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INTRODUCTION 

The study of the liquid-liquid extraction of inorganic'. 

salts into 2.;.octSJ.nol was begun in 1949 by Garw.in and Hixson 

C:~6 ,37) e This investigation, initially largely one of engi

neering interest liais been. continued in the chemistry d.e'part

ment of Oklahoma A.., and Me C,ol]ega,, in order that it m.ight be . . . . 

studied not only 1 from an industrial point ot view-, but also 

f'rom a. theoretical standpoint. 

The Slppliee.t1on of sol,rant extraction to the separaition 

of sail ts is ii. theoretically complex f'ielde Even in a relative ... 

ly simple system where only one. S8ll t is involved, th.ere will 

be a,t equi11brium both aa:.lt amd water distributed in the non

aqueous pha.a-e as well as organic solvent transferred into the 

a·queous phase·. It consequently is very diff ieul t to find out 

wha1t type of ion or molecule is transferred into the non-atque ... 

oua medium.., 

The originail study we.ics restricted to the extriietio.ns ot 

cobalt and nickel chlorides, t,ogether wt th certaln other chlo

rides which e:ffect the distribution of' these salts between the, 

e.<iJ.Ueous and non-acqueous pha:sres.. It is believed that both of 

thes,e sa.,lts form eomplex ions and mole.cules to some extent in 

the 2· ... octanol pheJlse (13). This complicates the problem eon• 

s,idera1bly beee:use of' the uncertainty a,s to what ion or ions 

exist, and the relative importance of such co~plexing. · There .... 

tore, in an effort to avoid the complica,tions involved in. hmv• 

ing Qomplex ions present, it was decided!. that an investigation 

1 



be carried out on the extraction 'of perchlorates, where anion 

complexing is unlikely, because of the fact that the perchlo

rate ion is very large and relatively- non-polarizable. Th.is 

thesis is based upon the results of experiments having to do 

with the extraction of cobalt pel.'chlorate irito 2;..octanol and 

the effect of variou13 other metal perchlorates upon the dis

tribution. 



HISTORIC.AL 

The partition of substances between two immiscible solvent 

layers has long been known s.nd recognized as an analytical 

toolo The literature contains a wealth of informa:tion on liq

ui.d=l:tquid extraction 9 bu.t only recently has phase pa.rti tion 

become prominent enough to be l'"ecognized as !ll:n i.mpor•ta.nt sep ... 

arational method for inorganic cornpoundso 

Within the ls.st three yea.rs there he.ve been a numbez• of 

excslla11.t reviews on solvent extraetiono Treybal (100 ~ 101) 

ha.,.s l"'eviewed th(e extraction of both inorga,nic and organic sub ... 

stances and ha.s also cHscussed various methods which have beein. 

used., :Mor:i:•ison (68) and Craig (24) hB.ve eovered the extr,ac

tions of inorganic saltso Sandell (82) 9 and Lewis (57) have 

discussed the theoretical aspects of extre.ction 9 eovering 

many po1.nts of :tnteresto The extraction am.d separECtion of the 

rare earth elements has bean discussed by Book (15), while 

West (110) has surveyed thE3 extra.ction 1.tnd rrnpara tion of many 

elements, w1t.h emphasis being placed on the organic :solvents 

1.Ht1ed in the aepara. tioris o One of the most s1gni.f:1,oa;n t recent 

IPev:tews on 11 qu.id..,liqu:1.d extract;i.on has been. w1•1 tten by- Irv ... 

:ing (46) S> 111 which is discussed the theory of extraction~ t,h.<l! 

ejttraoti1:.n1. and aepa1va tion of aal ts 9 and the ext:r.a.otion o:t" ohe ... 

late oomplexeso 

In ar1 effort to present a more connected 1~ev1ew, of the 

literature 011 liquid-liquid extracitionv the remainder of this 

section w1.ll be devoted to a discussion of' the solvent e:x:tr•ac"" 



tio:n of various metals. These metals are uranium, iron, cer-· 

ium and other rare earths·; and thorium.. A survey of the ex

traction literature on many other elements will then be given. 

Extraction of Uranium as U02 (1JO;l2_ 

As long ago as 1842;· uranium was extracted into diethyl 

ether. It was Peligot (77) who first extracted uranyl nitrate 

irito ether as a means ·of·purifieation.- With the exception of 

Misci'B.!tell1 1 s work in 1930 (6;) on the distribution of uo2 (NO; la 

between watel" and ether, the most importa,nt work on uranium ex

traction has been done iri the past four years. 

In an investigation carried out to determine optimal 

e·ondl tions for the ether extraction of aqueous solutions of 
~ ' • • •y •• 

uranyl nitrate, Neeb _(75) has s~o,im. ~ha~ the 6.~her e~trac~~on 

increased with the aqueous nitra.te concentration. According 

to this 1nvest1g~tion Ca (NO;)z is the ·most bene:1':telal nitrate 

to have present. 

Furman, Mundy, and Morrison:. (;;:,34) have carried out ex

tractions of' U02 (N0;)2 from a:<!ueou:s solutions irito d;ethyl 

ether while Warner (106) e·ompared the distribution oo·effie1Eiut 

ot U02(N0;) 2 between water and diethyl ether with that obtained 

using 18 other organic solvents. Solvents of low molecular 

weight possessing sterically unhindered oxygen atoms g~ve the 

most favorable extractions. 

Katzin ancl HellmaR (51) have investigated the extraction 
. ""' 

of strong aqueous solut;ons d,r. u~~ ptto; ~? into --~;e~hyl ether. . 

From the apparently stro:rig eleetr~lyti~ _behavior !f U~z·<Ii!"~;,J2 ,._ 
it was inferred tha:t the hexahydrate. reacts· with ether; losing 

three waters and forming a compound U02. (N0;.)2·,:a:2o•C4Hi:oO• 
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Gluekauf, McKay, and Mathieson (39) used a circulating solvent 

extraction method for the measurement in aqueous mixtures of 

NaN03 of the activity coefficients of U02(No3)2• Later, these 

same investigators (40) proposed a partition law into solvents· 

in which the solute is hydrated to a constant degree. In con

centrated solutions this law necessitated the use of the mctiv-

ity coefficient of the hydrated U02{N03 )2 in the organic phase. 

Using this law, the variation of activity coefficient with con

centration was studied.. Ternary systems of uo2,(No3 ) 2-H20-or

ganic solvent were investigated by Katzin and Sullivan (52) in 

which s=even organic solvents were studied. The water content 

of the non-aqueous phase was determined and plotted against 

the concentration of uo2 (No3)2 in the organic phase to give a 

s·lope whose value was correla·ted with the number of solvated 

molecules in the coordination sphere of the cation: in the or

ganic phase. 

McKay and Mathieson {61) studied the hydration of U02(No3)2 

in various organic phases by using the procedure of Katzin and 

Sulliv~n (52). Later, however, Gardner, McKay, and Warren (35) 

developed a more theoretically sound method of determining the 

hydration number of uo2 (N03.) 2 in the organic phase after ex

traction. Thia method is an isopiestic one in which the equi

librium was established through the vapor phase- between or

ganic solutions a:nd a·queous solutions of known water activity., 

The number of' water molecules per molecule of uo2.(N0,)2 found 

represented the total water minus the •tree• water divided by 

the number of moles of uo2 (No,) 2 • By this method it was found 

tba t a solution of U02,(No3) 2 in the organic phase conta:.ined a 
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mixture of hydratese 

Sol vent extra.ct ion has also been use.d in the separation 

of u.ra:niuni.. Scott (84) has found th.at 99% uranium ean be re= 

covered if it is extracted from an aqueous solution of 3N HN03 

and lM Fe(N03) 3 o T.1e Fe (No3}3 was shown to be an effective 

pron1oting salt for the extraction of uraniumo Lindh and Rynn= 

iriger (58) extracted sme.11 amounts of' U02 (No,) :t with diethyl 

ether~ and found that the salt could be quantitatively sepatt>. 

rated from other elements 9 esipecially iron 9 even up to a ratio 

(by weight) of Fe gU of 2'5 9 000 to 1 o The efficiency of the ex= 

traction 9 however, depends upon the concentration of nitrate 

ion t'iind free nitric acido In an attempt 'to find a generally 

~pplica,ble procedure for the solvent extraction of uranium~ 

Helger s;nd Rynninger (43) have shown "!~hat sulfates and phoai= 

phates interfere wit;h the ether extraction and must be removedo 

The Chemical Research Laboratory iri England has also shown (23) 

tha. t tha diethyl ether• extraction of U02 (NO;)~ cannot be useid 

to separate u.ranium from other elements when large e:mounts of' 

sulfate ion a:ra present., 

The findi11.gs of the investigators discussed above on the 

liquid=l:tquid ,xtraction of U02(N0,)2 represent one of the 

:most importan.t and thoroughly investigated sections 1n the 

field., 

The Extraetio1r1 of Iron as Fec13-

It is a well known tact that FeCl:, is very soluble in 

many organic solvents~ especially ethers<> In 1892., it was 

Rothe (79) who found that Fec13 could be extraeted from an HCl 

solution into isiopropyl ethero Since that time the Fec13=HC1"" 
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ether system has been investigated many t1mea. Dodson, Forney, 

a'nd Swift (26) compared the extractions of the FeCl;-HCl solu

tions in diethyl and diisopropyl ethers and showed. that diiso

propyl ether is f'iir superic,r as an extracting solvent because 

it gives a more eft1o1ent extra.etion over a wider range ot aeid 

concentrations. Ishiba)ahi and Ya.m.am.oto (!~8) have shown that 

FeCl;l e .. t a' eone·ent:coat:ton. of 2 grams per liter in 6N HOl s"oltt• 

tion oould be completely remov.ed .t'rom the aq'!Jieous P,1?,ase by .. 

five sueeess:tvE3 extra.etiOris ·with d.:iethyi etb.erc;' Iron a.nd alu:-. ' ,, " ,,,. ' 

' ' 
' ' 

the presence of sulfate o:r phosphate 1o·n~, Uidrig amyl a.ce,tate. 

as the extracting solvent, Well and Hunte~ (109) found that 
, ' ' """ " ., ' ' ,, 

' ' ' 

9906% 6t the Feo13 in concentrated HOl solu:tions could be re· .. 
r11.o·ved f.ronf the aqueous phase~ If' e·oncentra tEtd sulfuric, or 
phoepl:toric acid is. added,· the degree of' sepal'atio'n is .t''l::l.i'ther 

1.ncres,sedo The distribution. of FeOl; be·tween HCl and 

d1chlorod1ethyl eth~r solu~iohs was 1nves~igated by Axelrod: 

and Swift .(5), · It was shown that Feo1, eould b,~· quan~itat1v~l:r 

extrao·te~ frolll, solutions greater .than. 71 in HClo It· wa:s ais·o 

shown that.,one molecule of HOJ. atid 4 or 5 mole'cules of 1:{20 , 

tt::t~e · p:t-~a"nt frltf each iron molecule present in the ether. from. 

ths speetrial .,tudies of Ka.to amd Is11 (50) of axtrac'ted di ... 

eth;t;l. ~th~~ ~olutions of' FeOl; .from a'queous HQl solutions 9 the 

~tC>mpoµad, axtl"aetad 1s b~liev$d to be 1,01i •Hdl 11'31;?0.; 

Nachtrieb and Fl'"yxell (7;) 1ntet"preted their results as~ 

1,ndieiitive th.at a salting;..out of th.re Feci,: in the aqueou.s 

phase oectirts., This is used to explain the increased extrae ... 

tion w1 tb, incret1uli!ing total iron eoncen tra tion rather than the 
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assumption of polymerizatie5n in: tlie etherea;l phase~· But .. 

lat$r, an investigation of th$ distribution of FeCl; betvteen 

water and 1sopropyl ether was undertaken by Myers, Metzler, 

and Swift (70) for the purpose of determining the formula. of 

the iron complex extracted. The dependence of the distribu.-· 

tion ratio on the aqueous· iron: coneent·ration was qwa.litativelt 

explai:ned by polymerization of the ethereal iron~ In eontinu.•.:: 
' ·'···' "' " l . ' 

tio:n of this work., Myers and Metzl.er (69) evalµated the. effec-· 

t1ve pol,-merizs.tion of the ethereal 1rc,n,· and detefrmined the 
,', ,. ' 

effe¢t. ot the acid on the ll.pparent polymer:tzatiO:tI~· 
I ,, ,I, ' ' 

.'.Naohtr1e:b and Oc,nway (72) have estimated the ·rate· of at~'.· 

tainment of equilibrium of the d.ieth11 ·· ether and aqueous pha·,,~ 

of th~ FeC13:..Hol extraction to be about ~O minutes. They ba,ve· 

shown tha. t, the d1.stri"bution coeff'ie1e:nt ,. which is a ratio of 

n.o~-aqueou:s, to' aqueous phase concentration,', increased rapidl7 
·1 ' J ,,. ' 

with HOl :c,oncentratio:m. and approached a maximt1n1 at about 91( 

in the. aqueous phase. The compound. extracted from various ·•~ · 
. ' ' 

aqueous phastt.:.~on:oentrations was found te ~· HFe014• Ba:sisett 

et eil"'(8) ,· and flampbell (20) have also 1nve'st1gated the na-
' ,., ·r·; ~ -' , .. , ; , , 

ture ot the· re.01, complex in dietn,l ether and. hl;;v·e found. 1 t: 

to be a· singlt. charged anion with the hydrated. proton as t~e 

traneter tneohan1·1m. Prom v1a1 ble and. ull.tl'av1olet· aba.orpt1on 
.1 • ,, /.: .,J . .,,, 

spect~~, Friedman (32) ··1.111·0 ha1 · s.1ven evidence for the e.xis• 
• ,,I 1, ,i 'I ,1 I< '' 

.tenoe .ot., ~he .. :reo14· complex ion·.• 

trsing·a oontinU:0111 extraction procedure with 1aopropjl 

ether, Ashl!.e7 and Murra7· (2·) hai.ve oomplet~ly stltparated. FeQli 

t'rom: aqueous·· 1·01ut1ons. '!'he extre.o··t·1on was·· performed· in the

dark since t:b'.ere was ,ome evidence of photochemioail reduction 
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of the ether solution~ Wolfe and Fowler (112) have used the 

isopropyl ether extraction to separate iron from many other· 

metals~· After extraction with isopropyl ether of solutions· 

ha·ving known impurities~ present in the amount of 01111% each SJ. 

spectrographic ana·lysis of the ether-phase contents; showed 

the greatest remaining impurity was cobaclt at a concentration 

Besides the extractions carried out on Fec13, some inves

tigations haive been performed on Fe (SCN} 3 and Fe Cl'lo3J3• Mc

Donald, Mitchell, and Mitchell (60} h8lve investigated the dis

tribution of Fe(SCN) 3 between water and ether and have found 

many aqueous phase complexes, varying from Fe($CN) 2~ to Fe(SCN) 6-J 
Ba·bko a·nd Kodenskaya (6) have investigated the extra~tion of 

fe (NO;) 3. in acid solutions of NH4SCN by ethyl and butyl a.ice ta tea o 

The degree of extraction was found to depend cm the ~,bsolute 

concentration of SCN-o 

The a,bove discussion on the extraction and separe.,t:ton of 

iron constitutes all of the important extraction research on 

iron. 

Extraction or Cerium and Other Ra.re Earths, 

Imre (44) investigated the distribution of CeOto,)4 between 

water and diethyl ether. The extraction was carried out from 

aqueous solutions which were l0.5N in HN03 4\l Warf (102) ex

tracted Ce(N0:3)4 into tri-n-butyl phosphate and recovered 98-

99% when equal volumes were used, regardless of NH4No3 or HNO; 

concentrations. Sul.fate ion was found to interfere with the 

extraction eff iciency,a Several years later Warf (103) e.x= 

tracted Ce(No3)4 into nitromethane~ The Ce(IV) salt in the 



nitromethane phase was reduced to Ce(III) and back extracted 

with water and recovered. Bock and Bock (17 ,18) have obtained 

pure cerium nitrate in high yields by a diethyl ether extrll!c

tion .t'rom 4.5N HN03 solutions .• 

Gryder and Dodson (42) htwe separated rll!dioactive Oe(III) 

.t'rom inactive Ce(IV) by extracting their nitrates from~ HN03 
solution into diethyl ether. It was found that the aetiv~ 

Oe(III) did not extract, while the extraction o.t' the inactive 

Ce (IV} was: essent1ti.tlly complete. The extraction and separa

tion. ot cerium from iron, zirconium; lanthanum, and others, o.t' 

the rare earths has been· success:.t'ully carried out by Wr.w.t' (104; 

105} using tri-,n ... butyl phos:phat&·. Conditions .t'or an e.t'f'ieient 

extraction were not eritiealt and the extraction e.t'.t'icieney 

was not a.t'.f'ected by aeeteftes or perchloraites, but· sulfat&.s, 

did interfere. Wylie (11;) has separa,~,!~ "~!1,.<,~93) lo : tr.om mix-
., 

tul'es of other rare· earth nitrate.a by ext?ta·ction of Oe..(lf~3)4 

from 5.6N mlO;; solutions into di&thyl ether. I"t was found 

tha.t the_.other rare earth nitrates present wel'e benef'icia.l in 
' . ' . 

that they acted as promot1ng agents. The otrittm: complex 1:a 

the ethel' phase was shown to consist of H2 (Oe (N03) t) or' 

H(Ce (No,) 5H2o)., detel'mined by titration ot t~e HNO' in the 

ether ph •.. se _a;f'ter ·back-e.xt:r:-aetion into we.tel' .• 
. . ~. . ~· . .. ' ' 

There .has been much work done on the extraction and sep-

11rat1on;of rare earths. !he most important researok done 

along these lines will be discussed here. 

Fisher,Dietz, and Ju.bermannJ31) have shown that the 

principle of phase distribution ma1be applied to the sepa.;. 

ration of the l'aire earths. According to these investigator,, 
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the rl.1l'e earth halide.s will distribute themselves between wSJ.ter 

and alcohols, ethers, ketones and 11lSlny other solvent types:. 

Bt extraeting the rare earth nitrates from aqueous sol!u

tions into n-heXyl alcohol, Templeton (90) found that the ex

tra.etiol'l. 1nereas:ed with increasing atomic number of the rare 

earth elements. Peppard, Fari.s, Gray,. and Mason (78) also 

found that the extraction inere-.sed with increasing atomic 

number using tri•n-butyl phosphate as the extracting solvent. 

In an e.ff'ort to separa.te a mixture of lanthan.um and neodym

.ium nitrates; AppJ1.eton and Belwood (1) extra.eted them intcrn

hexyl alcohol and obtmined good separation factors.. In fact 

the ni tra1tes of these tw:o rare earth element1:1,, · when extracte:d. 

into n-hexyl alcohol, .give m separa:t1on fa\otor ten. times 

greater than when the th1ocyanates o·f the same metals are 

extracted into n-butyl aleoh0l. '!'opp (98) has separated 

neodym1a and · samarium ni traites tre>m 12N HNo3 ~elution us:-
.. 
'· ing tri-n-butyl phosphat&• .samar1iltn. nitrat·e had a distribu• 

tion coettic1ent 2.5 times greater than Nd(No,.) 3, An attempt 

was made bJ' Asselin, Audrieth and Oomi~g~ .~,) ~o seP.a;:rat~.the 

rare.earth,ehlor1des using n•bu~rl alcohol, but it was found 

that.the,- extract onlr slightlr• The rare earth nitrates 

were. shown.te> extract to a significant extent in n-but1l al

cohol, a·s ~d 'been found. b7 previous investigators': (1). G&d• 

,olinum oxi~e. has 'been obtained better than 95~ pure from a. 
' \ .. 

countercurrent · extr'aot1on pr·ooess carried out 'by Weave~, 

1CSJppel.$ann, aind To'pp (107) ·using tr1-n-butyl phosphate. 

One oan see therefore, from the above discussion that 

solvent extraction mu become, ·very~ 1mpgrt·ant ,tn rsc·ent :.7ear11 
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ats a method of separating and isolating the ra·re ear'th ele-

ments. 

Extraction ot Thorium as Th(N03-L4..;_ 

Templeton a.nd Hall (94) have investigated the solub111tr 

ot 'l'h.(N0;)4. in various organ'ie solvents in order that some 

qual1 tative predietions eoul-d · be made regarding the extraQ.

t1on of this salt• It was found that oxyge~-oontaining sol .. 

vents dissolv~ Th (N0;)4 wh11&. others, do not. Distribution 

coefficients were obtaine~ for the extract;on of'·---~ ~1~3)4. · 1nto 

several ketones and alcohols bf Rothschild., Templeton, smd 
' ¥ .., ~ 

Hall (97), and 1 t was found_ th~t the eon~en~rat;o11 _ ot ~ (bTO; )4 
in the aqueous ph.!!l.se must be ver:1 near, to sat.W:ation for any 

11ppreo:t.able extre.otion to occur. A year ·later, Templeton, . -

Rothsehild; and Hall (97) attempted _t~ extraet aqueous solu

tions ot Th(N03)4 into V'arious est~rs·. E,thfl _but1J,'1:te showed 

about the aame extraction properties as alcohols and ketones 

ot comparable weight, It is 'bel1e-11ed. bf these :tnvest:tgatore-, 
'-7 ,., .. " 

that T'h(N03)4 11!1 d.1aeoc1ated to _a si-eat exte~t ~n the _aqueou.ai 

pha·se but uncU.asoa:ta. ted. :tn the or·ga.n1c phase; correapond.1ng to, 

Th+4 + 
aqueous 

4 NO~ .. ~~~ --~ Th (NO~)_ 4 
-., ol'gan1c 

~e d.iat2-ibut:lon obtained when a common ton ('nit:ttate) is added 

seems to support the l'bove hy'pothee1s. Boc·k and Boelt (17 ,18) 

found fu:t'the:i" that 1'h (No3 >'4 could 'be ex tra.c ted by- Y&rious or ... 

e;an:to solv111nt1 trom dilute n1 tl91C ao1d solutions cont:ain:tng 

h:t;h ooncentrat1ons of J.'l.it:rate salts,. Misoia_telli (.64.) a·tu:d

ied. the d.iotr1'btttion of' '.t'h{N03)4 between diethyl ether and 

water, to tstablish the necessar1 conditions for the aepara ... 

tion or u.ran:ium and thoi-1um.. Lentu.-ng eupp·oi-t t·o :an earli·er 



investigation. (80), Templeton and Hall (95} separated thorium 

from the rare ea:rths using several different aleohols and ke .. 

·tones, but found that it was necessary for the aqueous phase 

to con ta.in a .. near-sa tur&tion coneen tra tio:r:i of' Th (No3) 4 • A fl'.'ac

tional solvent extraction method with reflux was employed by 

Asselin and Comings (4) to separate thorium from neodymium in 

a solution of their nitrates using n-amyl alcohol as the ex .. 
. . 

tractingsolvent. Ammonium thiocyanate, l?resent i?l the aque

ous .phase, was, used as a separa~ing agent, and it was found 

thwt. the selectivity of the Silcohol in preterentla·lly extrac• 
.. .. . . .... 

ting thorium 1ncreas!ed as the ~hiocyana te ion concentration 

in the aqueous phase increased. A~sel1n 9 Audrieth~_ ~1:'ld Comings 

(3) :found thalt Th(No,)4was extracted to a mucl:l ~reater extent 

by n-pentanol than were- the rare ea.rth nitrate.a, and-it oould. 
' . . . 

easily- be_ separateq ,t'rom them in the presence of thioo;vanate 

ion. 

Extraction of Other Elements 

.Solvent extraction has been attempted as a means of S&P,• 

a.ration a~d purification of many elements. Diisopropyl ke

tone. was ua·ed bJ Stevenson and Hicks (86) to separa-te ta.nta:i

lum from niobium. in an aqueous phase consisting of mineral .. 

aoid•hydrotluorie aoid mixture. Bassett and his coworkers 

(7,9,10,11) have attempted by several phys1oal methods to oor-. ., " . ' 

relate -the structure of various o~ganio ,solvent~ with their 

abilit;r to extra.ct inorganic ions;. .Tl!ylor. (89.), baok 1n 1925, 

. in a discussion of hydration and solt.tion showed tha_t the pre

sence ot salts did not effect the-distribution of HCl between 

water smd. benzene. He concluded f'rom his work that there 



l!ll.ppeaired to be no dissimilarity betwee:o. "free" and combined 

water, but ·1a.ter work has· cast many doubts on the authenti

city of Taylor's work. 

Bonner (19) has separated Sb(V} from radioactive Sb(III} 

by extraction of their ehlorides from aqueous HCl solutions 

into diisopropyl ether. He found tha>t 98% of the Sb(V) went 

into the ether phase from 6 and 12N HCl solution,_a of the s,a,lts. 

Edwards and Voigt (27) have also separated Sb(V) from Sb(III) 

using dii1;1opropyl ether and have .found that 100% of the Sb(V) 

pa·.sses· tnto the ether phase from aqueous 7-BN HCl solutions of 

the salts.:. Weinhardt and Hixson (108) have discovered that 

V(V) ainq. Or(VI) may be separated by liquid .. 11qu1d extraction 

using methylisobutyl ketone as the solvent. Sodium d1ohrom9.ite 

was separated from va.na:die acid in aqueous HCl · solutions: of 

less than 3,N HCl aind a· separation factor of greater than 4000 

to l in favor of' the sodium salt was obtained, 

Gold has also been separated aind purified by liquid-liqm 

uid extraction. McBryde and Yoe (59) separa·ted gold from 

numerous other metals by- extracting it 11.a H.A.uBr4 h'om aqueous 

HBr solutions into diisopropyl'ether. Lenher (55) in an early 

inves,tigation found that many solvents would extract gold from 

aqueous S'.OlUtions. Several years later Lenher a·nd Kao (56) 

successfully-. separated gold from all of the common ol1loridea 1n 

aqueous HO~ solutions using ethy-1 aoet11te a.,s the selective. 

solvent. 

The distribution coefficients of minute (tracer) quanti

ties (10-12· to 10·15 smo) of several ra·dioaotive metal ha.lides 

between liquid phases have been reported by Grahme and Sea·-
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borg (41) to be quantitatively the sam~ as those observed for 

the same substances at ordinary small (micro) concentrationso 

Nachtrieb a:nd Fryxell. (74) have smwn that the distribution of 

Ga.Cl:, between HCl solutions a.nd isopropyl ether follows the 

simple Nernst partition law (76) at low gallium concentrations. 

Swift (88). in an earlier investigation extracted 97% of the 

GaCl3 from 5.5N HCl solutions into ethero 

Templet·on and Daly (92,93) and Templeton (91) have ca,r

ried out extractions of many bivalent aind trivalent transition

metal nitrates using n-hexanol !!l),S the extracting solvent. 

These investigators attempted to determine the hydration num

bers, of the vair1ous metal ions in the alcohol phase by the 

method. of Ka:tzin and Sullivan (52}. The l"esults were not ver1 

sa t1sfying, however, and it was concluded that onl'Y' a relative 

measure of the hydration of the cation could be obtained from 

such a method. 

Kylander and Garwin (54) effectively separated CoC12 

from N1Cl2 using 2-octanol in a spray tower in the presence 

of' such promoting electrolytes as HCl and CaCl2• The distri

bution was shown to be a function of the total chloride ion 

conoentrabion. Yates and Moore (115) have investigated the 

extraction of various cobalt and nickel salts bJ 2-ootanol in 

the presence of different extraotionspromoting salts, The 

purp9se .of .this investigation has been to determine the fac

tors inf'luenoing liquid ... 11quid extraotion and to obtain rtome 

information about the nature of the extracting species. 

Book (16) in a reoent investigation has studied the dis

tribution of the metal thiooyanates of Be, Co, Zn, Al, So 9 Ga., 
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In, Fe (III), Ti (III)·, Ti (IV), V (IV), Sn (IV), Mo (V), and V (VI) 

between water and diethyl ethero Cavanagh (22) has determined 

the activity eoefficientso. of LiCl in very dilute amyl alcohol 

solutions. From a study of the distribution of LiCl between 

water and amyl alcohol, there are indications that the LiCl 

is completely dissociated in sufficiently dilute solutions. 

The distribution of LiCl between water and amyl alcohol was 

also studied by Dhar and Datt~ (25) who measured the amount of 

undissociated LiCl in amyl alcohol, both conduotometric111lly and 

from distribution laws. Mylius and Huttner (71),two of the 

pioneer investigators in the field of 11quid ... liquid extraction, 

have studied the extraction of a· large number of metal chlo

rides into diethyl ether from dilute aqueous solutions contain

ing varying amounts of HCl. Campbell and Laurene (21) have 

studied the extraction systems consisting of inorganic chlo

rides:, aqueous HCl solutions, and diethyl ether Slnd have con

firmed the already known fact that the optimum extraction oc

curs over a: narrow range of HCl concentrations. Irving aind 

Roso~ti (47) have extracted radioaotive group IIB metal ha1lides 

into ether over a wide rainge of corresponding halogen aotd 

concentrations. Indium iodide can be extracted quantita

tively trom. H'.I solutions of low oonoentration, and mt111 be sep ... 

aratted. tro:m Ga.I, in this war. 'l'he distribution of MgBr2 be ... 

tween wa.ter and. diethyl ether has been investigated bJ Rowr-

ley and Reed ( 81) and the1 report that · .. although there was 

practically no distribution of this salt between water and di

ethyl ether, the an.h1droua salt was considerably soluble.in 

ether. Other physioal measurements indioated association and 
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very 11 ttle ionization of the anhydrous salt in ether 9 - factors, 

which may partially explain the very small distribution coef'~ 

f'ieient of the s~lto 

Fischer and Chalybaeus (29); and F1scher 9 Chalybaeus, 

and Zumbusch (:;o), have separated zirconium from,hafnium by di

ethyl ether extraction fr'om aqueous solutions of NH4SCN and 

HSCN •. Hafnium could be obtained 99.6% pure i:ti the ether phase 

a.ftera series or· eight distributions starting with a 60-95% 

hafnium sample • 

Elson, et al (28) extracted protoa:ctinimn, obtained from 

aquec;,us waste:, from a fluoride ... oomplexed a,que.ous solution by 

diisopropylearbinol. After fu:rther purifications with diiso

propylketone, the final protoaictinium was speotrochemically 

pure. Maddock and Stein (6Z) extracted tr~ce amounts of pro

toactinium from concentrated chloride solutions by a variet1 

of organic solvents, using Alc13 as a- promotin,g agent o The 

extraction and isolation of radioactinium bY' ether we.a inves ... 

tigated. by Imre (45) o This· investigation studied the influence 

of HN03 on the partition of thorium and rad1oactin1um into di• 

ethyl ether. 

, In ~u1mrua.?=9izing the status of the problems involved in sol ... 

vent extraotion of salts· from aqueous solutions, there appears 

to be a need .for more attention given to the ohemioal nature 

of the· o:ttganio phases" the action of extraot·1on ... promoting 

agent.a, end the thermodynamic properties of the aqueous solu ... 

tions. Individual systems need reexamination and further cor

relative studies me.de of the taetors known to influence the· 

distribution ooeffioient~o 



EXPERIMENTAL 

Rea.gents 

Coba,lt and nickel perchlora.tes were prepared from the Co Po 

grade metal carbonates and hot diluted reagent grade perehlorie 

acido The carbonate was added until the solution was neutrai.1 9 

and a slight excess was then added to insure a. complete reac-

tiono The excess was subsequently filtered offj) leaving a clear 

neutrtl stock solution of the Sail t 9 which was then used in pre ... 

paring the solutionso 

Anhydrous silver perchlora.te 9 which was used in preparing 

an anhydrous solution of eob1JJlt perchlorate in 2'...octanol.l> was 

obtained by pulverizing the CoPo grade salt and drying at 120°Co 

Slight decomposition was notedo 

Anhydrous cobalt chloride j) also used in preparing the, co

balt perchlorate solution 9 was prepared by pulverizing the CoPo 

grade hexahydrate and drying at 120°0 

Anhydrous cobalt perchlorate in 2..;octanol 9 used in pre= 

paring the spectrophotometric standards 9 was obtained by meta= 

thesis j) following the method of Trevorrow ( 99) 9 using 2 ... oc= 

tanol solutions of anhydrous silver perchlorate a;nd cob8.ilt 

ehlorideo 

Aqu.eoµs solutions of lithium perehlorate and aluminum 

perehlorate 9 used in preparing solutions for the promoted 

extractions, were also obtained by meta.thesis 9 using aqueous; 

solutions of barium perchlorate and the corresponding sulfateso 

The 2=oetanol used throughout the investigation was the 

18 
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best grade of anhydrous reagent from the Matheson Companyo 

A saturated solution of lithium chloride in 2· ... oetanol was 

prepared from CoPo grade anhydrous lithium chloride and 2 ... oc-: 

tanol by shaking overnight with an excess of salt followed by 

filtrationo 

All other chemicals used either in preparing solutions . 

for extraction 9 or in chemical a.nalysis 9 were of CoPo grade 9 

and were used without further purifica.tiono 

Preparation of Solutions 

Solutions of varying concentrations of Co(Cl04,_) 29 

Ni(Cl04) 29 and C0Cl2 9 were prepared by diluting aqueous stock 

solutions of these salts with distilled watero These solu= 

tions were weighed out to the nearest tenth of a gram only 9 

and no attempt was made to accurately determine their concen

trations.before extractiono The object of this rather approx

imate method of preparing the solutions was to obtain ai. suit

ably distributed range of concentra.tion varying from dilute, 

solutions to the concentrated stock solutionso 

. Stock solutions of Co (0104) 2..;Ca (0104) 2·9 Co (0104) 2:=LiCl04 9 

amd Co(Cl04)z=Al(Clo4) 39 used in the promoted extractions 9 were 

prepared by adding calculated weights of the Co(Ol04) 2 stock 

solution to the stock solutions of the other perchlora tes 9 . so 

as to obtain a constant Co(Clo4) 2 (Oo243 :m) concentration in 

each oft.he mixtureso A solution of Oo24; m Co(Cl04) 2. was 

then prepared from the concentrated Co(Cl04) 2 stoek solution· 

end used in diluting the solutions of promoting salts 9 ioeo 9 

LiCl04.I) Ca (0104) 2:9 and Al (0104), 9 in the corresponding stock 

mixtureso In this manner the Co(Cl04) 2 concentration was 
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kept constant. By extracting solutions of this kilid 9 the ef

fect of varying the·concentration of the promoting eleetro

lyte on the extra.etion of Co (Cl04) 2 could be studied. 

The. Coc12 ... cac12 stock mixture.was prepared in a similar 

manner:i, anq. diluted with a Oo243 m CoClz. solution. 

Extraction Procedure 

Earlt work was done using z50-m1. Erlenmerer flasks a,nd 

tinfoil covered oorkso The stock soiution 9 water or diluting 

solution·; ·and 2-octanol were weighed directly into these flasks. 

The solutions were first fastened securely to a mechanical 

shaker· and shaken overnight at room tempera tu.re and then placed' 

in a ;o0 water bath to allow equ1'11bration of the phases to 

take place. It was no,tieed 9 however,, that these flasks not 

only leaked, but in some oases· there was evidence of a reae• 

tion 'between the 2-octanol and the tinfoil, so these tlaisk11 

were replaced b7 2'50-mlo ground glass stoppered flasks. The 

liquid phases were separated with the aid of separatorr fun• 

nels and placed in suitable air-tight containers until en&• 

l7ses oould be performed. 

Anal;yt1oal Prooec1urea 

Most of the i.nal7tio1J.l prooedurea used in the 1nvest1ga..; 

t1on are, for the most part, common methods and are tabulated 

below,along with some pertinent reterenoeao 

The apeotrophotomet~ie method of anal711s tor cobalt Jnd 

nickel using the Beckman Model B' ,spectrophotometer' was the 

most important analytical tool used,11 and the procedure for the 

cobalt analrsis shall be disoussed in detail. 

Ea:rl1 speot:rophotometric anal7ses on the ootanol phases 
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were, obt1;ined with reference to standards of' eohalt perehlo"" 

rate in Z-octanol which were prepared from the hydr&;lted sailto 

Since standards prepa.red 1n thic fflii.y might be expected to dif-

.fer greatly from extraction eonditicns in which the 2'.-oetanol 

phase is saturated with i20 9 it was, decided that ain invea1tiga;. .. 

tion should be m.a'.de to determine the effect of water en the 

absorption and molar extinction ©oef'ficien.t of Co(Cl04) 2 in 2 .. 

octanolo 

To anhydrous solutions or Co (0104) 2 in 2-octanol, prepared 

by metathesis a.a described above 9 various amoµnts of water were 

added by means of a: hypodermic syringe 9 and the spectra of 

these solut'ions studied with the spectrophotometero It was 

.found that the presence of varying amount of H2o up to satur ... 

ation 9 did not change appreciably the wave length of. maximum 

l!llbsorption, but the absorption peak was flattened consideraibly 

in solutions of high water concentrationso The molal ext1n~

tion eoef.f'ioient was found to increase·· with decreasing oon ... 

centrationa of' Co (0104) 2- in both anhydrous solutions and sol

utions cantedning approximately a lOst mole ratio of H2oiOoo 

In investigating the spectr,a; of the anhydrous solution& it 

was found that the ma.ximuin absorption occurred at 525~5;0 
millim.iorc:ins 9 while in the hydrous solutions regSJrdlese of the 

H20 Qonoentrat1on it ooeurred at 510 millimiorons. So in an 

effort to approx:!ma te ex:braction eondi tions as much as poe .... 

sible, a new set of standards was preps.red from an anh7drous1 

Co (0104) 2 ..... 2 ... oatanol solution and. a saturated 1120 ... ()ctanol mix ... 

tureo Although ea.eh solution prepared would eontain differ .... 

ent amounts of H20 0 all would contain sufficiently large 



quantities tnat the spectra would not be greatly affect$d, and 

extraction conditicJns wottld be more cl<>sely resembled than 

w1:th the olld standards. 

If a gl'eat excess of chloride ion is added to the 2.;..oe

tariol solutions of Co(Ol04)a,, an intensely blue cobalt chloride 

complex develops which enables the speetrophote>metr1c proce

dure to be extended down to ur5 molal.. A saturated solution 

of LiOl in 2-oetanol was used to prepare these solutions. 

Equal wei.ghta of the LiCl-i!';..octanol solution and the dilute 

do 1(0i04.)a:•2 ... octanol solution were mixed. This e·orresponded 

to a CliCo conoentration rs:tio of greater than 1000:l. In 

order to be able to empl(;y this complex as a means of' deter. 

mining cobalt;· concentration in very dilute solutions, :tt was 

necessary to consider the effect of H2o upon the spectra, of 

the 2 .. oct:anol sblutions cf th(!) cobalt chloride complex. 

Beaver (12) haa shown., however., that if' the ra:tio of' 01:Co 11 

100:l or sr,a.ter., water will h•ve little effect upon the a.'b

sor:ption epeotra. This was quick:17 verified 'by preparing 

a aeries of solutions co:nte.1n1:ns LiOl-2-oetanol and 00(0104) 2 
in a. aolution .. weigh.t ratio of 1,1. with v1.riou1 1.1moun.t1 of 

water, ai:nd observing the speotrao It was round that both the 

anhydrous and· all the h.Jdroua solutions had a maximum abs,orp

tion pe,a~ at 680 :m.:t.llimierona. Since the molar extinotion 

eoettiq1ent,;or,these Oo(Ol04.)z-L1Cl solutions was slightl7 

higher tor the solutions eontaining water than tor the an

hya.rcn.1.a solution, 1 t WljS then d~cidea that th11 aet of stand.;. 

1.'rds, wh1eh would be used to cover the ooncentratic>n range 

10·3 to 10·5, should also 'be prepared. using z-oeta111ol 1atu-



r~ted with water a~ th@ sclv~~to 

Tabl®a1: l &nd 21> li15t data f'©r th~ ©~balt per©hlorats •pink" 

standard~ in tbs 2=@~taniol phase!) and aliso th~ "blu&" iita:nd•rd 

~cbalt per©hlore:t®=lithium ceh~@ride de.tao In Figures 1 and 2 

the data ar~ plotted fer the •pink•. and •01ue• standards re= 

fSpeotiwiSiy., Ti.ble 3 11stll.1l data for atandard aqueous sioluticnis 

ot c@bs.lt perchl@rat~ and Figure 3 illustrattH1 this data. The 

aqueous standard.a and the· ifbluG" 2-cH:tanol sta.ndards were f~u.nd. 

to f'~llcw Beer ... La:m.bert 0sLai.w 9 but a alight curvature 1e exhib~ 

ited bf the 11pink• 2'=@otanol standards indieating a. slight de ... 

viation triom. this lawo 
! 

The.vol"Wns ~«?1\'ll@isntration (m@larity) obtained from the 

C'illl"V8$: was oronverted tfi) a weight eoncentration (moislity) 

by means of the density- which was determined for each solu

tion after e.xtractiono The 2 ... octanol phase molali ty _ot ir.11 

the ex.traet.~d soJLuticms ·was expressed as moles of isalt per 

'1000 gramei of mixed solvent (ootanol and H20)o 

By :meang,i 6;)f these new st11ndard ourveire ei.11 previous ex ... 

traction eonce:ntratione were corr~.~.tsd 11 e.nd 1n many eases a 

COlri.SidelN!.ble diffiere:nee in w.oncentrati.On resu.ltedo 

~he weight ot iaiolut1on tl~Eld in analyzing the phasea a31f""' 

ter extr~tC1tion dep~ridied, o:r ~ours~ 9 on the 1alt e.oncer,.tra.t,1~n 

Duplieate a1Aalye.e1 were ei.lways ¢Ja.rried oµt 
. (".; 

@n th@ extraeted solutioll!l.ai with • p~eti1ion of ± l %0 In thisi 

VfJ'I!f dilut~ z,,..telctan@l phases sometimes cnl7 it sirigl.e large 

sample ~~uld b~ t~ken f~r analysis in ~rder to be able to ob

t11.1n an aidequa te quantity nt,f talto In these cases there wa1 

n~ wa1 ot kn~w1ng the magnitude ot the error involvedo In 
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niost eases the eontE9nts of the 2 ... octanol phases were back ... ex ... 

tracted with three portions of water and concentrated to a 

small volume prior to analysis or dried carefully to the crys

tals. In some of the more concentrated 2=oetanol solutions,, 

the perc.hlorate precipitation analyses we~e performed directly

in tlie 2-ootanol phase, because it was found possible to check 

such direct determinations with the results obtained on the 

analysis of back-extracted samples. 

0 



System 

Co(C104)2~H2o=2=oetancl 

Ni(C104) 2.:..E20-2=octanol 

Co(Cl04-) 2=Ca(Cl04)2=H20= 
2=octanol 

CoCl2=H20=2=oCtano1 

GoCl2=CaG12=H20=2=oetanol 

Go (Gl01,) 2 =LiCl04=H2 0= 
2=oe°tano1 

co (0101 1 ) 2=Al (c104) 3 ... H2 0= 
2=odtanol 

Su:mma·ry of' Analytical ·Methods 

Aqueous Phase 

Co~ Spectrophotometer 

Nig Speetrophotometer 

Cog Spectrophotometer 
Gag Calcium oxalate= 

KMno4 titration (38) 

Cl: AgN03-dichloro= 
fluoroscein indo 

Cog Electrolysis (83} 
Cai Galcitm1 oxalate= 

KMn04 titration {38) 

Co~ Spectrophotometer 
Li:; Total Perchlorate 

Precipitation (85) 

Coi Spectrophotometer 
Alg Total Perchlorate 

Precipitation (85) 

2~oetanol Phase 

Gog Spectrophotometer 
H2oi Karl Fisher Method (65) 

Nii Spectrophotometer 
Nii Polarograph (53) 
H,,Og Karl Fisher Method (65) 
~ . ~ 

cq; Spectrophotometer 
Cag Calcium oxalate~ 

KMno4 titration {38) 

Cog Spectrophotometer. 

Cog Spectrophotometer 

Cog Spectroph9tometer 
Li g Total Perchlorate: 

Precipitation (85) 

Cog Spectrophotometer 
Ali Total Perchlorate 

Precipitation (85) 

* Low calcium. eoncentrat.ions determined by disodiu:m ethylen.ediaminetetraacetate dihydrate 
titration using Eriochrome Black T as the indicatoro 

I\) 
'\Jl 



TABLE l 

· Co(Cl04) 2-2-0Jtanol Spectrophotometric Standard'J 

\ = 510 tr ,P~ 

M x 103 m X 103 O.D. 

1.63 1.. 99 o.oM, 
2\,26 2.76 o .. o 
5o79 7 .. 06 0 .. 040 

11 .. 6 1~"2 0.072· 
23.i 2 e6 0.136 
330 41.2 o.19~ 
AcS:t 

70.2 o.R2: 
98.7 o. 69 

97 .7 120. o.~76 
122 .. 150. o .. 37 
lRO. loOo 0.796 
1 6. 181. o.92u 
172 .. 212. 1.133 

TABLE 2 
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Co (0104) 2-LiCl-2-0ctamol Spectrophotometric Standards· 

> .• 680 m~ 

M X 104 m X 104 Ot!>Do 

0 .. 38 o.i7 0.011 
0.69 o. 5 0.028 
1.26 1.50 0.070 
lo91 21134 0.111 
te~3 i·55 0.282 

• 7 .31 0.392· 
9.42 11.6 0.596 

19.3 23.7 0~9~8 
29.3 ,6.1 1.4 0 
3,3.1 0.7 1.740 
59el 72.7 3.029 
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TABLE 3 

Co (Cl04) 2-n:2o Spectrophotometric Standa,rda 

~ * 510 m)A-, __ ,_ .. __________ _ ---·-·-------
M OoD• 

-----· .. ·--·-........ _____________ .. ___ ---
0.,0108 
0.0216 
0.0~32 
000063 
0 .. 108 
00270 
00540 
1.oe 
2.l6 

----··-.. ,..--... ~ ....... ""'_ ........ _, ___ .. __ .,. .... __ 
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Figure 3 

Co {0104} 2-H20 Spectrophotometric Standard Curve, 
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DISCUSSION 

The Behavior of Perchlorates in Extraction 

The high solubility of the metal perchlora tes, both in 

water and in many organic solvents is a well known fact (111), 

Sind the:r·efore it seems logical to suppose that there should be 

some connection between solubility in, and extractibili ty :ll1to 

organ:i.e sol•vents. Experimentally this he.s been found. 

Genera.lly speaking, perchlor·ates seem to lack individual

istic behavior vthen compared to chlorides (66). This is indi

cated by t!le uniformly high activity coefficients· of many me

tal perchlorates in aqueous solutions and 1:tlso by the non-spe

cific promoting effect exhibited in solvent extraction found · 

in this :!.nvestigation. 

The greater extractibility of' cobalt chloride compared to 

nickel chloride,{into 2-octanol) is believed to be due to the 

fact that cobalt chloride forms more stable complexes in the 

alcohol solution than does nickel chloride (67). The perchlo

rates, however, form no complex ions, a.s was mentioned ea.rl:ler, 

aind their high extra.ctibility may be attributed to much smaller 

cation-amion interaction and to the solvent characteristics of 

the 2-octa.nol .. water mixture• Th.e perchlorate ion is unlikely 

to form complexes because it is a large ion which is composed 

of a highly electronegative central chlorine atom that holds 

firmly the electrons of the four 1:>xygen atoms. The excess of 

one negative charge is spread out in its effect over a rela

tively large anion and as a result the perchlorate ion is not 



easily distorted or polarized by a positive field; eon.se

quently, there is little tendency to form: covalent bonds. 

The relatively very high hydration numbers .found for the 

perchlorates 1nvestig8!.ted (114) also indicates a lack of' the 

type of specific cation and anion interaction which character

izes the chlorides. Presumably the cation is effectively 

masked by a she11th of wl!!Jter molecules and cJ..ose approach to 

the ,a.nion is prevented. This is another example of the great 

difference be·tween the extraction properties of thei perchlo.

rates an!i the chlorides. This apparent la;ck of specificity 

in perchlorate extractions is further supported by the fact 

that little difference exists in the extraetibility of man

ganese, cobalt, nickel, <:)Opper,:_ end cadmium perehlor11.tes at 

equivalent concentrations (117). 

It was pointed out in earlier discussions that the pro

moting action of perchlorate, was governed largely.by mass'."' 

action effects. It must also be pointed out that while this 

ef'feot is a very important one in the· promotion of perohlo

rates,, there is another factor whioh also plays an important 

role 1n the promotion of extraction. This tactor·is the de
orease in dielectric constant· 1n the aqueous phase with con

centration. As.' the salt oonoentration of• srst~m increases 

the dielectric oonstsnt of that ·system decreases, and this 

lowering of the· d.1eleotric constant in aqueous phase tavora.t 

an increase in extraction 'beoause the tree energy of tranfer 

is also lowered. The energy of' association in the non-aque

ous phase will then more nearl7 'balance that los·t in trans

ferring the ions (116). 



In general, the degree of extraction is determined by sueh 

factors as the energy of solvation of the ions ;in each phase", 

the na,ture and extent of interionic attractive forces, and the 

.structure and stability of associated entities. It might 'be 

expected that .these latter two factors play a pa'\l!"t of less 

importance in the extraction of perehlorates than in the extrac

tion of chlorides for reasons di·scussed earlier. The magnitude 

ot these factors is determined by the charge, size, configura

tion. snd polar1za:bility of the ions, and the dielectric con

stant of the medium along wi.th the solvating characteristies 

ot the solvents. 

While the e·valuation of all of these factors is practi

callJ impossible, this investigation ha.s revealed some of the 

important differences in the, behavior of cobalt chloride and 

cobalt perchlorate which probably exist to an equal degree in 

oth,r metal chlorides compared to the corresponding metal per

ohlorateso 

Hydr.!,t,;~~·.tu.dies and Henrz' s Law· 

Hy-dration studies were made on unpromoted perchlorate· ex

tractions in an effort to find out how man1 wa.ter molecules 
'"" mar be regal'ded &1s associated with the salt in the non-aque-

ous phase. 

Befo,3r'e diaouss1.ng the method used here (114) it is worth 

noti~g '!;hat ICat.mn md Sullivan (52) had introduced a proo,dure; 
i, .. 

for determining the extent of hydration of salts in non-aqueous 

media. Their method consisted of evaluating the slope of the 

curves obtained b;y plotting the total moles. of water found in 

the non-aqueous phase vs. the number of moles of salt extracted 
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into tha.t phase. These investigators assumed that 1JJ:ll wa:.ter ·in 

the orga.nie phase had been transferred irito it as hydrate wmtero 

Their plots, however, were not linear and exhibited a minimum 
. . 

in the dilute regions which was thought to be due· to the· low, .. 

ering o:f'. the water activity in the aqueous phase before a s·ur~ 

fie:lent amo1:1r1t of hydrated salt had been extracted to offset 

this effect. This is because. solutions of low sa1t·concen-· 

trations have high water activities, and since little salt 

extraction occurs from· such solutions, m11 · the water that is . ' 

extracted may be regarded as tree water •. The hydration curve 
.. 

a.ccord.ingly b.esins high; falls as the aqueous water activity ' 

decreases .,ivithout significant extraction occu.rr"ing, reaches ·a 

minim1.un, and finally .rises as· hydrated· salt i's extractedo 

The two main· objections to this method or' .determining 

hydration numbers area 

(1) Even after enough hydrate water has been extracted 

to o~fset · the. ·e.f'.f'eo t of the. lowered we. ter ao.tivi ty- 0 there is 

no riee.son to 'bel.1eve th.at this effeot ceases to operate as· 11 

f'aotor in determining the to·tal water transferred~ 

(2). · The dif':f'ioul t;r wh1oh ar1 ses in 01:loo sing the ooncen-
, ' '. 

tration range of the. plot· from whioh the slope '1s .'determined. 

· The .follow1.ng ·method was proposed 1:nr Yates and Moore (ll5) 

in ·an effort to overcome some of the o'bjeot1ons to Xatzin '-nd. 

Sullivan's. method 'b;r attempting to dete .. rinine the •tree• or. un, ... 

oom.'Qined. water 1n the ·11.on-aqueous·· pha.s~. . A . similar prooedure 

was 1nd.ep$ndei'l.tly suge;eeted by· Gardner;, MoKay and Warrem ·(;5). 
' ' 

Assume that the .aotivit.r of the "free11 water in ·the n.on ... 

aqueous· 1,1haae · 1a related to· its mole fraction by Henry o s Law 



by the relation 

kN' w 

where k is Henry's Law constant. 

(1) 

From thermodynamics the expression for the partition of 

water· between phases isg 

1!1· K (2) 

where 9.lw is the water activity in the aqueous phase. Slubsti= 

tuting into (2'}1 the value of a 8w given in (1) one ha1!1 

kNiw 

K 

or 

Ka: - w 

(3) 

(4) 

From equation (4) it is seen that upon evaluation of the 

constant E, the mole fraction of "free• water in the·non=aque= 

ous phase nlay be obtained from a knowledge of the correspo:a.d= 

ing wa.ter a;c tivi ty in the aqueous phase o 

Tha justif:i.ca.tion for using Henry 8 s Law and the subsequent 

evaluation of K follows from the following eonsiderationo 

Henry 8 s Laiw could be expected to hold only in solutions of low-

water concentration in the nom=a.iqueous or 2=octanol phaseo 

This corresponds in general to a h:i.gh aqueou.s phase salt eon .... 

centration,, ioeop one in which the water activity has been 

lowered. considerably by the sa:lt. It wa:s necessary 9 thezt>e ... 

fore to fi:nd a·. salt which wou.ld not extract from highly con= 

centrated aqueous solutions 9 thereby assuming that all of the 

water· extracted was •rree• water. This salt is lithium ehlo ... 
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r1deo It was found that pract:tea,lly no extraction of lithium 
,/ 

chloride occurred from a 5 molal solution while correspondingly 

the water activity of sucli a solution was 0068., Water activ

it1e$ of aqueous solutions of lithium chloride (49) were plot

ted vs., moles of water extracted obta:ined from Karl Fisher anal-

yses; (65)., This plot (Figure 4) was a curve which gradually 

aipproached. a straight line as the aqueous lithium chloride 

concentration increased 9 ioeo 9 decreasing wa,ter activity :tn· 

aqueous phase a.s listed in Table 4o From equation (4) it is 

seen tha.t Henry's Lstw predi1:ts a straight line of slope 1/! 

{where X is lVk)., Calculations of this s·lope for decreasing -· ' 

water concentrations gave values which gradually approached a 

constant valueo The constant X was actually evaluated at a 

point of lowest water activity without extraction of lithi'llm 

chloride occurring. It was assumed that a-t all water aotivi ... 

ties in the aqueous phases lower th~n one at which Henry-'s 

La,N constant was evaluatedp the •rree• water extracted would 

follow this law·,, and could be ealoule. ted by equa t1on (4). 

In making oaloulations of this kind, the mole f'raotion 

of •tree• water partitioned from any- solution of known 

water ai:,tivit;r was determined either by- Henryffs Law oaloul~ ... 

tions, or if the activity- was too high~ from the plot of wra ... 

ter aat1v1t1es vso moles of water extracted as obtained from 

the lithium chloride data. 

Actually the majorit;r of "free• water concentrations were 

determined graphically since most of' the aqueous phase water 

activities were higher tha.i'l 0068. To make these oalaula:tion1: 

with the unpromoted ... extraction data o:r cobalt and nickel per ... 
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ehlorates the water activities of zinc perchlorate solution~ 

were used at equivalent salt concentrations rather than those 

of cobalt or nickel perchlorate solutions which were unava.11-

ableo The similarity in the activity coefficients of 281 

metal perchlors.tes support this approximationo 

.After computing the •rree• or uncombined water concentra= 

tions by the method discussed above 9 t;he values were subtracted 

from the corresponding total water values which had been deter, .. 

mined by the Ka,rl Fisher water a.nalys:ls method and the moles 

of hydrate water were obtainedo These are tabulated in Ta"bles 

5 and 6 a:n.d are shown graphi.cally in Figure 5 o The value of 

1205 was take.n. as the hydration number of cobalt perchlorate 

from this grapho 

Sintila.rl::r the value of the nickel perchlorate hydra.ti.on 

number 1,vas found to be about 1205 in the d:llute range oC con .... 

oen tra ti.om.:1 9 but the value decrea. sed at higher concen t:rs. tiom.s o 

The simila.rity .in the hydration numbers f'ou . .nd for these salt~ 

is not s.u.:rp:rieitng in view o:J:" their close ph.ysieal and chem:ll.caJ. 

proper•ti.eso 



·TABLE 4 
Water Activity or Aqueous LiCl Solutions and H2 0 Content of 

Corresponding 2 ... octa:nol Phases Before Extract!on. Occurred 

MT 

2 .• 0, 1.; 
1 .• 
1.8; 
1.99 
2.4,6 
;.32 
3.91 

m(aq) aH20 Mw·· 

OeOO · 1.00 2ol5 
1.03 o .• ~76 2.oe 
2 •. 60 o .• 98 l·.-66 
4.12 0.812 1.;9 
5.97 0.689 1.12 

TABLE 5 

Co(c104) 2 Hydration Data 

MF MH moo (0104) 2 x 1031 

(oct) 

1.i6 0.07 0 .• g1 
lo~ 0.12 1. 6 
1.6 0.21 ~.2·9 
1.57 0.26 1 .a 
1.52 0.47 i[:; 1.;2 1.14 
1.2~ 2.09 162. 
1.1 2.73 211. 

M1r • Mole a of Total Water 

MF l!I Moles ot Free Water 

MM ii Mole a ot H1dl'a·te Water 
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TABLE 6 

Ni(ClO~)a Hydration Data.i .. 

M H ll1wi (0101.t-) 2' X 10~ 
. · (oet) 

~~----~----~---~~--~----.~--~~--~- -~-* Determined by :Henry 1 .s Law 

MT :: Mole.s of Total Water 

MF = Moles. of Fre·e- Water 

MR = Moles of Hydrate Water 
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Co(Cl01i)2 and Ni(Cl0h_)2 Hydration Number Curves 
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RESULTS AND TREATMENT OF DATA 

'!'he discussion and interpretation of the data may be a\c-
' 

eomplished best by considering individua.l series of extraction 

experintents, and the s·ignit'icant tables and graphs relating to , 

each series. 

The Cobalt Perchlorate Unpromoted Extraction 

Most of the investigation was centered around the extrae ... 

tion of cobalt perchlorate into 2-octanol. Cobalt perchlorate 

like many metal perchlorates; is very soluble in water, aind 

quite concentrated solutions can be obtained• The extent of 

extraction is of course dependent upon the ~~ueous phase con

centration, eind the data obtained over a ten ... fold variation 
·,. 

in aqueous phase concentration is listed 1n '!'able 7• From the 

equilibrium aqueous and 2-octanol phase eoneentrations a. use ... 

ful quantity ealled the distribution ooetf1o1ent (Kd) ha·s 'been 

ealeulated. This quantity 1s defined as the ratio of 2 ... oe. 

tanol to the eiqueous phase eoncentrations, ~d if Ka is plot .... 

ted vs. equivalents of perchlorate ion 1n tihe aqueous phase, 

a eurve like the 00(0104) 2 curve of figlll'e 6 1s obtained. As 

shown 'by the ta'bula.ted data ~nd plot, eobalt perchlorate ex
traet111 to a l'e1at1vel7 high degree from aqueous solutions. 

'l'he graph· ~lso illustrates that '!d 1s not eo1uitant as prth•, 

dieted by a simple Nernst Law d1str1but1cm ~nd that a more-: 

eomplex extraction law is followed, This was found to 'be true 

·ror 8.111 of the perehlorates in this investigation. 

In order to study the change in mean activity ooeffiei ... 



,. ~nts in the 2· ... octanol phase with concentration$} mean aetivi ty 

coei'fieients of aqueoue solution,s· of zinc perchlorate (82) were· 

used as an approxima ti.on. to those· of coba.1 t perchlorate and the 

. 11_+ . ,. ,ralues .in. the 2'.-octanol phase were calcula.ted by means of 

the equation 

Ka= 
~*)3oct _ ( (± )3octi, ~o++J. Jc1oii-]2oct·.,. 

(i:::1;)3aq , J± )3aq. ~o++J ['.J104=J 2aq., 

Ka v,as evalua. ted 1:>y arbitrarily se.tting ( ~+ )oct = 1 

for the most dilute solution., Using this value and· appri0xi= 

:rnaite ( (+ )aq .. values the ( t+ )oeto values were deterrrtined a:t 

all of the other concentraticms (Table 7)., A plot of { ti'±) octo 

vs., moles of.salt extracted is also shown in Figure 7., 

TABLE 7 

Data on Co(c104)2 Vnpromoted Extraction 

"-··----.. ---- ·-·-.............. 

m (aqo) mx 103 Kd X 103 010~"" eq., t± t± a .:I;,O (,oeto) ( q.) . (aq.) (oc t e) (aqo) ___ , __ 
Oo~93 .0~5.1 ,.0,,85 lol9 0065 loOO 00966 
Oo 63 i.;66 l., 92 }:~R Oo75 Oo5l 00944 
lo27 5. e29 4 ... 18 1.,15 0036 Oe~03 
lo5.2 10 .. 8 11 .. 0 3o0~ 1~~5 OelB Oo 73 
lo oJ.L 3Ro6 20o~ t~i lo 0 Oo12 008~7 
2o17 . . 8 o3 380 ' a:i~ Ooll 0 .. 7 1 
2'~39 . 1620 ,· 67 0 9 4.7 0.,090 0 .. 744 
2'o57 2110 B;t.,o 5.14 61100 00096 0 .. 717 

_.,,,,. __ 
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Figure 6 

Extraict1bili ty Curves of ·Several Metal Perehlorates 
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The Nickel Perchlorate Un.promoted Extr9:~..!! 

'rhe extraction of nickel per·ehlorate into 2=octanol wa:s 

undertaken in order that this sa,lt and cobalt; perchlorate 

eould be compared with the cor•re sponding chlorides upon ex= 

traction. The extraeti.on &l ta for nickel perchlorate is ta:,b

ula ted i.n Ta.'ble 80 It shori.ld also be noticed that this salt 

extracts to a hig;h degreEh F1igure 6 illust1"'a.tes the incrern1.se 

i.n. extract i.on with increas:i.ng a.quecms phase concentra. tion a.nd 

1 t · is i:Jeen t;h.a.t nickel per•chlora te 1:1.ke cobalt perchlorate doi;Hi 

not follow a simple Nernst distri.butiano 

A set of mean a.ctivity coefficienta for nickel perc!hltO= 

· rate in the 2-octanol phase was· calcu.la ted with the a:ld of Eu1 

expression similar that of the equat:ton aboveo The K. value 

used was selected to be identical with that for C~(Cl04)2 in 

orde:r that the two sets of value.s mig:trb be put on a. con1.par1ible 

basiso This da.teu 1s also listed in r.rable 13 and :ts illustrated 

111 Figure· 7 o It is seen · that the t± va,l1les for oobal t and 

niok•al perohloi•ates appear to be about the same D lend:tng S'ltP

port to the assumption that 2 :l metal perohlora tes have1 the 

same t± values a.t equi.va.lent ccmoentra.t1onso 
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TABLE 8 

Data, on Ni(C104 )2 Unpromoted Extraction 

m (a.qo) m X 103 Kd x 103 c104- eqo l(± t+ a.H20 
(oct .. ) (aqo) (aqo) (oct o) (a·~o) 

·----·---
0.65 lol lo7 lo30 Oo70 o.5i 00961 
Oo 97 3.,2 io3 lo94 0085 Oo3 Oo93~ 
lo31 llo4 o7 2.,62 1 .. 20 Ool Oo89 
1.73 1800 10 .. 4 to46 2 .. 00 0 .. 25 Oo8~6 
2.17 64oO 290, 034 3o40 0.,15 Oo7 2 
2.62 171 0 66 .. 5 024 6050 Ool3 00708 
3.16 aitt. 110., 6022 1206 0.15 Oo617 
3·1& 5o 1290 6088 21.,6 Oo22 00567 
3o 1 553° 1450 7.,62 33.2 Oo30 00510 

---,~-~ ... ----
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The Cobalt Ohlor:1-de t!npromoted Extraction 

This extraction was earriecl out using fairly concentrated 

solutions (2.4-4•6 m) because of the small degree of extraietion 

or this salt into· 2 ... oetanol. E.ven from these eoneentrated 

solutions ,11 t.tle extraction ~as obtained as ean be seen from 

TSJble 9 and Figure 6. In this plot, the great difference in 

ext~aetibility of eobalt ehoride and the perchlora.tes is 

elearlY shown.. From a saturated aqueous solution, cobalt 

chloride extracts only 6 .• ; x 10-3 m, which is at least several 

hundred· times less than anr of the perehlorates studied at 

equivalent concentrations. 

TABLE 9 

Data on the C0Cl2 Unpromoted Extraction 

m{aqueous) m(oet.) x 103 

0.77 
1.06 
2.16 
;.91 
6.38 

E~uivalen ts 
a:queous c1= 

4.77 
6.06 
7.21 
8.30 
9.30 

Tb.Ef Cobs.rt Perchlorate.,.Caloium Perehlorate-Pro~oted Extra.e

tion 

These extr~etion exp0erim.ents were carried out under eon ... 

ditions of gradually increasing eoneentrations of calcium per

chlorate (from 0~4.2 m) while keeping the cobalt perchlorate 

ooneentration constant.. lfhis ma.de it possible to study the 

·. e:t;"t'eei-of'.inerea.EJ;fng promoting salt eoneentration. As seen in 
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Table 10 the increase in extraction arising f'rom the addition 

ot about.J+.2 moles of ealC:ium perchlorate is about 500 tf.meis 

greater than if no oaloium perchlorate had been added. Also 

listed in Table 10 is the calcium perchlora:te extrSletion data. 

In Figure 6 there is plotted ·t:ne · extraction of oalei't.lln perchlo

rate itself, and 1 t too is se·en to extra.ct very well. The in

eres:s~. in extraction of cobalt perchlorate with iriereaising aque

ous phase perchlorate concentration is plotted· in Figure 8·. 

The data used in making this plot is given in Table 10. 

The promotion or the oobal t perchlorate by calcium per

chlorate is due in part to a connnon-ion effect. Although 

this promoting action does not follow the s·imple mass-action 

law there is sufficient evidence to believe that it is par

tially- due to a ma,ss-aotion etfect. Part of this evidence 

lies :tn the fact that the degree of extraction of cobalt per-· 

Ohlora.te is determined largely by the aqueous phase total per ... 

chlorate concentration and is not very sensitive to the type 

of promoting salt eation. Figure 8 bears out this conclusion. 

The calculation of mass-action distribution ooeftioienta 

C;itm.) and mass-action distribution constants (IC1 ) also provide 

, evidenoei showing that the promotion of oobalt perohlo:ttate by, 

oaloium perchlorate is partly a maas ... aotion ef'teot, In '!'able 

lQ there ta a. list of oonoentrationa ot both oo'balt and oal

oium. pe:ticshorates along with corresponding mean lil.Otivit:r co~ 

ettie;ents in 'both phases, As has been pointed out aotivitt 

data tor cobalt pere~lorate solutions are um.available and the 

values for zinc perohlorate solutions were again employed. 

The aotivi ty ooeff'ioients of cobal't perohlora te were calcu,-



lated from the zinc perchlorate values at eoneentra:tions cor

responding to the total ,calcium and cobalt perchlorate concen

trations in the aqueous phase and from. the octa.nol extraction 

data on eobalt perchlorate alone at concentrations equal.to 

the toi:ial calcium and cobalt e·oncentrations in the octanol 

phase. In Table 11 the expressions used to calculate the 

~ and k;n values are given along with a tabulation of these 

values at ·each concentration. Since the KM expression is 

essentially an activity ratio, it should be theoretically 

constant. From the table it :ts seen that the values· a.re rea-

sonably constant over the range of concentrations studied, 

espeeially- when compared with the corresponding 1tzn values, 

which are cal,ulated from a concentration mass-action type 

expression. It is significant to note that while the KM 

values vary about ,1% from the average, in a random manner,· 

the values obtained from the kz.n expression vary about ten 

million times, steadily increasing with concentration. This 

is best shown in Figure 9 in whioh these values are plotted 

against the total aqueous 'phase concentration. The perchlo

rate concentrations used in the calculation of these values 

represent those ot both cobalt and oaloium in eaoh phase. In 

order. to caloulate the ~ values, values of t± in the ootanol 

phase. had to be determined first. To do this the following 

assumptions were made 1 (l) values ot t+ for 211 metal per

ohlorates: alone are approximately the same at the same oon

oe:ntrat:t.on, both in water and in 2-ootanol solution, (2) at 

the same.total oonoentration, the mean aotivity coeft'ioient 

of oobalt p~rohlorate in a mixture of 2:1 metal perchlorates 
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is independent of its concentration and depends only on the 

total mixed-salt eoneentration. That is, the t,+ for Oo (0104) 2 

in a n,.ixtu;-~ "VVith Oa(Cl04) 2 ean be taken as equal to that of 

Co(C~?,4)z, ~lo.neat the same eone.entration as the total eoneen

tration ·or the mixture. These values are plotted in Figure 7 

for Co(c104) 2 and for Ni(Cl04)2 in 2'-oetanol. Activity eoe.f

fieients can be obtained for Co (0104) 2 in Co {0104) 2-Ca (0104) 2 

mixt'tll,'es by adding the Ca(c104) 2 concentration. From the curves 

given 'in 'Figure 8 and Figure 9 one ooneludes that the assump

tions are justified and that the promotion of cobalt perchlo

rate by calcium perchlorate is governe'Ci in a large part by 

mas s-aotion effect. 



TABLE 10 

Data on Co(c104) 2-ca(Cl04)2 Extraction 

Co(c104) 2 Ca(c104 )2 
~ t± 

m(aq) m(oet} x 103 Ka X 103 (aq} {oet} m(aq} m(oet) x 103 

0 .. 249 o.~ o.~5 o.t 1.00 o.21R 0.20 
0.249 0.45 1. 1 o. o.46 0.63 0.92 
0.2~2 1.03 i-08 1.09 o. 0 0.922 1.95. 
0.2 7 2.22 .09 1.50 0.30 1.22 4-~6 
0.24?. 5.29 21.6 2.Ro 0.22 1.62 13. 
o.23q. 12.2 52.1 i:4 0.10 2.11 52.4 
o.2i5 27.4 127. 0.10 2.62 102. 
0.181 46.2 ?55· 16.4 0.10 3.18 212. 
0.138 65.3 473. t: 0.23 t· 95. io3. 
0.102 73.1 717. 0.43* .46 07. 

* Extrapolated Values 

c104-

Kd X 103 Aq. Eq. 

0.72 0.546 
1.45 1.27 
2.11 1.84 
~-73 2.44 

.28 ,.23 
2~.8 .2, 
3 °9 5..2 
66.6 6.37 

102. 7.90 
136. 8.92 

Total 
c104-
Aqo Eqo 

-
1.04 
1.77 
2.3l 
2.9 ,.74 

.69 
5..67 
bo73 
8.18 
9.13. 

'IJl 
N. 
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Figure 8 

Promotion of Co(c104) 2 by Ca(Clo4)2, LiClo4 and Al{Clo4):, 
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kui .• 

0.91 
1.29 
1.;1 
1.53 
1.92 
0.46 
0.44 
1.59 
0.89 
2.22 

TABLE 11 

KM and kzn Data 

( ~± )3octo [co++] ~101,- J2oct!. 
c er.+ > 3aq. 190+ B r104- J2aq. 

rPo+ +] [01011- ]2octo 
po++] f·104"" ]2a\tqo 
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Figure 9 

Distribution Constant {KM) and Distribution Coef
ficient (km) Gurves 
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The Cobalt Perchlorate-Lithium. Perchlorate Promoted E.xtntc

tion 

This series, of extractions wa.s carried out in order to 

obtain a variation in the cationic charge of the promoting 

salto The extraction experiments were made in a manner sim

ilar to that of the calcium. perchlorate-promoted extractionso 

The concentration of cobalt perchlorate was kept constant a.t 

the same concentration as in the calcium. perchlorate-promoted 

extractions, and the lithium perchlorate varied from zero to 

about 408 m (Figure 6)0 The results of the extraction are 

tabulated :i.n Table 12. where concentrations of both cobalt 

and lithium perchlorates are listedo The increase in extrae= 

tion with increasing promoting salt concentration isn't quite 

as pronounced here as it is with the calcium promotion and 

this is due mainly to the fact that the promoting salt is 

monovalent a.nd contains only half the perchlorate concentra

tion of a si:md.lar solution of calcium perchlorateo However 9 

when the data is arranged in equivalent form 9 as in Figure 89 

it is seen that the two sets of data superimpose one anothero 

This supports again the conclusion that the degree of promo= 

tion is almost independent of the promoting salt cation and 

that the extent of promotion is principally dependent upon 

the total perchlorate concentration. 



TABLE 12 

Data on Co(Cl04) 2-LiC10~ Extraction 

Co(c104) 2 LiCl04 

m (a~o) m {oeto) x 103; Kd x 103' m (aq.) m(oct.) x 103 

0.257 0.19 0.74 0.472· 
0.257 Oo4Z· 1.61 0.960 4.78 
0.259 0.7, 2.88 1.47 11.2' 
o.2K9 1.6 6.41 2.01 27.0 
0.2 9 z.74 11.0 2.55 50.1 
0.241 4.58 19.0 3.03 77°9 
0.232- 5.21 22'o5 3•5t> 1530 
o.21~ . ~.02 42.0 R·94 222. 
0.23 1 .3 76.9 .77 '3460 

Ka_ X 103 

4.98 
7.60 

13.4 
19.i 
25. 
43 .• 0 
56.3 
72.6 

Total Aqueous 

Equivalents c104= 

0.986 
1.47 
1.99 
2.52· 
3.05 
,.51 

.02 
4.37 
5.24 

\SI 
-.J 



The Cobai.lt Perchlorate-Aluminum Perchlorate Promoted Extraie

tion 

The extraction of cobalt perchlorate promoted with alu

minum perchlorate was the last of three promoted perchlorate 

extr~etions designed to test further the hypothesis that the 

extraction of perchlorates is largely governed by mass-action 

effects 9 and that the extraction is independent of the promo

ting. salt eationo The results are shown in Figure 8 where it 

is seen that the extraction of cobalt perchlorate promoted 

by the three different ion-type perchlorates fa·ll on the same 

line. The extraction data are listed in Table 1,, and the 

distribution coefficients for aluminum perchlorate are plot

ted in Figure 6. 



TABLE 13 

Data on Co(c104)~Al(Cl04) 3 Extraction 

- - . ~ . - . - .. -

Co(C104-)2 Al(Gl04) 3 
m.(aq.) m(oet.) .x 103 Kd .x .103 m(aq.) m(oct.) x 103 Kd x 103 

0.253 1 .. 08 4.27 0.626 1.84 2.94 
0.2~ ~ .. 03 20.1 o.i<A 13.0 13.1 
0.2. 1 ·5 75.8 1. 135. 95.0 
0.24 32.2 1;0. lo 3570. 201.. 

_ Aq. 0104 -

_Equiv. 

2-.~i 2.9 
4.26 
5.51 

Total Aq. 

Equiv. 0104-

2.,8 i. 8 <l.75 
.01 

\J1 

'° 
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The Cobalt Chlor1de-Cale1um Chloride.Promoted Extraction 

The promoted extraction of cobalt chloride- by calcium 

chloride was studied so as to be able to compare the extrac

tion and promotion of cobalt chloride with the extraction 

and promotion of cobalt perchlorate under similar conditions. 

It was pointed out earlier that unpromoted cobalt chloride 

extracts very little by comparison with cobalt perchlorate. 

The results obtained in the calcium chloride-promoted extra.c

tion of cobalt chloride show that in spite of the addition 

of as much as 4.2·m calcium chloride the extraetibility of 

cobalt chloride still doesn't compare with that of cobalt per

chlorate,. The cobalt chloride was kept constant. at the same 

concentration as in the promoted co.halt perchlorate extrac

tions (0 .24 m) and the calcium chloride was maintained a.t a;p .. 

proximately the same concentration as calcium perchlorate in 

an effort to provide a suitable basis for comparison. Figure 

8 compares the small degree of promotion of the cobalt chlo

ride extraction to that of cobalt perchlorate. The extrac

tion .datG.'. are listed. in Table 14, Although oa.loium o,hloride, 

doesn't seem to .promote the extraction of cobalt chloride 

very muoh at this low ooncentrat1on ot the oobalt salt, it is 

known that ealo1um chloride it present in higher oonoentras 

tions does promote the extraction of more oonoentrated co ... 

1:a1.t solut:tons into 2-ootamol to a oonsid.era.ble degree, 
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TABLE 14 

Data on Coc12 in GoCl2-CaCl2 Extraction 

m (aqueous) m(octo) X 103 Kd X 103 Total Aqo Equivo c1-

00278 Ooll 0.41 5o90 
00270 Ool4 0051 bo5.0 
00249 Oo24 Oo98 iobO 
0.257 0.41 1.60 078 



SUMMARY AND CONCLUSIONS 

A study of' the extraction of' eobalt perchlorate into 2= 

octanol and the promotion of this extraetion with the perchlo= 

rates of ealcium 9 l:i. thium. 9 and aluminum was undertaken.. It 

was found that cobalt perchlorate is extracted to a high de

gree and that this extraction is greatly promoted by the addi

tion of other perchlorates, This promotion was found to be 

caused in.part by a common-ion or mass=action effeeto At the 

same equivalent perchlorate concentration the promotion.of 

the extraction was independent of the cation of the promot

ing perelilorate salt., A set of mean aet:tvi ty coefficient a: 

:f'or cobalt perchlorate were found which satisfactorily ac= 

count for variations in the extracted eoncentra.tionso The 

degree of extraction of nickel perchlorate into 2=oetanol was 

alse determined.. .It was found that all of the perchlorate a 

studied extract to a high degree from aqueous solutionso 

The degree of hydration of cobalt and nickel perehlora te 

in the unpromoted extractions of these salts into octanol was 

determined. -.It was f'ou.nd· that these two salts both have 

about the same average hydration number 9 l2o5y in the dilute 

concentration regions.,._ The -hydration number of nickel t,erchlo..; 

rate was found to fall below this value in the more eoncen"" 

trated solutions .. 

The.degree of extraction of cobalt chloride and the ex= 

tent or its promotion by calcium chloride at the same eon= 

centrations as those of' the perchlorates was determinedy and 



it was found that cobalt chloride extracts to·a much smaller 

degree than cobalt perchlorate; furthermore, its promotion by 

calcium chloride was also comparatively smallo 
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