad-d.ed. to the three lons of

the terrrary system; large amounts of the two solld- plrases

that were ln equlltbrlun wlth Eolutlon ln the tennary system

were also presento The solutlon and. the soLld pheses Ïiere

stlryed- for at least twenty- four hours ln the solublllty

cell; the solld. and. 1Lqu1d. phases were separated., and. then

both phases were analySed. After analyslg, the polnt was

pLotted. on the Square u and. the next polnt was mad.e up to falI

further lnto the sqlrare by add.lng more of the fourüh lon.

In a three component system the nethod. of analyslng

t+g

The generaL method. of attack consLsted. of flrst

EXPERTJ4ENT-qL P BOTEDUBE
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soLld" phases, wet l'rlth nother llquor, Ls Sohrelnemakers¡ wet

resldue nethod. fon d.etermJ.nlng the nature of the solld phase,

but ln thls problem, onJ-y poJ.nts whene üwo or three sol.Ld-

phases were ln equlllbril¿m wi.th soLutlon were lnvestlgateð,

If one phase polnts Trad. been lnvestlgated., and. the water

content pJ-oüted. ln the thlrd. dlmenston, then the lLnes Joln-

lng the composltlon of the llquld. phase to that of the tnret

residue wouLd. have net at a polnt, glvlng the composltlon of

the solld. phase pr"esent. T'lhen two or more phases are present,

the llnes Jolnlng the conposltlon of the llquld. phase to Ëhat

of the weË resLôue are scattered..

Invarlwrt polnts revealed. themselves ln two ways. The

flrst was by the sud.d-en appear€mce of a new lon 1n the wet

resldue, oh vrhat had. been a curve of ttuo phases ln
equJ.llbrlun wlth solutlon, thus Lnd.lcating the presence of a-

thLrd. solid- pkrase. SeconùLy, at an lnvarlqnt polnt various

ratlos of salts oan be stlmed. to equl3-lbrlun to glve

solutlons ld.entlcal ln composltlon.

Tt was found. þy7aþ solutlons eontalnlng a lange amou¡et

of llthlus chLorld.e exhlblted. a much stronger tend-ency to

adhere to tho resldue than solutlons low ln 1lthlun chlorld.e

content. In ond.er to get a mor-e aceurate estlnation of the

composltion of the solld- phases at polnts of thls nature, lt
was necessary to d.eten¡nlne the v¡ater content of the wet

r.eslêue, and. then to subtract the lons that would. be d.lssolved



in thls water, from the conposltlon of the solld. phases.

?. TIIE SlÉTEfl tï.Titï.Uivk FSIASSIUII, C,HI,OIìIÐE-, SUIiPFiATE, J^IA'IEB

4g 26oC"

The general nethod. of deter"mlnlng the equlllbrj.un eurves

and. points in thls sysfem, as glven above, was followed.u [he

lnvanle¿ef polnts were d.etermlned. 'oy both crlterla of lnvarl-qnce"

THE STSTEI{

z5oÇ.

llthluur sulphate monohyd.rate, soIld. sol-ution lnvanlEyrt polnt

urhen appi:oachlng 1t from along the curve upoÌl which soJ.j.d.

solution and. llthlum sulplrate monohyilrate were 1n equllibnlum,

by the sud.d-en appearance of chlorid.e. The lnvarLqnce of this
polnf uras also show:r 'by varl-ous ratlos of sal-ts giving

soLutions of the invanlq¡et conposltlon"

It was posslble to ld.entlfy the soitlum chlorld.e,

LïTHIUIVI, ,SODItni, ÛHLOB,IDE, S-UtrpHATE, htATER AT

5L



The erçerlmental results are coLlected ln Tables IV

to VII, pages Jj fo J6, whlch llst the conposltlons of the

Ilquld. phases and. wet resldues of the reclprocal salt paLrs

lnvestlgated.. TabJ.es VÏII and ffi, pages 57 axñ 58' glve the

moLe fractions of the lons, the rnoles of water per moJ-e of

salt, and. the sollÖ phases present at each polnt for each

salt palr,

E}PERT}E}flTAT AESUT,IS

52



CO}IPOSITTON DATA OF
Kzn*, t't[ *,

Polnt

1
2
3
l+

2
6
7
B

9
10
11
L?,
L3
I4
t5
t6
L7
1B
L9
20
2l

l,.fto %

TABT,E IV

lrrE LISUIÐ PEASE 0F rEE sYsrEM
o{; , *oro , Hao AT 25oc '

clz

t+B 
"L6

52,73
I "oll'

33.32
t+o "73
t+7 "66
51. L8
52.77
53"99
52"96
57 "736t+,3r
r0.18
33" 58
5t+"87
68,85
72,28
73.?5
72.82
77.0L
81. 11

T¡It 
" % Kz* * wt"% Ltzt + T^lt. % s'o+

t+2.65
37.08
2l+ "L328.00
29 

"t+3
32.79
3l+.lIþ
35.75
3t+"32
35 "7229.89
22.1+3

??o
4,L7
5 "l+L
7 "26LO"5?

1I. 87
lo"78
7.48
3.6t+

53

L,37
t+"55
6.24
6.?'1+
6.17
5.53
5.3L
Lt,93
5 "38l+.9 j
6" B0
9 "19

1,2.12
L2,95
]3"55
:-3 "66t2 "95]..2"56
12. 84
L3.96
L5.22

2.82
5 "61+6o .59

3z.þLv
23"6?
ltl.02
9.37
6.55
6.3L
6 "37
5,58
lþ 

"LZ
74 "3LItg "3o
26 "L7l.o,7"3

3,25
z.jZ
3"56

- L"55
0"03



comPffiITION DATA OF THE-WEÎ BESIDUES OF 'J'HE SvsTEt4vv¿s *-ü;+-\-i6* 
1 tlã=, s04=, Hzo ar 25oc"

= r ,t rt'ì 7t¡+
P olnt rr+ ol nt - = I^,a1^ rru6 -/o wLZ 'Jt. ft K; + Nv"p t':'2 tsrrr6 % SO+

.Blo"

1
2
)
4

,o
7
B
o

10
11
T2
L3
L¿t
L5
r6
w
1B
19
20
2t

TABI,E V

25.58
29,28
traee
2,82

lvace
3.5Q
t.65

18.78
L8.55
13 "zLl
23 "30
27 "87trace
traco

5 "83trace
L8.79
LIl.37

5.1+B
20.o3
33"09

48.46
46"57
3t+,29
30 "37
3]..73
38 "39
37 "5L
38.74
36.t+o
l+o.TI+
37 ,53
38, 81
J.3.6Lv
tL.35
10. ?,1

g .7L
?6 "gg23,63
11.08
23 "6L
23 "12

5Lþ

0.].¿t,
o"B¿l
2 "gBLþ"2L

3.70
L.98
2.L5
2.57
3,2L
L.? 6
3,06
2"95
8. 78
g "4310. 01

IL"35
5t:22

B.g 5
6.88
?,60

25.82
62.73
23 "3L
62.6o
64"57
56.L3
58.69
39 "9tlt1" B4
l+Ly "2637.tr
30.37
77.58
79 "22
73 "95
79,BB
LtB.i5
55.39
7Lt.t+9
l+9 

"lt'9
36 "L9



[IiE tol.{Po,sÏ[r0N o3' ÎIIE s0]l'lltloN$, AND TIIE
NATUBE OF THE SOIJD PriAsES rN TIilE SrÐTEili

ff f * - K{ * u cL¡ , sor.r=, Hzo ar ?5oc 
"

.
Conpositlon of the

potnt - 
.-i,iàufa pf,asg Moles--of HrO Nature of the

I{o" ffi pen MoJ-e ' Soli-d. Phases

ÎÅBI,E VI

tr'ractlon Fraction
cle -- LTl* *

L
2
J
LT

,
þ
7
B

9
10
11
L2
L3
L4
L5
L6
t7
18
t9
2A
2L
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COÏ'FOSTTTON DÁ.fA OF THE IJSUID PIIfTSE oF TIIE SIËTEI'I
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COI{POSTTTON ÐATA OF TIÍE },TE"I BESTDUES OF TIIE SY$TET{
LL2++, Nazt+, c!2=s so&=, Hzo !'T 25oc.
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IHE COI,{pffiIrION OF THE SoümIo]SS, -qND T}IE
i$ATUBE OF THtr SOTJD PTI.qSES TIS TlM SY$TEY]
LL2++ø Nazt+, crz=, $04=, H2o a[ 25oc"
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1o THE SÏSTEI/I, POIASSIüIÍ, LITHIIIüI' CHLORIDE, SULPHATE, ]üATry
ar

AT 24--e.

The results of the chenleal anal.ys€þs of the l1quld-

phase, and. the t¡et resld.ues of thls systenn are llsted. 1n

Tables ff, V and. VI, pages 53 to 55; the equl3.lbrlum d.lagra^m

ls sholrn ln Flgure ?J-. [he currres whlch represent tlvo solld

phases ln equillbrlum wlth solutlon are shown as ühe heavy

llnes, anÖ the J.lghter Llnes are the lsohyd.rores 
"

In the reclprooal salt Paln,

DTSCUS$TON OF tsESULTS

the stabLe palr, that Ls the palr of salts that can exlst 1n

contact wlth each other and. wlth solutlon, ls lLthl-um sulphate

monohyd.rate, and. potasslum chlorid.e. Thene are three lnvarlqnt

polnts ln thls system" At the lnvarlqnt polnt B, 9 ¡ 10 ln
I'lgure 21 the solLd" phases are potasslum sulphate, potassiun

chJ.orld.e, anô the d-ouble sai-t (K1,1$O&), $lnce the lnvarlqnt

pof.nt d.oes not fal.I wlthln the area bound.ed. by the pure phases

present at the Lnvariqnt polnb, lt ls Lncongrüenüo. The

lnvarLqrt pof.nt, L7, 18, L9 wlrere llthlum sulphate monohyd'r'ate,

potasslun eblorld.e, and. double salt are Ln equlllbrlum ls also

lncongnl.ent. The only congnrent lnvarlqlt polnt ln this system

at ?.so}. ls polnt 21 where lithlum chlorld.e monohyd.rate,

59
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Ilthiurn sulpÍrø.te monohyd.rate, and. potasslum chloriê'e are ln

equlllbrlum lvlth solutlon.

A" Isothergr.al EvaPgratl-og

Isothernalevaporationl.sofconsld-erab].epractlcal

lnportaince because j-t can often show how pure salts may be

obtained.fromsa].tmlxtureslnso].utlon'Ao¡,1'alltatlve
lllustrat1on of lsother.ma]. evaporatlon rnihere the sorld- phases

are not removod. as they preclplta.te, and a quarititative case

when they are rerloved- as they form ls glven'

1n Qua1lta-tlre Exanple gE Jso.þþrina! Eva-poratloJ}

If a solutr on whose composltlon ls glven by polnt tr^I

(Figure 21) is atlowed" to evaporate at 254e" the flrst salt

to come out of sorutlon wilI be the d-ouble salt (Klisoll). as

d.ouble salt preclpltates the composlti-on of the solutlon wlIl

move d.lrectly away from that of the d.ouble salt, r'l¡1til polnt

vlsreaehed.,and"potassl.umch].orld.ebeginstopreelpitate

along wlth the d.ouble salto From v the composltlon of the

solutlon moves towards the lnvarlqnt polnt 1/, throwlng d'own

d.ouble salt and. potassLum chlorld.e a.s J-t proceed's' tlhen thls

poLnt ls reached. the monohyd.rate of li-thlum sulpha'te beglns to

preclpltate. At thls poLnt (an lncong¡rent lnvarlqrt poLnt)

there wtIl be a reactlon between the Crouble salt ln the solld'

phase, and. so1utlon.

HzA Ì zKLlSO¿l t clz=
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Thls reactlon will contlnue untl]. Ëhe d.ouble salt 1n

ti:'e soJ.ld. phase ls exlrausted., a:rd. then the conposltlon of the

llctuld" 1v111 move avüay fz.om 1/ toward.s 2L where lt w111

flirally d.ry up "

2. Ouant$atåve Exampl-e of Is_othermal Evaporatlon

Polnt X, in Ff.gure ?J-, represents a so1.utlon containlng

one total mole of salts, ln the proportlons of 0"30 mole

fra.etlons of LLZ* t and. 0.28 moLe fractlons of chlorld.e ClZ =

fn 53 moles of nater, The welght of each Lon ln thls solution

ls shom. below.

mole fnactlon

welght ln grams 1l+"2

moles

As evaporatlon takes plece potassiun sulpi:abe w111 pneclpltate,

and- the coraposltlon of the solutlon w111 move d.Lrect1y away

from that of pure potasslum sulphate, untll point Y ls reached..

At Y all the preclpltated. potasslum sulphate ls ne¡ooved.. The

conposltlon of the solutlon, trr mole fractlons, ls read. from

the equll.lbrlum d.lagnan (5''lgure 2L) , a¡nd. slnce no chLorld.e or

Llthlum has preclpS-tated. the amount of these lons, ln moles, ls
the sâme aS lt was in the onlglnal solutlono The composltion

of point Y ln mole fractlons and. 1n gnams ls:

,tr=

"20 "70

rî ++ttz

.20

5t+"7

.70

TJt ?1 <ñ -rJJ-ô UVI¿ Ll/

"30
t+"2

"30

,80

76"8
Qr\



noLe fnactlons ,39

welght 1n gr.ams lLþ"Z

moles

[hus, 1.n golng from polnt X to poJ.nt Y, 4/ gnams of sulphate

and. 38"3 gnams of potasslum urere preolpiËated-ras 85,3 grans

of potasslun sulphate, and. 38.2 moles of water evaporated-.

.A.t polnt Y, as evaporation continues, Ëhe d.ouble salt,
KL1SO4 w111 begln to preeipltate, and. since the potasslum

sulphate has been removed., the eompositlon of the solutlon
t¡111 move d.lrectly away fr.on th"at of d.ouble salt, to polnt

Z. At Z the solutlon compositlon 1s;

r-1 w ++
V.LO Il^

É. I

"20

'll2
L6 "l+

"27

rrr + +utz

"58
Lþ,2

"30

mole fractlons O.9l+ 0,30 0.?0 0"06

weight ln gnans LI+.Z 4.9 2,! 1.1

mol-es 0. 20 0 
" 
061+ O 

" 
lj 0, 013

In gof.ng from T to Z bV isothernaL evaponat'Loa l+2.5 grans of
d.ouble salt ?rere d.eposlted., and. 11"2 moles of l,raten were

evaporated."

At poi.nt Z potasslum chlorld-e r¡r111 begin to
preelpltate, along wLth d.ouble salt¡ so that further
evaporatlon v¡i-ll yleld nlxed. solld. phases, whlch are of
J.lttLe lnterest fron the point of vlev¡ of preparing pure

salts.

=--+

"61
2g .B

"3L
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2o THE SySrEI4, ÐÐlW, r,ITIlI.Ui[, çi{IpBrlg, SIiIjpIL{'lE, TüÁTEB

¡ll
.t\T Zq'C,

The results of the chenLcal analyses of the l-lquld.

phase, and. of the iret resldues, are glven ln Tab1es VIT, VIII,
arf.d. IX, pages 56 to 58; the equlllbn1un d.lagram ls shounr ln
Flgure 22. Analogously to the prevlous reclpnocal salt palr,
the stable salt palr of thls system ls sod.lr¡m chJ.orld.e arrd.

I.lthlum sulphate nonohyd.rate.

Two lnvarlant polnüs rrrere found. ln thl-s systen, one

of whlch ls i.ncongruent. At the lncongment lnvarlant polnt

(polnt 7) the sol'ld. phases ln equl].lbrlr¡m wlth solutlon are

Ilthlt¡¡r sr;J.phate nonohyd.r'ate, sod.il-¡m chlorld.eo and. a solid.

solutLon of soÖfu.¡n and ].lthlum sulpl¡ates, The anount of

llthlum 1n the solid solutlon lncreases as the concentratlon

of J.lthlum ln the }lquld. phase Lncreases. The solution at H,

the corigruont lnvarLant polnt rnihere llthiun chlorld.e

monohydrate, llthium sulphate monollyd.rate, and. sod.lun chlor1d.e

are the solld- phaseso 1s very rich ln lLthlt¡n chJ.oride.

As was mentioned" 1n the seetlon d.eallng wlth the

analysls of the solld" phases of thls system, thene ls a

posslbllLty that a"n area of the d.ouble salt, NaLlSO4 exJ-sts

wlthln the bod.y of the d.iagram¡ âs a result of 1ts transltlon
temperature ìre1ng lowered. by the presence of chLorid.e lons.
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If the d.ouble salt d.oes exlst, then there w111 be a currye

(A B) where d.ouble salt and. sol1d. solutLon are J-n equ1llbrlum"

The appnoximate locatlon of this curre ls shown by the

d.otted. Ilne A B j"n Figure 2J. If curve A B exlsts there w111

be lnvariaat polnts at A and. B. fittempts to flnd. one of

thesen op a polnt on cìrrve A B were frultlesso There ls,

holvever, a posslblLlty thåt such an area d.oes exLst.
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Ao IsotherJnal Evaporatiog

At polnt Iu, one mole of salts ane d.rssolved. r-n 1g moles
of water, The conposltlon of this solutLon ls:

=cLz

¡nole fractions 0.40

wei.ght 1n gnans ZB"t+

moles

,4\s evaponatl0n takes pLace the composltion of the llquld. plrase
moves d.irectly away fros t]'aþ of r-lthrum sulphate, as llthrum
sulphaüe preclpltateso rn go3.ng fnom I,Í to N the solutl0n
composltlon changes to;

cla =

mole fnaetlons 0,91
weíght in gnaros ZB.t+

Nrzt*

0 "10
l+ 

"6
0.100. ¿l0

noLes

+! =LLo' ' SOr,4,+

showing tyÊ.t /.8 gr.arns of llthlum æñ j3o$ grems of sulphate
preclpltated' as 7J-.7 grans of lithLun sulphate monohyd.r.ate.
At polnt N sod.lum chlorid.e beglns to contamlnate the
preelpltate and. there r-s no fu:rther lnter"est ln lsotherrnal
evaporatlon to prepare pure satts.

o" 90

IZ"5

0.90

N.2* *

0.23

l+,6

0.100" 4o

o.60

57.6

0.60

Lia* *

o.77

4.7

0 "34

SOA, =

0,09

3"8

0. 0¿l



The neelprocal salt palr llthlun, potasslun, chlorld.e,

sulphaüe, water at Z5oCo was lnvestlgated. by chemlcal

analysls of the llqu1d. phase and. of the wet resldues. ltrnro

lncongruent lnvarlqnt poínts l^rere found., the flrst havi.:ng tbe

composltlon of O"9L7 mole fractions of chlorld.e, O,l+37 mole

fractions of llthlumn and. 19.& moles of vuater per total mole

of salts. At the second- lnvarlqnt polnt the conposltlon v¡as

found. to be 0,967 mole fractÍons of chJ.orlde, 0"8?0 mole

fractlons of ]-ithlun, and. IJ.B moles of water pen tota-l nole

of salts. At the congruent lnvarlqnt polnt there were 9"6

moles of water per total mole of saltso whose composltl-on

was 1.000 mole fractlons of ch].orld.e and. 0"960 mole fraetlons
of llthium, The stable salt palr of thls reclprocal sal.t

palr was found- to be llthium sulphate nonohyd.nate and.

poüatsslum ohLorld.e. Qualltatlve and. quantlüatlve crystal-
lzatlon paths have been discussed-,

The systen, sod.lum, l1thlun, chlonld.e, sul.phate, waten

lras lnvestlgated. at Z5oC, Of the two S.nvarlegrt polnts found.,

one was lncongnrent, and. lts conposltlon was found. to be

0.8?3 mole fractlons of ehlorld.e, and. 0.668 mole fr.actlons of

llthlurn, wlth 15.1 noles of waten per. total nole of salts.
At the congruent lnvariqnt polnt chemlcal analysls showed. tT¡e
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llctruld phase to eonsist almost entlrely of 1lthlum chlorlde"

The stable sal.t palr was found. to be sod.lun chlorl-d.e and.

Llthi.um sulphate monohyd.rate" An example of a crys-r,allzatIon

path has been sho?rn.

Thero is a posslblJ-ity that an areae Ln whlch the

d.ouble salt NallSO4 Ls ln equillbriun with solutlon, exlsts

1n thls lsothermo Hotvever, only weak, lnconc1uslve, and.

amblguous evld-ence for thls was found., ln the forn of an

une:plalned. transitlon poJ.nt at L}oC" Attempts to flnd a

thlrd. and. fourth lnvarlqlrt polnt vüere fruitless. ff such an

area d.oes exist lt wouJ.d. probably be qulte smalI.
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THE X-RAT PO-I'IDEB DATA OF IJTHIUivT SUIFIIATE I\IOI{OHÐBATE

Ï'lhlle attemptlng to make use of X-r'ay powd.or

d.Lffraetlon phoËographs to ldentify the crystalllne phases

ln equillbnlu.in wlth solu'Uions of the sod.lum, llthlum,

chlorld"e, sulphate and. water reclprocal salt pa3-r, fhe

author for.rrd. that the X-ray powd.er d.i-ffractlon d.ata for

Ilthlum sulphate monohyd.rate glven ln the X-ray powd-er d.ata

fJ.Le of the Ame¡"lcan Society for Testing l,faterials were not

partlcularly conplete" Therefore two X-ray powd.en

photographs, one on a camera 57 ,J mm. ln d.lameter and. the

other on a camera J.14.6 nmo Ln d.lameten, were taken of

Iuial].enokrod.ts t Analytlcal Reagent llthlun sulphate mono-

hyd.rate" Two photographs were taken beeause ühe large camera

gave better rosolutlon, which facl-lltated. readlng the

posltlons of the X-ray powd.er lLnes ln the front reflection

reglon. The photograph on the srnall caTnera gave a better

plcture on the whole, although the front reflectlon region

was darkelred-, and. the resolution was poor, Both plctures were

taken wlth lron K rad.latlon whlch has a wavelength of L,936O

Angstrom unlts. The d-lameters of the rlngs on the fllms wero

read- as carefully as posslble, and. the relatlve lntensltles

of the nings were ostÙaated. vlsually. The relative intensltles

7L
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Iobs and. the lattlce spacings dobsu lTr Angstrom unlfs s are

glven below" The values ln parentheses for IoOu and- for dobs

l¡ave been taken from ühe X-.o,ay Powd.en Ðata FLIe (.{\. S, T" Itf,)

for llthlun sulphate monohyd.rate.
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TIIE SYSTEItI: SOÐilIU SUI.PIIATE, LITHIUivi SULPI{ATE,

ttATEB AT 25oC.

In thelr paper ot I)JZ L, Cavalea and. tvto lSarAellfl7
cJ.alm tlnat the doubl-e salt NarLi(SO*) r.6HrO extsts ln the

system I,12SO4,NarËO4zþO at ZZoC. The nesults of theln
work are contrad.icted. by the more necent stud.y of campbelr

18and" Kartznnark-- whose lnvestigatlon d_oes not shou¡ the

presence of d.ouble salt, but nather extenslve solld-

solutlon of llthlum sulphate 1n sod.lum sulphaüe. As an

lnd.epend.ent check on the lvork of theso authors two polnts

ln this fernary system were lnvestlgated_"

Each solutlon was stirued. for a period. of one week

ln fhe presence of the solid. phase. The solutions and wet

resld.ues were anal-ysed., both by d.etermlnatlon of the

sulphate ¡rad.ical wlth banlun, and. by the vlscoslty of
solutions of 20 grams of the anhydrous sulphates mad.e up to
a volume of 100 mIs" at ZsoC" The results of these analyses

for the two polnts are glven ln Tables XI anÖ XIf.
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Na2Ë04
r!rc 

"%

Llqui.d. P

l? "g
16 "3

TABÏ,8 XÏ

SUIjP}lll,TE .&NALYSffi

LlzSO¿t
!ñt^16

17 ,g

12 "7

NarSO,u

wt"16

Na2SO4

w\ "%

Llqu1d. PLEse

ïlet Resldues

5L.9

52.1

L3,6

L7 .3

TABT,E XTT

VÏSCO$TTY ANATYSTS

T,1ZS04 SoJ-ld Phase
wt^%
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Lt zso¿l
\,It "16

These polnts are shor.¡:r belov¡. The tle lLnes between the

solutlons and. web resldues, as d.eten¡nlned" by the sulphate method.o

a?e shown ln d.otted. lüres, anö those d.etennlned. by physleal neans

are shown ln solld- Ilnes. ït ls lnterestlng to note that the tle
llnes found. by the erratlc banlum sulphate preclpltatlon cross,

but that those found. by the vlscoslty nethod. d.o not. The

complete solublllty eurve in Flgure 2¿l ls fr.om the paper by

17 "2

L6.1

L7,2

11" 7

Sol1d" Solutlon

Solld. Sohitl-on

Nar$0U
\{t "16

trüet Besldues

5L"5

54 "l

T,IZSO& Sol.ld" Phase
îÃît.16

L7"6 Solld. So].utlon

1¿1,1 Soll-d solutlon



Carnpbell aad. Kartzmarku vrith thei.r tle l1aes shown ln

alte¡l:,atlrrg d.ots and. dashes" In no case d-o the tle ll-nes

cross to lnd.lcate the conpor.und. clalned. by Caval-ea and"

Nardel1l at Z?oC.
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