THE LIQUID-LIQUID EXTRACTION
OF METAL PERCHLORATES
BY 2-0CTANOL

By
Roy J& §aran
Bachelor @f:Scienee
Loyola Univefsity of the South

New Orleans, Louisiana

1952

Submitted to the faculty of the Graduate School of
the Oklahoma Agricultural and Mechanical College
in partial fulfillment of the requirements
for the degree of
MASTER OF SCIENCE

August 1957



. OKLAHOMA
STATE UNIVERS
LiBRARY oY

0ET 1 1957

| o
THE LIQUID<LTQUID EXTRACTION
OF METAL PERCHLORATES

BY 2-0CTANOL

Thesls Approved:

Qk57;7A,L,C€f 22T Jﬁrvuc_;

Thes1s Adviser

ég;¥22442§=i‘z4a4‘2.:1 Z

ZcocSrea

7 Deer oF the Oraduate School

385475

«)
1

44



ACKNOWLEDGEMENT

The author wishes tc extend his sincefg thanks to bro
Thomas E. Mecore for his continued guidance during the course
of thils investigation. ' |

The esuthor also wishes to thank Dr. Paul C. Yates whose
inspiratlon and advice greatly alded the investigation.

Acknowledgement 1s made to the Resegrch Foundation of
Oklahoma Agricultursal and Mechanical Collége for financial
ald in the form of an Atomic Energy Commlssion Research Fel-

lowship.

111



TABLE OF CONTENTS

Page

I INTRODUCTION - + o o o o o o o o o 1
II HISTORICAL - 4. o- o o o o o o o« o o 3
III EXPERIMENTAL . . + & & o+ s o s o« o 18
IV DISCUSSION « o « « & o o s o o o o 31
v RESULTS AND TREATMENT OF DATA . . . . . L2
VI SUMMARY AND CONCLUSIONS . o « o o o o 62
VII BIBLIOGRAPHY + =« o+ & o o o o o o o b4

iv



Table

1.
2o

S
h.ﬂ

5,
6.
7o
8.
9,
10,
11,

12,

13,

LIST OF TABLES

Co(GlOu)2n2=Octanol.Spectrophotometric'Standards o

Co (C10), ) 5-L1C1l-2-0ctanol Spectrophotometric
Stan aI’dS o ° o ’o' [ o o ° ‘0 ° o o o

Co(ClOu)ZaHzo Spectrophotometric Standards . .
Water Activity of Aqueous'LiCI Solutions and H%o
ore

Content of Corresponding 2-0Octanol Phases Be
Extraction Occurred o o+ o s = o o s o o

Co(ClOu)g Hydration Datg « o o o o o o o o

Ni(ClOu)g Hydration Data « o o . S e e e
Data on Co(ClOu)g Unpromoted Extraction » .+ o
Data on Ni(Cloh;)2 Unpromoted Extraction . . . o
Data on CoClpy Unpromoted Extraction . o » o &
Data on Co(clou)2=0&(010u)2 Promoted Extraction .

Data on Distribution Constants (KM) and Distri-
bution Coefficients (km) e o o s o o e

Data on Co(ClOu)2=L101Ou Promoted Extraction . o

Data on Co(ClOJ_l_)ZmAl(Cloj_l_)5 Promoted Extraction .

Data on CoClngaGléiPromoted Extraction « . o o

Page

26

26
27

28
28
39
43
T
148
52

oh
57
59
61



LIST OF ILLUSTRATIONS

Figure ‘ 3 Page
1. Co(GlO%)Z-Z -Octanol Spectrophotometric Standard

Curv ¢ ° ° ° . . . ° . . ° ° ° 28
2, Co(ClQ),)o=LiCl-2-0Octanol Spectrophotometric

Stan ard Curve « o« ¢ & o s o o o 5 o o 29
3 ‘co(C;Oh)g-Hgo Spectrophotometric Stendard Curve . . 30
o Activity of H,0 of Aqueous LiCl Solutions vs. Hp0

Content of aorresponding 2-0ctanol Phases Before

Extraction Oceurred . . . o . . o ° N . hO
5. Co(C1l0,), and Ni(Cloh)g Hydration Number Curves . . il
6. Extractibility Curves of Several Metal Perchlorates. i
Te Mean Activity Coefficient Curve for Gc(cloh)g and

Ni(Cth)g in 2-0ctanol o e . . . v . . hs
8.

Promotion of Co(Cl0,)2 by Ca(clo‘)g LiClo and
AL(C10)5 . . 2 o L o he 825 g

Distribution Constant (K ) and Distribvution Co-
foicient (km) Curves « o . . e N . . ’ o 55

vl



| | INTRODUCTION o
The study of the 1iquid-liqu1q‘extrgct;dn of inorganic
salts into 2-octanol was begun in 1949 by Garwin and Hixson
(36,37) « This investigation, initially largely one of engi-

" nesering 1nt§rest Has been continued in the chemistry depart-
ment of Oklahoma A. and M. College in order that it might be
studied not only from an industrial point of view, but also

from & theoretical standpoint.

The application of solvent extraction to the aeparation
of salts is a theoretically complex field. Even in a relative-
1y simple system where only one salt is involved, there will
be at equilibrium both salﬁ and water distributed in the non-
agueocus phass as well as organlc solvent tramsferred into the
aqueous phase. It consequently is very difficult to find out
what type of ion or molecule is transferred into the non-ague-
ous medium.

 The coriginel study was restricted to the extractions of
cobalt and nickel chlorides, together with certsin other chlo-
rides which mffect the distribution of these salts between the
aqusous and noﬁuaqueous phases. It is believed that both of
theso salts form complex ions and molecules to some extent in
the 2-octanol phase (13). This complicates the problem con=-
slderably becaunse of the uncertainty ms to what lon or ions
exist, and the relative importance of such COmpIexing.  There-
fore, in an effort to avoid the complications 1ﬁVO1ved‘in hav«
ing complex lons present, it was decided that an investigation

1
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be carried out on the extraction of perchloratés, where anlon
complexing 1s unlikely, because of the fact that the perchlo=
rate lon 1is very large and relatively non-polarizable. This
thesis 1s based upon the results of experiments having to do
with the extractlion of cobalt perchlorate into 2-octanol and
the effect of various other metal perchlorates upon the dis-

tribution.



HISTORICAL

The partition of substances between two immiscible solvent
layers has long been known and recognized as an analytical
tool. The literature conbtains a wealth of informestion on llg-
uid=liquid extraction, but only recently has phase partition
become prominent encugh to be recognized as an Important #é&pe
arational method for inerganic compounds,

Within the last three years there have been a number of
excellent reviews on solvent extraction. Treybal (100, 101)
has reviewsd the extraction of both inorganic and organlc sub=
stances and has also dlscussed various methods which have been
used. Morrison (68) and Craig (2li) have c@vére& the extrace
ticns of inorganic salts. Sandell (82), and Lewls (57) have
discussed the theoretical aspects of extraction, covering
many points of interest. The extractlon and separation of the
rare earth elements has been discussed by Bock (15), while
West (110) has surveyed the extractlion and separation of many
elements, wilith emphasis being placed on the organic solvents
uaed In the geparations. One of the most signlficant recent
reviews on liguid-liguid extractlon has been written by Irve
Ing (4W6), in which is discussed the theory of extraction, the
extraction and separation of salis, and the extraction of che-
late complexes,

In an effort to present a more connected review of the
literature on liguid-liguid extractlon, the remeinder of this

section will be devoted to a discusslon of the solvent extrac-

SN



ly
tion 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 UOZ(N05)2

As long ago as 182, uranium was extracted into diethyl
ether. It was Peligot (77) who first extracted uranyl nitrate
into ether as a means of purification. With the exception of
Misciatelli's work in 1930 (63) on the distribution of U0, (NOz)2
between water and ether, the most iImportant work on uranium ex-
traction has been done in the past four years.

In an investigation carried out towdeterming optimal
condltions for the ether extraction of aqueous solutions of
uranyl nitrate, Neeb (75)‘has shown that the ether extraction
increased with the agueous nitrate concentratiqn; According
to this investigation Ca(NO3)2 is the most beneficial nitrate
to have present. ‘ f ' )

Furman, Mundy, and Morrison (33,3l) have carried out ex-
tractions of U0z (NOz)p from aqueous solutions into dlethyl
ether while Warner (106) compared the distribution coefficient
of UOg(NO3)2»between water and diethyl ether with that obtained
using 18 other organic solvents. Solvents of low molecular
weight possessing sterically unhindered oxygen atoms gave the
most favorable extraetions. ’ " S

Katzin and Hellman (51) have investigated the extraction
of strong aqueous solutions_df UQZ(Noé)g into diethyl ether.
From the apparently strong electrqutig{behayidr of U92(395)2!
it was inferred that the hexahydrate reacts with ether, losing
three waters and forming a compound UOg(EOé)z‘éﬂgo'Gquoos



Gluekauf, McKay, and Mathieson (39) used a circulating solvent
extraction method for the measurement in agueous mixtures of
NaNOz of the activity coefficients of UOg(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 activ-
ity coefficient of the hydrated U02(N05)2 in the organic phase.
Using this law, the variation of activity coefficient with con-
centration was studied. Ternary systems of UOZ(Noa)Z-HZO-or—
ganic solvent were investigated by Katzin and Sullivan (52) in
which seven organic solvents were studied. The water content
of the non-aqueous phase was determined and plotted against

the concentration of UOZ(N05)2 in the organic phase to give a
slope whose value was correlated 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 UOg(NO;)g
in various organic phases by using the procedure of Katzin and
Sullivan (52)., Later, however, Gardner, McKay, and Warren (35)
developed a more theoretically sound method of determining the
hydration number of UOZ(N05)2 in the organic¢ phase after ex-
traction. This method is an isopiestic one in which the equi=-
librium was established through the vapor phase between or-
ganic solutions and aqueous solutions of known water activity.
The number of water molecules per molecule of UOZ(N05)2 found
represented the total water minus the "free® water divided by
the number of moles of U02<N05)2° By this method it was found

that a solution of UOg(N05)2 in the organic phase contained a



mixture of hydrates.

Solvent extraction has also been used in the separation
of uranium. Scott (84} has found that 99% uranium can be ree
eovered if it is extracted from an aqueous solution of §N'HN05
and 1M Fe(N05)5° Tae Fe(N05)5 was shown to be an effective
promoting salt for the extraction of uranium. Lindh and Rynn-
inger (58) extracted small amounts of UOg(NOE)g'with diethyl
ether, and found that the salt could be quantitatively sepa-=-.
rated from other elements, especially iron, even up to a ratioe
(by weight} of FesU of 25,000 to 1. The efficiency of the ex-
traction, however, depends upon the concentration of nitrate
ion snd free nitric acid. In an attempt to find a generally
applicable procedurs for the solvént extraction of uranium,
Helger and Rynninger (/i3) have shown that sulfates and'ph@se
phates interfere with the ether extraction and must be removed.
The Chemical Researeh Lab@$gtory in Fugland hasralso shown‘(éﬁ)
that the dlethyl ether extraction of UO(NOz)y cannct be used
to separate urenium from other elements when large amounts of
gulfate ion are pr@éentn

The findings of the investigators discussed above on the
1iquid-liquid extraction of UOEKNO3)2'represent one of the
most important and thoroughly investigated sections in the
field.

The Exﬁra@tiﬁnr©f71?oq as Feqlﬁ_

It is a well known fact that FeCl§ is very soluble in
many organic solvents, especially ethers. 1In 1892, it was
Rothe (79) who found that F@Cl; could be extracted from an HC1
golution into ilsopropyl ether, Since that time the FeGlEQHClm



ether system has been investigated many‘times; Podson, Forney,
snd Swift (26) compared the éxtractions‘of the FeGlg-HGl g0lu=
tions in dlethyl and dlisopropyl ethers and showed that diiso-
propyl ether 1s far supérior as an extracting solvent because
1t gives & more efficlent extraction over a wider renge of acid
concentrations. Ishibashi and Yamamoto (}8) have shown that
FeClz, at & concentration of 2 grams per liter in 6N HOL soluw
tion could bé?ccmyletely rém9véd frdm‘thé‘aqgéqus phaSQ by
five successive extractions with diethyl ether. Iron and alu-
minum‘ceuld be“separated by fhis‘méthbd with no effects due to
the presence of sulfate or phosphate ions, Usiﬁg.amyl édéfate
as the extracting solvent, Well and Hunter (109) found that
99.6% of the Fec;3 in coneentrated Hclmso;utions could be re=
moved from the aqueous phase, vaqqncéﬁtrated sulfuriec or
phosphoric acid is added;-the‘dagree'bf separatidn‘is further
inereased. The distribution of Facl5 between HCl and
dichlorodiethyl ether solutions was 1nveltigated by Axelrod
and Swift (5). It was shown that Fqu; could be guantitatively
extracted from solubtions greate’r‘ then TN in HCl: It was also
shown thet.one molecule of HCL and u or 5 molecules of Hp0
are pbqaent for each iron molecule present‘in the ethei. From
the SPQEtralqgtﬁdies of Kato and I#i;v(So) of extracted die
ethyl gther solutions of FeCly from’&queous HC1 solutions, the
compound extracted 1s believed o Ee:F361§°H61f33205

Hachtrisb and Fryxell (73) interpreted theif results as
in@ieative’that'a.salting@out-of_ﬁhé’FeGla;1n the aqueous
yhasé occurs. This 1s used to explain the increased extrac-

tion with inecreasing total iron concentration rather than the



assumption of polymerizatlion in the ethereal phase. But.
later, an investigation of the distribution of FeClz between
water and isopropyl ether was undertaken by Myers, Metzlér,

and Swift (70) for the purpose of determining the formula of
the iron complex extracted. The dependence of the dlstribu-
tion ratio on the aqueous iron concentration was qualitatively
explained oy polymerization of the ethereal iron. In continue-~
tion of this work, Myers and Metzler (69) evaluated the effecw
tive polymerization of the ethereal iron, and determined the
effect_of_the acld on the apparent polymerizatiomn.

‘Nachtrieb end Conway (72) have estimated the rate of ats
tainmeﬁtIOffequilibrium of the diéthyléeﬁher end aqueous phdsé
of the FeClz-HCl extraction to be about 30 minutes. They have
shown thatufhe'distributiOn coofficiént, which 1s & ratio of
n@n-aq@eb@s,to aqueous phase concentration, increased rapidly
vwith HGleoncehtration and approached a maximum at about M
in the aquepﬁa phase, The coﬁpound extracted from various -
aqueous phase concentrations was found to be HFeGlh; Bassett
ot a1 (8), and Campbell (20) have also investigated the na=
ture of ﬁhé'FeCl; complex in diethyl ether and have found it
to be a singly charged mnion ﬁith the hydrated proton as the
tranafer mechanism. From visible and umtraviolet:&baorﬁtion”'
speetrg,’Eriedman‘(32)’q;so hau'given evidence for the exia-
tence of the FeCl),"~ complex Lon. ’

TUsing a continuoms extraction procedure with isopropyl
ether, Ashley and Murrey (2) have completely separated FeClj
from aqueous solutions. The extraction wes performed in the

dark since there was some evidence of photochemical reduction



of the ether solution. Wolfe and Fowler (112) have used the
isopropyl ether extraction to separate iron from many othexr:
motals, After extraction with isopropyl sther of solutions
h&#ing known impurities: present in the amount of 0.1% each a
spectrographic analysis of the ether-phase contents showed
the greatest remaining impurity was cobalt at a concentration
of 0.00%%.

Besldes thse extractions carried out on FeClB, some inves-~
tigations have been performed on Fe(SCN)B and Fe(NO3)3. Mc-
Donald, Mitchell, and Mitchell (60) have investigated the dis=~
tribution of Fe(SGN)3 between water and ether and have found
many mqueous phase complexes, varying from Fe(SCN)éj+ to Fe(SGN)6“5
Babko and Kodenskaya (6) have investigated the extraction of
Fe(N05)3;1n acid solutions of NH) SCN by ethyl and butyl acetates.
The degree of extraction was found to depend on the absoclute
concentration of SCN™. |

The above dlscussion on the extraction and separation of
iron constitutes all of the important extraction research on
iron.

Extraction of Cerium and Other Rare Earths

Imre (Lli) investigated the distribution of Ce(NO§)u be tween
water and diethyl ether. The extraction was carried out from

aqueous solutions which were 10.5N in HNO Warf (102) ex-

3¢
tracted CE(Noi)h into tri-n-butyl phosphate and recovered 98-
99% when equal volumes were used, regardless of NH&NOB or HNG3
concentrations. Sulfate lon was found to interfere with the
extraction efficiency. Several years later Warf (103) ex-

tracted Ce(NO3)u into nitromethane. The Ce(IV) salt in the
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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 dlethyl ether extrac-
tion from L.5N HNO; solutions.

Gryder and Dodson (}}2) have separated radioactive Ce (III)
from inactive Ce(IV) by extracting their nitrates from a HNO3
solution into diethyl ethers It was found that the active
Ce(IITI) did not extract, while the extraction of the inactive
Ce (IV) was essentially completes The extraction and separa-
tion of cerium from iron, zirconium, lanthanum, and others of
the rare earths has been successfully carried out by Warf (10,
105) using tri-n-butyl phosphate. Conditions for an efficient
extraction were not critical, and the extraction efficlency
was not affected by acetates or perchlorates, but sulfates ‘
did interfere. Wylie (113) has separgyggmqgﬁgpﬁ)u‘frpm mix-
tures of other rare earth nitrates by extraction of.ca{ﬂqa)h
from 5-6N HNO; solutions into diethyl ether. It was found
that the.other rare earth nitrates present were beneficial in
that they acted as promoting agents. The cerium complex in
the ether phase was shown to consist of Ha(ce(N03)5)'or°
H(Ge(NOi)SHZO), determined by titration of the HNO3z in the
ether phase after back-extraction into water.

There has been much work done on the extraction and sep-
aration of rare earths. The most important research done
along these lines will be discussed here,

Fisher, Dietz, and Jubermann (31) have shown that the
principle of phase distribution may be applied to the sepaw

ratlion of the rare earths. According to these investigators,
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the rare earth halides will distribute themselves between water
and alcohols, ethers, ketones and many other sclvent types.

By extracting the rare earth nitrates from aqueous solu-
tions into n~hexyl alcohol, Templeton (90) found that the ex-
traction increased with increasing atomic number of the rare
earth elements. Peppard, Faris, Gray, and Mason (78) also
found that the extraction increased with increasing atomic
number using tri-n-butyl phosphate as the extracting solvent.
In an effort to separate a mixture of lanthanum and neodym-
ium nitrates, Appleton and Selwood (1) extracted them into n-
hexyl alecohol and obtained good separation factors. In fact
the nitrates of these two rare earth elements, when extracted
into n-hexyl alecohol, glve a separation factor ten times
greater than when the thiocyanates of the same metals are
extracted into n-butyl alcohol. Topp (98) has separated
neodymium and samarium niltrates from 12N HNOz solutlon us=
ing tri-n-butyl phosphatee Samerium nitrate hed a distribue
tion coefficient 2;5 times greater than Nd(NO;);. An attempt
wes mede by Asselln, Audrieth and Comings {5)’to separate the
rare earth chlorides using n-butyl alcohol, but 1t was found
that they extract only slightlye The rare earth nltrates
were shown to extract to a significant extent in n-butyl ale
cohol, as had been found by previous investigators (l). Gade
olinum oxlde has been obtalned better than 95% pure from a
countercurrent extraction process carried out by Weaver,
Kappelmann, and Topp (107) using tri-n-butyl phosphate.

One can see therefore, from the above dlscussion that

solvent extractlon has become very: important in recent . years
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&3 a method of separating and isolating the rars earth ele-
ments.

Extraction of Thorium as Th(NOBlu—

Templeton and Hall (94) have investigated the solubility
of Th(N05)h in various organic solvents 1In order that some |
qualltative predictions could be made regarding the extrac-
‘tion of this salt. It was found that oxygen-containing sole
vents dissolve Th(NOE)h while others do not. Distribution
coefficlents were obtained for the extract;on_of“mh(NQE)u‘into
several ketones and aleohols by Rothschild, ?qmpletqn, and
Hall (97), and 1t was found that the concentration of Th(NOB)h
in Ehe'aqueous phase must be very near«to’gaturatibn;fbr any
appreclable extraction to occur. A ygar‘lager,_rempleton, )
Rothsehild, and Hall (97) attempted to extract aqueous solu-
tions of Th(NO3)) into various esters, Ethyl butyrate showed
about the same extractlon properties as aleohols and ketones
of comparable welghts It is believed by these investiggtors;
that Th(ﬁ@;)u is dissoeiated'to_a g;eat extent in the aqueous

phase but undissoclated in the organic phase, corresponding tos

o+ + Iy NOz- == Thm}’h
aguaous organic

The distribution obtained when a common ion (nitrate) 1s added
seems to support the above hypothesis. Boock and Boek {17,18)
found further that Thtwoﬁjh could be extracted by various or-
ganiec solvents from dilute nitric acid solutions containing
high concentrations of nitrate sslts. Misclatelll (6l) stud-
ied the distribution of Th(NO5)h between diethyl ether and
water to establish the necessary conditions for the separa-

tion of uranium and thorium. Lending support to an sarlier
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investigation (80), Templeton and Hall (95) separated thorium
from the rare earths using several different alcohols and ke=-
tones, but found that it was necessary for the aqueous phase

to contain a near-saturation concentration of Th(NO;)u. A frac-
tional solvent extraction method with reflux was employed by
Asselin and Comings () to separate thorium from neodymium in

8 solution of their nitrates using n-amyl alcohol as the eX~
tracting solvent. Ammonium thiocyanate, present 1p‘the'aque-
ous phase, wag used as a separating agent, and it was found
that the selectivity of the alcohol in“prefgrentially_extraca
ting thorium increased as the thioccyanate lon concentration

in the aqueous phase increased. Asselin, Audrieth, and Comings
(3) found that Th(NOa) was extracted to a much greater extent
by ne-psntanol than were the rare earth nitrates, and it could
easily be separated from them in the presence of thlocyanate
ion,

Extraction of Other Elements

Solvent extraction has been attempted as a means of sep=
aration and purification of many elementso_ Dilsopropyl ke=
tone was used by Stevenson and Hicks (86) to separate tanta
Llum frpm nioblum in an agueous phase consisting of mineral .
acid-hydrofluoric acid mixture. Bassett and hls coworkers
(7,9,10,11) have attempted by several physlical methods to cor=
relate the structure of various organlic solvents with thelr
ability to extract inorganic ions. Taylor (89), back in 1925,
in a discussion of hydration and solution showed that the pre-
sencs of salts did not effect the distribution of HC1 between

water asnd benzene. He concluded from his work that there
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appeared to be no dissimilarity between "free® and combined
water, bﬁt'later work has cast many doubts on the authenti-
¢ity of Taylor's worke

Bonner (19) has separated Sb(V) from radioactive Sb(III)
by extractlon of their chlorides ffom aquebus HC1 solutions
intobdiisoprOpyl ether. He found that 98% of the Sb(V) went
into the ether phase from 6 and 12N Hci solutions of the salts,.
Edwards and Voigt (27) have also separated Sb(V) from Sb(III)
using diisopropyl ether and have found that 100% of the Sb(V)
passes  Into the ether phase from aqueous 7-8N HC1l solutions of
the salts. Weinhardt and Hixson (108) have discovered that
V(V) and Cr(VI) may be separated by liquid-liquid extraction
usiﬁg methylisobutyl ketons as the solvent. Sodlum dichromate
was separated from vanadic acild in aqueous HCl solutions of
less than 3N HCl and a separation factor of greater than 4,000
to 1 in favor of the sodium salt was obtained.

Gold has also been separated and purlfied by liquld-lig-
uld extraction. McBryde and Yoe (59) separated gold from
numerous other metals by extracting 1t as HAuBr), from aqueous
HBr sclutions into diisopropyl ether. Lenher (55) in an early
Investigation found that meny solveﬁts:would extract gold from
aqueous solutions. Several years later Lenher and Kao (56)
successfully separated gold from all of the common chlorides in
aqueous Hcl solutlons using ethyl acetate as the selective
solvent.

The distribution coefficlents of minute (tracer) quanti-
ties (10-12 to 10=%5 gm.) of several radiocactive metal hélides
between liquid phases have been reported by Grahme snd Sea=
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borg (41) to be quantitatively the same as those observed for
the sémersubstances at ordinary small (micro) concentrations.
Nachtrieb and Fryxell (Th) have shown that the distribution of
GaCla between HC1l solutions and isopropyl ether follows the
simple Nernst partition law (76) at low gallium concentrations.
Swift (88)iin an earlier investigation extracted 97% of the
GaClz from 5.5N HCl solutions 1nto ether.

Templeton and Daly (92,93) and Templeton (91) have car-
ried out extractions of many bivalent and trivalent transition-
metal nitrates using n<hexanol as the extracting solvent.
These investigators attempted to determine the hydration num-
bers of the various metal ions in the alcohol phase by the
method_oijatzin and Sullivan (52), The fesults}were not very
satlisfying, however, and 1t was concluded that only a relative'
measure of the hydratlion of the catlion could be obtalned from
such a method.

Kylander and Garwin (5l) effectively separated CoCly
from NiCl, using 2=0ctanol 1n a spray tower in the presencs
of such promoting electrolytes as HCl and CaCls. The distri-
butlion was shown to be a functlon of the total chloride ion
concentratlon. Yates and Moore (115) have investigated the
extraction of various cobalt and nlckel salts by 2=0c¢tanocl in
the presence of different extraction-promoting salts. The
purpose of thils lnvestlgation has been to determine the fac=-
tors influencing liquid-liquid extraction and to obtain some
informationlabout the nature of the extracting specles.

Boek (16) in a recent investigation has studled the dis-
tributlon of the metal thlocyanates of Be, Co, 2Z2n, Al, Sc, Ga,

|
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In, Pe(III), Ti(III), Ti(IV), V(IV), Sn(IV), Mo(V), and V(VI)
between water and dlethyl ether. Cavanagh (22) has determined
the activity coefficients 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

i1s completely dissociated in sufficiently dilute solutions.

The distribution of LiCl between water and amyl alcohol was
also studied by Dhar and Datta (25) who measured the amount of
undissociated LiCl in amyl aleohol, both conductometrically and
from distribution laws. Mylius and Huttner (T71), two of the
ploneer investigators in the fleld of liquld=1llquld extraction,
have studied the extraction of a large number of metal chlow
rides Into dlethyl ether from dllute aqueous solutlons contalne
ing varying amounts of HC1. Gémpbell end Laurene (21) have
studied the extractlon systems conslstlng of inorganic chlo-
rides, aqueous HC1l solutlons, and dlethyl ether and have con-
firmed the alresdy known fact that the optimum extrection oc-
curs over a narrow range of HCl concentratlons. Irving and
Rosottl (L7) have extracted radlcactive group IIB metal halides
into ether over e wlde range of corresponding halogen acid
concentretions. Indlum lodlde cen be extracted quantitaa‘
tively from HI solutions of low concentration, and may be sep=
areted from GaI§ in this way. The distribution of NgBrz bee-
tween water and diethyl ether has been investigated by Rows

ley and Reed (8l) and they report that although there was
practically no dlstribution of this salt between water and di-
ethyl ether, the anhydrous salt was considerably soluble in

ether. Other physilcal measurements indicated assoclation and
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very little ionization of the_anhydrous salt in ether, factors
which may partially explain the very small distribution coef=
ficient of the salts, |

‘Fiséher and Chalybaeus (29), and Fischer, Chalyhbaeus,
and Zumbusch (30) have separated zirconium from hafnium by di-
ethyl ether extraction from aqueous solutions of NHuSCN and
HSCN. Hafnium could be obtalned 99.6% pure in the ether phase
after a serles of eight distributions starting with a 60-95%
hafnium sample. ‘

Elson, et al (28) extracted protoactinium, obtained from
aqueous waste, from a fluoride-complexed agueous solution by
diisopropylcarbinol. After further purifications with dilso-
propylketons, the final protoactinium was spectroechemically
pure. MNaddock and Stein (62) extracted trace amounts of proe
toactinium from concentrated chloride solutlons by a variety
of organic solvents, using AlCl5 as a promotlng agent. The
extraction and isolation of radiocactinium by ether was inves=
tigated by Imre (L45). This investigation studied the influence
of z—-m'c-f, on the partition of thorium and radiosctinium into di-
ethyl ether. |

In summarizing the status of the problems involved in sol-
vent extraction of salts from agueous solutions, there appears
to be a need for more sttention given to the chemical nature
of the organlc phases, the actlon of extraction-promoting
agents, and the thermodynamic propertlies of the aqueous solu=-
tions., Individual systems need reexamination and further cor-
relative studles made of the factors known to influence the

distributlon coefficlents.



EXPERIMENTAL
Reagents

Cobalt and nickel perchlorates were prepared from the C. P.
grade metal carbonates and hot diluted reagent grade perchloric
acid. The carbonate was added until the solution was nsutral,
and a slight excess was then added to insurs a complete reac-
tion, The excess was subsequently‘filtered off, leaving a clear
neutral stock solution of the salt, which was then used in pre-
paring thevsolutionSo

Anhydrous silver perchlorate, which was used in preparing
an anhydrous solution of cobalt perchlorate in 2-octanol, was
obtained by pulverizing the C.P. grade salt and drying at 120°¢C.
Slight decomposition was ndtedo

Anhydrous cobalt chloride, also used in preparing the co-
balt perchlorate solution, was prepared by pulverizing the C.P.
grade hexahydrate and drying at 120°, |

Anhydrous cobalt perchlorate in 2-octanol, used in pre-
paring the spectrophotometric standards, was obtained by meta-
thesis, following the method of Trevorrow (99), using 2-o0c=
tanol solutions ¢f anhydrous silver perchlorate and cobalt
chloride,

Aqueous solutions of 1lithium perchlorate and aluminum
perchlérateg used in preparing solutions for the promoted
extractions, were also obtained by metathesis, using aqueous
solutions of barium perchlorate and the corresponding sulfates.

The Z-cctanol used throughout the investigation was the

18
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best grade of anhydrous reagent from the Matheson Companye

A saturated solution of lithium chloride in 2-octanol was
prepared from C.P. grade anhydrous lithium chloride and Z-oc-
tanol by shaking overnight with an excess of salt followed by
filtration. |

‘@il‘éther éhemicals used either in preparing solutions
for extraction, or in chemical analysis, were of C.P. grade,
and were used without further purification.

Preparation of Sclutions

Solutions of varying concentrations of Co(Cth)zg
Ni(ClOM)ZQ and CoCls, were prepared by diluting aqueous stock
solutions of these salts with distilled water. These solu-
tions were weighed out to the nearest tenth of a gram only,
and no sttempt was made to accurately determine their concen-
trations before extraction. The‘object of this réther approx-
imate method of preparing the solutions was to obtain & sult-
ably distributed range of concentration varying from dilute
solutions to the concentrated stock solutlons,

Stock solutions of Co (01%)2@% (€10))2, Go(ClOLl_)guLiClOLL,
and Co(ClOu)gmAl(GIOM)Bg used in the promoted extractions, were
prepared by adding calculated weights of the Co(ClOu)z stock
solution to the stock solutions of the other perchlorates, so
as to obtain a constant Co(ClO,)s (0.243 m) concentration in
each of the mixtures. A solution of 0.243 m Co(ClOu)2~was
then prepared from the concentrated 00(clou)2 stock solution
end used in diluting the solutions of promoting salts, i.e.,
LiC10),, Ca(Oth)zg and Al(ClOu)ﬁg in the corresponding stock

mixtures, In this manner the Co(Gth_)2 concentration was
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kept constant. By extracting solutions of this kind, the ef-
fect of varying the concentration of the promoting electro-
lyte on the extraction of Co(CIOM)g-could be studied,

The CoCl,-CaCl, stock mixture was prepared in a similar
manner, and diluted with a 0.243 m CoCly solutlon,

Extraction Procedures

Early work was done using 250-ml. Erlenmeyer flasks and
tinfoll covered corks. The stock solution, water or diluting
solution;'and 2-0ctanol were welghed directly into these flasks,
The solutions were first fastened éecurely to a mechanical
sheker and shaken overnight at room temperature and then placed
in a 30° water bath to allow equilibration of the phases to
take place. It was noticed, however, that these flasks not
only leaked, but in some cases there was evidence of a reace
tion between the 2-octancl and the tinfoll, so these flasks
were replaced by Z50-ml. ground glass stoppered flasks. The
liquid pheses were separated with the ald of separatory fune
nels and placed in sultable air-tight contalners untll ana-

iyses could be performed.

Analytical Procedures )

Most of the anélyticml procedures used in the investigs-
tion are, for the most part, common methods and are tabulated
below along with some pertinent references.

The spectrophotometric method of analysis for cobalt and
nickel using the Beskman Model B spectrophotometer was the
most importent analytical tool used, and the procedure for the
cobalt analysis shall be discussed In detail.

Early spectraphetometric analyses on the octanol phases
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were obtained with reference to standards of cobalt perchlo-
rate in Z-octanol which were prepared from the hydrated salt.
Since standards prepared in thic way might be expected te dif--
fer greatly from extraction conditions in which the Z-octanol
phase is saturated with Hgog it was decided that an investigg-
tion should bé made to determine the effect of water on the
asbsorption and molar extinction coefficient of Go(Cth)z in 2«
octanole. _

To anhydrous solutions of G@(ClOu)é in 2-octanol, prepared
by metathesis as described above, various amountslof water were
added by means of a hypodermic syrings, and the spectra of
these solutions studied with the specirophotometer, It was
found that the presence of varying amount of Hs0 up to sature
ation, did not change apprecisbly the wave length of maximum
absorption, but the absorption peak was flattened considerably
in solutions of high water concentrations. The molal extine-
tion @oefficient was found te increase with decreasing cone
centrations of Go(GlOu)2~in both anhydrous solutions and s¢le
utlons contalning approximately a 10:l mole ratio of Hy0:Co.

In investigating the spectra of the anhydrous solutions it
was found that the maximum abserption occurred at 525-530
millimierons, while in the hydrous solutions regsrdless of the
Hs0 concentration it @@@urred at 510 millimicronse So in an
effort to approximate extraction csonditions as much as pos-
glble, a new set of standards was prepared from an anhydrous
G@(GlOu)gagm@ctanol solution and a saturated HyO=octanol mixe
ture. Although sach solution prepared would contain differ-

ent amounts of H50, all would eontain sufficlently large
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quantities that the spectra would not be greatly affected, and
extraction conditions would be more closely resembled then
with the old standards.

If a great excess of chloride ion is added to the 2-0c-
tanol solutibns ef Co(Cth)g,-an intensely blue cobalt chloride
complex develops which enablés the spectrophotometric proce-
dure to be extended down to 1072 molal. A saturated solution
of LACL in 2-octanol was used to prepare these solutions.
Equal weights of the LiCl-2-octanol solutlon and the dilute
doﬂCi@h)ngaoctanol solution were mixed. This corresponded
40 & Cl:Co concentration ratio of greater than 1000:1. 1In
order to be able to employ thls complex es a means of deter=
mining cobalt corcentration in very diiuté solutions, it was
‘necéssaiy to‘cdnsider the effeet of H,0 upon.the'Spectrw of
the 2-octanol solutions of the cobalt chloride compleéx.
Boaver (12) has shown, however, that if the ratio of Cl:Co is
10031 or greater, water wiil have little effect upon the ab-
sorppionvspact#ws This was quickly verified by preparing
L sarieswor,aointiona containing LiCl-2-octanol and Go(clou)a
in a solution@ﬁeight ratio of 1li:le with various smounts of
water, snd observing the spectra. It was found that both the
enhydrous and all the hydrous solutions had a maximum absorp-
tion peak st 680 millimicrons, Since the molar extinction
coofflcient for these Ge(clou)a-niﬁl solutions was slightly
higher for the solutions edntainins water th&n for the an=-
hydrous solution, 1t was then decided that this set of stand-
ards, which would be used td cover the concentration range

10-3 to 10‘55‘ahould also be prepared using 2-octanol satu~
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rated with water as the solvents

Tables 1 and 2 list data for the cobalt perchlorate ®pink®
standards in ths 2-¢ctanocl phase, sand also the "blue® standsrd
sobalt perchlorate-lithium chicride data, TIn Figures 1 and 2
the data are plotted for th@-”pink”-and #plue® standards re-
spestively. Table 3 lists date for standard aqueous solutions
of cobalt porchlorate snd Pigurs % {llustrates this data. The
aguecus standerds and the "blue® Z-octancl stsndards wers found
to follow Beer-Lambert's Law, but & slight curvature is exhib-
ited by the ®pink® 2-octanol standards indicating a slight de-
viation from this lawe ' | | o

The volume concentration (molarity) obtained from the
ecurves was convertsd to a weight @@néantrati@n (molality)
by msens ¢f the density which was determined for sach solu-
tion after extraction. Th@ 2-pctanol phase molality of all
the extracted sclutlons was expressed as moles of salt per
1000 grams of mixed solvent (occtanol and Hp0).

By means of thssze new standard curves all previous ex=
traction concentratlions were corrected, and in meny cases &
e@n&i&erablé difference in woncentration resulted.

The weight of solution nsed in analyzing the phases afw
tor extraction depended, of course, on the salt concentrsbion
in the a@lugi@no Duplicate snalyses were always carried ont
on the extracted solutions with e precision of 4+ 1 %. In the
very dilute Z-octancl phases sometimes only & single large
sample could be teken for snalysis in order to be sble to ob-
tain sn adequate quanblty of salt. In these cases there was

no way of knowing the magnltude of the error involved. In
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most cases the contents of the 2-octanol phases were back-exe
tracted wlith three portions of water and concentratéd to a
small volume prior to analysis or dried carefully to the crys-
tals. In some of the more.eoneentrated 2=octanol solutlons,
the perchlorate precipitation analyses were performed directly
in the 2-octanol phase, because 1t was found possible to check
such direct determinations with the results obtained on the

analysls of back-extracted samples.



Summary

of Analytical Methods

System

Agueous Phase

Z=acbanol Phase

Co (€10}, ) 5=H50-2~0ctancl

Ni(Cth)géH20=2=octan01

Co (C10} ) 5=Ca (C10), ) p=H50=
QaG%tgnol bt

CoCly-Hp0-2~0ctancl

CoCly-0aCls-HpO0-2-0ctanol

Co (C10y,) =LiClOﬁmHZOc
2-08tanol

Co (C10}, ) 9=A1(C10), )z =H,0-
2-o0c¢tancl W13="2

Cos

Nic

Cozg
Cas

QQ
Q

m
o0 o0

Spectrophotometer

Spectrophotemeter

Spsctrophotometer
Calcium oxalate-
KMnO), titration (38)

: AgNO§=dich1©ro=

fivoroscein ind.
Electrolysis (83)
Calecium oxalate-
KNnOj, titration (38)

Spechtrophotometer

Li: Total Perchiocrate

Precipitation (85)

Spectrophotometer
Total Perchlorate
Precipitation (85)

Cos

Spectrophotometer

Ho03 Karl Fisher Method (65)

Nig
Nis

Spectrophotometer
Polarograph (53)

H,0¢ Karl Fisher Method (65)

Coz
Ce's

Co:

Cozg

Spectrophotometer
Caleium oxslate-
mo), titration (38)

Spectrophotometer.

SbectrOphotomeﬁer

s Spsctrophotometer

Total Perchlorate
Precipitation (85)

Spectrophotometer

s Total Perchlorate

Precipitation (85)

% Low ealcium concentrations determined by disodium ethylenediaminetetraacetate dihydrate
titration using Eriocchrome Black T as the indieator.

Gz



Co(GlOu)2m2m03tanol Spectrophotometric Standard:

TABLE 1
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M x 107 m x 103 0.D.
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TABLE 2

Co(ClOu)Z-L101~2=00tanol Spectrophotometric Standards
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0.011
0,028
0,070
0.111
0.282
0,392
00596
0.998
1.480
1.740
3,029




TABLE %
Co (Clou)2~ﬁi20 Spectrophotometric Standards

>\-' 510 m/u,
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Figure 2

Cc(ClO@)g»LiCle2=Octan@1 Spectrophotometric Standard Curve
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Optical Density
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Figure 3

Co (C10), ) p-Hp0 Spectrophotometric Standard Curve
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DISCUSSION

T™e Behawvior of Psesrchloratss in Extraction

The high solubility of ths metal perchlorates both in

water and in many organic solvents 1s 2 well known fact (111),

"J.

and therefore it sesms logiczl to suppose thabt thers should be

q

some cormsction betwesn sclublillity in, and extraetibility Into
prganic solvents. Experimentzally this has been found.
Generally speaking, psrchlovalb eé seem to lack individual-
istic bahavior when comparsd to chlorides (66)s This is indi-
cated by the uniformly high activity cecefficients of many me-
tal perchlorates in agqueous solutions and also by the non-sgpe-

cifiec promoting effzct sxhibited In solvent extraction found -

f-h

in this investigation.

The greater extractibility of cobalt chloride compared to
nickel shloride- {into Z-octanol) is believed to be due to the
fact that cobalt chloride forms more stable complexes in the
aleohol solution than does nickel chloride (67). The perchlo-
rates, however, form no complex ions, as was mentileoned earlier,
and thelr high extraétibility may be sttributed tc much smasller
catlon-anion interaction and to ths solvent characteristies of
the 2-cctanol-water mixture. The perchlorate ion is unlikely

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

of a highly electrenegative central chlorine atom that holds
firmly the electrons of the four oxygen atoms. The excess of

one negative charge is spread cut in its effect over a rela-

tively large anion and a2s a result the perchlorate ion is not

31
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easily distorted or polarized by a positive field; conse-
quently, there 1s little tendency to form covalent bonds.

The relatively very high hydration numbers found for the
perchlorates investigated (1l1l.) also indicates a lack of the
type of specific cation and anion interaction which character-
1zes the éhlorides. Presumably the catlon is effectively
masked by a sheath of water molecules and close approach to
the anién l1s prevented. This 1s anothér example of the great
difference bsbwéen the extraction properties of the perchlop
rates and the chlorides. This apparent lack of speciflclty
in perchlorate extractlons 1s further supported by the fact
thet little difference exists in the extractibllity of man-
ganese, cobalt, nickel, copper, and cadmlum perchlorates at
equivalent concentfations (117).

It was pointed out in earlier discussions that the Pro=-
moting action of perchlorates was governed largely by mass-
action effects. It must also be pointed out that while this
effect 1s a very important one in the promotion of perchlo-
rates, there 1s another factor which also plays an important
role 1n the promotlon of extractlon. This factor is the de-
crease 1ln dilelectrlc constant in the agueous phase with cone
centration. As the salt concentration of & system increases
the dlelectric constant of that system decreases, and this
lowering of the dlelectric constant in aqueous phase favors
an increase In extraction because the free energy of tranfer
1s also lowered. The energy of associstion in the non-aguew
ous phase will then more nearly balance that lost in trans=-

ferring the ions (116).
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In general, the degree'of extraction is determined by such
factors as the energy of solvation of the ions in each phase,
the nature and extent of Interioniec attracﬁive forces, and the
“structurs and stability of assoclated entities. It might be
expected that these latter two factors play a part of less
importance in ﬁhe extraction of perbhlorates than in the extrac-
tion of chloridés for reasons discussed earlier. The magnitude
of thess factors 1s determined by the charge, slze, configura-
tion, and polarizabllity of the lons, and the dlelectric con=-
stant of the medium along wlith the solvating characteristies
of the solvents. |

While the evaluation of all of these factors is practi-
cally Impossible, this investigation has revealed some of the
Important differences in the behavior of cobalt chloride and
cobalt ﬁerchlorate which probably exist to an equal degree in
other metal chlorides compared to the corresponding metal per-
chloratese.

‘Hydration Studles and Henry's Law

Hydratlon studles were made on unpromoted perchlorate ex-
traehianérin an effort to find out how many water molecules
may be regaraed as sssociated with the salt in the non-aquéel
ous phase,

Before discussing the method used here (114) it 1s worth
noting that Katzin and Sulllvan (52) had introduced a procedure
for ﬂdtermining the extent of hydration of salts in non-agqueous
media. Thelr method consisted of evaluating the slope of the -
éurves obtainsd by plotting the total moles of water found in

the non=agqueous phase va. the number of moles of salt extracted,
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inte that phaseé. These investigators assumed.that ail'water»in
the organle phase had been transferred into it as hydrate Watero
Their plots, however, were not llnear and exhibited a minimum
in the dilute regions which was thought to be due to the low=
ering of the water activity in the agueous phase before a suf-
ficient amount of hydrated salt had been extracted to offset
this effect. This is beeause solutions of low salt’ concen~-
trations have high water activities, and since little salt
extraction 6ccurs ftom such solutions, mll the water that is
extracted may be regerded as free water. .The hydration curve
aeccor dlwﬁly begins high, falls es the aqueous water activity
decreases without signiflcant extraction oceurring, reaches &
minimum, And fihally.rises‘as-hydrated‘salt 1s extracted.,

The two main objections to this method of determining
hydrstion numbefs are; | |

(1) Even after enough ﬁydrate water has been extracted
to offset the effoct of the lowered water amtivitys thers is
ne reason to believe that thie effeet ceases to operate as @
facterlin determining the total weter transferred,

(2)  The dirficulty which arises‘in 01008ing the concene
ttration range of the plot from which the slope 18 determined.

The followlng method wes propeosed by Yates and Moore (115)
In an aff'ert to overcome some of the objeetions te Ketzin and
Sullivean's method by attempting to determine the 'free? or un=
combined watef in the non-agueous phaeea A similar procedurs
was independently sug@ested_by'aaﬁdner, MeKey and Warren (3%).
) Assume that the activity of the ”free“ water in the NOe

aqueeﬁa'phaae‘is related to its mole'fraetion by Henryﬂs Law



by the relation
a'y = KN 'y (1)
where k is Henry's Law constant.
From thermodynamics the expression for the partition of
water between phases is:s

: L]
a w

Bw

= K | (2)

where =&, is the water activity in the aqueous phase, Substi-

tuting into (2} the value of a'_ given in (1) one has

Kl gy
R = K (3)
By
or
K =
N = = By - R ay ()

From squation (i) it is seen that upon evaluation of the
sonabtant K, the mole fraction of ®free® water in the non-agus-
ous phase may be obtained from a knowledge of the correspoad-
ing waber activibty in ﬁhe agueous phase,

| The justification for using Henry's Law and the subseguent
@valmatiaﬂ of K follows from the following consideration.
Henryﬁs Law could be expected teo hold only in solutions of low
water concentration in the non=agqueous or Z-octancl phase.
This corresponds in general to a high aqueous phase salt cone
centration, l.¢., one in which the water activity has been
lowered considerably by the salto It was necessary, there-
fore to find & salt which would not extract from highly con-
centrated agueous solutions, thereby assuming that all of the

water extracted was ®free® water, This salt is lithium chlo-
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ride. It was found that practically no extraction of lithium.
chlorideuéécurred from a 5.mblalvsolﬁtion while eorreépqndinély
the water activity of such a solution was 0.68. Water activ-
ities of aqueous solutions of lithium chloride (49) were plot-
ted vs. moles of water extracted obtained from Karl Fisher anal-
yses (65). This plot (Figure l) was a curve which gradually
approsched a straight line as the aqueous lithium chlorids
concentration 1ncréased, i.9., decreasing water activity in
aqueous phase as listed in Table i From equation (i) it is
seen that Henry's Law predicts a straight line of slope i/g
(where K 1s K/k). Calculations of this slope for decreasing
water concentratlions gave wvalues which gradually épproached‘a
constant valus. The constant E was actually evaluated at s
point 6f lowest water activity without extraction of lithium
chlorids occurring. It was assumed that at all water activie
ties in the'aqﬁeous phases lower than one at which Hénry‘s
Law constant was evaluated, the "free®™ water extracted would
follow this law, and could be celoulated by equation (h)o

In making calculations of this kind, the mole fraction
of ”free",ﬁater partitioned from any solution of known
water actlvity was determined elther by Henry'!s Lew calsoulse
tions, or if the activity was teco high, from‘the plot of wae
ter motivities vs. moles of water extracted as obtained from
the llthium chloride data.

Actually the majority of "free" water concentrations were
determined graphically since most of the aqueous phase water
activities were higher than 0.68. To make these ealcoculations

wlth the unpromoted-extraction data of cobalt and nickel pere
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chlorates the water activities of zinc perchlorate solutions
were used at equivalent salt concentrations rather than those
of cobalt or nickel perchlorate solutions which were unavail-
able. The similarity in the sctivity coefficients of 2l
metal psrchlorates support this approximation,

After computing the ¥free® or uncombined water concentra-
tions by the methed discussed ahove, the valves were subtracted
from the corresponding total water values which had bsen deiere
mined by the Kearl Fisher wster analysis method and the molses
of hydrate watsr wers obtained. Thess are tabulated in Tables
5 and 6 and ave shown graphically in Pigure 5. The value of
12.5 wuas taken as the hydration number of cobalt perchlorats
from this graphe.

Similarly the value of the nickel perchlorate hydration
number wag found to be abeut 12.5 in the dilute range of cone
centrations, but the value decreased at higher concentrations,
The similarity in the hydration numbers found for these salts
is not surprising in view of thelr close physical and chemical

propertiss,
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Water Activity of Aqueous LiCl Solutions and H§O Content of

Corresponding 2-0Octanol Phases Before Extract

on Occurred

Co(ClOu)z Hydration Data

m(ag) 81150 My

0,00 " 1,00 2,15

1.03 0,976 2,00

20,60 Qe 98 1066

.12 0,812 1.39

5097 0.689 1.12
TABLE §

N Mp M Mgo (010),)p % 107
| (oet)
.0 1.96. 0.07 0.51
gi 1035 0012 1026
1.67 0,21 5429
% g% %.52 o.i% 16,g
o O' [ ]
24146 1.?2 1.1l gﬁ.s
%632 1,2 2,09 162,
30,91 1.1 2e73 211,
Nmp Moles of Total Water

Np

My

Moles of Free Water

Moles of Hydrate Water



TABLE 6

Ni(Cth)g Hydration Data
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= .

Mrp M N1 (610))p x 103
. (oct)
2.0 1,83 0.01 1.08
103% 1,80 0.1l %.21
1. 1.65 0,23 11.4
2.01 1,ug 2.82 %E,
20 10 a o
i,ﬁg 1,26 2.2% 17%.
« 9 0,99 3,9 % aﬁ .
5966‘ Obgl* 075* i 5.
6432 0» GO HeH2% 595

% Determiﬁe

Qu

by Henry's Law

Moles of Total Water

Moles of Free Water

Moles of Hydrate Water
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Figure 5
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RESULTS AND TREATMENT OF DATA

The discussion and interpretation of the data may be ac-
ecomplished best by considering individual series of extraction
experiments, and the significant tables and graphs relating to
each series. |

The Cobalt Perchlorate Unpromoted Extraction

Most.of the investigation was centered around the extrac-
tion of cobalt perchlorate into 2-octanol, Cobalt perchlorate
like many metal perchlorates is very soluble in water, and
quite concentrated solutlions can be obtaineds The extent of
extraction is of course dependent upon the aqueous phase con-
centration, and the data obtained over a teﬁafold variation
in équeous phase concentration is listed in Table ?. From the
equllibrium aqueous and 2-octanol phase concentrations a use-
ful quantity called the distributlon coefficient (K@) has bheen
calculated, This quantity is defined as the ratio of Z2-o0¢=-
tanol to the agqueous phase concentratiens, and 1f K3 is plot-
ted vs. equivalents of perchlerate lon in the aqueous phase,

a curve like the Co(Cl0)), curve of Figure 6 is obtained. As

tracts to a relatively high degree from agqueous solutions.

The graph also lllustrates that Ky 1s not constant as pre-
dicted by a.éimple Nernst Law distribution and that a more
complex extraction law is followed., This was found to be true
for all of the perchlorates in this investigation.

In order to study the change in mean activity coeffici-
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ents in the Z-octanol phase with concentration, mean asctivity
coefficients of aqueous solutions of zinc perohlbraﬁe (82} were
used as an approximation to those of cobalt perchlorate and the
bE values\ih‘the 2=octanol phaée were calculated by means of

the equation

. 1A .
_ (ax)20ct ( ¥+ )Joct, o+ blO“”Jéoctm
(ex£)aq xﬁt)5aqp Cot ™ ;@10u=;zaqo
Kqa was evaluated oy arbitrarily Setting { Xtloet = 1

for the most dilute solution. Using this valuve and approxi-
mate (¥£ )ag. values the (¥ Joct. values were determined at
all of the other concentrations (Table 7). A plot of (3L ) oct.

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

TABLE 7

Data on Co(C1lO))p Unpromoted Extraction

m(ag.) m x 105 X4 x 103 GIO%“ eg. ¥t ¥+ a0
(octo) (2g.) (ag.) (oct.) kga&
00395 0451 085 1.19 0.65 1,00 0.966
0,863 1.66 1,92 187i 0475 0.51 0. 9l
1.2 529 .18 25 1.15 036 0,903
1.52 16.8 11.0 500% - 1035 0.18 0.873
TR % S B v S e R
2.39 162, 67:9 AZT% 3265 02@90 027&&
2657 211, 82,0 501l 600 0,096  0.717
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Figure 6

Extractibility Curves of Several NMetal Perchlorates
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The Nickel Perchlorate Unpromoted Extraction

The extraction of nickel perchlorate into 2-octanol was
undertaken in order that this salt and cobalt perchlorate
could be compared with the corresponding chlorides upon ex-
traction. The extraction data for nickel perchlorate is tab-
ulated in Table &o It should also be noticed that this salt
extracts to a high degr@ag Pigure 6 illustrates the incresse
in extraction with increasing aqueous phass @mnéentration snd
it 15 seen that nickel perchlorate like cobalt perchlorate does
not follow a simple Nernst‘ﬂistributiono

A set of mean activity coefficlents for nickel perchlos
. rate in the Z-octanol phase was calculated with the aid of an
expression similar that of the equation above, The K valuse
used was selected to be identlcal with that for Go(cloh)g_im
order that the two sets of values mlight be put on & comparable
basis. This data is also 1listed in Table & and i1s illuatrated
in Figure T. It is seen that the f* values fer cobalt and
nickel perchlorates appear to be about the same, lending supe
port to the assumptlon that 2:1 metal perchlorates have the

same Y+ values at equivalent concentrationse
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TABRLE 8

Data on Ni (01OLL)2 Unpromocted Extraction
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The Cobalt Chloride Unpromoted Extraction

This extraction was carried out using fairly concentrated
solutions (2.4-lt.6 m) because of the smwll.degfee of extraction
of this salt into 2-octanol. Even from these concentrated
solutions little extraction was obtalned as céﬁ be seen from
Table 9 and Figure 6. In this plot, the great difference in
exttactibllity of cobalt choride and the perchlorates is
clearly shown. Frém a saturated aqueous solution, cobalt
chloride extracts only 6.3 x 10-3 m, which is at least several
hundred times less than any of the perchlorates studied at

equivalent concentrations.

TABLE 9

Data on the CoCls Unpromoted Extraction

m(agqueous) m(octe.) x 102 Ky X 102 Equivalents
: o aqueocus Cl-=
2.38 0.77 003% o TT
3.03 1.06 06%5' %006
Z.il 2.;& 832& 21
v ° 5 50 o 030
165 6.38 1437 930

The Cobalt Perchlorate-Calcium Perchlorate-Promoted Extrac~

tion

These extraction experiments were carried out under con-
ditions of gradually increasing concentrations of calcium per-
chlorate (from Oah.z m) while keeping the cobalt perchlerate

concentration constant. This made it possible to study the

, nﬂeffecﬁvpfninéreéSing promoting salt concentration. As seen in
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Table 10 the increase in extraction ariéing'from the addition
of about l .2 moles of calcium perchlorate is about 500 times
greater than if no calcium perchlorate had been added. Also
listed in Table 10 is the calecium perchloratevextraction data.
In Flgure 6 there is plotted the extraction of calcium perehlo-
rate itself, and 1t too is seen to extract very well. The in-
creasé-in extraction of cobalt perchlorate with increasing aque-
‘ous phase perchlorate concentration is plotted in Figure 8.
The data used in making this plot 1s given in Table 1C,
The promotlon of ﬁhe cobalt perchlorate by calcium per-
chlorate 1s due in part to a common-lon effect. Although
this promoting action does not follow the simple mass~action
law there 1s sufficlent evidence to belleve that it is par-
tially due to a mass-action effect. Part of this evidence
lies in the fact that the degree of extraction of eobait pPer=
chloraté 1s determined largely by the aqueous phase total per-
chlorate concentration and 1s not very sensitive to the type
of promoting salt cation. Figure 8 bears out this conclusion.
The caloulation of mass-action distribution coefficients
(ky) and mass-action distribution constants (Ky) also provide
.evidence showing that the promotien of cobalt perchlerste by
celclum perchlorate ls partly a mass-action effects In Table
10 there 1s s 1list of concentrations of both cobalt and eal=
ﬁium perchorates along with corresponding mean activity co=
efficients in both phases. As has been pointed out sotivity
data for cbbalt per@hlorate solutlons are unavalleble and the
values for zinc perchlorate solutions were agaln employed.

‘The activity coefflclents of cobalt perchlorate were calcu=-
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lated from the zlinc perchlorate values at concentrétions cCoOr-
responding to the total calcium and cobalt perchlorate concen-
trations in the aqueous phase and from the octanol extractlon
data on cobalt perchlorate alone at concentrations equal to
the toﬁal calcium and cobalt concentrations in the octanol
phase. In Table 1l the expressions used to calculate the

KM and k, values are given along with a tabulation of these
values at each concentration. Since the Ky expression is
essentlally an activity ratio, 1t should be theoretically
constant. From the table i1t is seen that the values are rea-
sonably constant over the range of concentrations studiled,
especlally when compared with the corresponding k, values,
which are calculated from a concentratlon maess-sction type
expression. It 1s significant to note that while the Ky
values vary about 37% from the average, in a random manner,
the values obtained frém the k, expresslon vary about ten
milliqn times, Steadiiy increasing wiﬁh concentration. This
is best shown in Figure 9 in which these values are plotted
against the total agusous phase concentration. The perchlo-
rate concentrations used in the csalculation of these values
represent those of both cobalt and calclum in each phase. In
order to calculate the Ky velues, values of ¥t in the octanol
phase had to be determined first. To do this the followlng
assumptions were made: (1) values of Y+ for 211 metal per-
chlorates alone are approximately the same ét the =zame cone
centration, both in water and in 2-octanol solution, (2) at
the same total concentration, the mean activity coefficiént

of cobalt perchlorate in a mixture of 2:1 metal perchlorates
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is indepeﬁdent of its concentration and depends only on the
total mixed-salt concentrétion. That is, the = rfor Go(ClOu)Z
in a mixture with Ca(ClOu)z can be taken as equal to that of
Co(C}?u)E.glgne at the same concentration as the total concen=-
tratiénfof the mixture. These values are plotted in Figure 7
for Co(Cth)Z.and for N1(C1l0))p in 2-octanols Activity coef-
ficients can be obtained for Co(Cloh)z in Co(Cloh)z-ca(Cth)z
mixtures by adding the Ca(Cth)z concentration. From the curves
given"in'Figﬁre 8 and Figure 9 one concludes that the assumpe
tions are justified and that the promotion of cobalt perchlo-
rate by calcium perchlorate is governed in a large part by

mass=action effect,



TABLE 10

Data on Co (Clo;_l_) o=Ca (Clo;_l_) o> Extraction

Co (C10y,) | 'ca(01oh)2 | 10y~ Total
, i fn
m(aq) m(oet) x 103_ K3 x 103 (aq) (oct) m(aq) m(oet) x 107 Ky X 107 Agq. Eq. Ag. EQ.

Q
o
F

0.2)49 0.1 0.35 0.63 1.00 0.27 0.20 0,72 0.5l6 1.0l
0.2149 0.5 1.81 0.8& 0.56 0.63 0.92 1.145 1.27 1.77
0.252 1.0% .08 1.09 o.ﬁo 0.922 1.95 2.11 1.84 243

0.2L47 2.22 .09 1.50 0.30 1.22 lio56 %.73 2.4 2»92
0.2l 529 21.6 2.30 0.22 1.62 13°E .28 23 o Tl
0.23 12.2 5241 %.Z 0.10 2.11 52! 2%.8 3.2 3.69
0.215 274 127. Ji 0.10 2.62 102, 38.9 5.2& 5e67
0.181 6.2 255. 16.y 0.10 3.18 - 212, 66.6 637 673
0.138 5e3 Lt3. % 0.23 3,95 03, 102, T+90 8.18
0.102 T5.1 TiT7. * O3 a.ué 07. 136. 8.92 9.135

# Extrapolated Va]r.ues'

26
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Promotion of co'(01ou)2 by Ca(ClOu)g, L1C10), and Al(C10})3
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PABLE 11
Ky and ky Data

Ky = (YF )3oct, [cot +] J-QIO)!‘“‘Jgoct;
(¥=)%aq. [lo6t4 [Clolf}aaq.

ky = cot 1] [0101,"'12_901:0
cot + Ploﬂ*]zaxq.

Ky x 109 Kk, x 109 Total Ag. Molality
0491 0e2 00522
1.29 o,%g 0,285
1.31 2.65 x 10% 1617
1.53 1,93 x 102 1,%7
lozg 2019 X 18 %o 6
O.! 093 x 1 o
Oolily Z,BZ i 102 z.gé
1o 1.50 x 10 o
0032 6020 X 106 3.089
2,22 1,59 x 107 fre56




Log Ky or k x 109
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Figure 9
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The Cobslt Perchlorate=Lithium Perchlorate Promoted Extrzc-

tioq

This series of extractions was carried out in order to
obtain a wvariation in the cationic charge of the promoting
salte The extraction experiments were made in a manner sim-
ilar to that of the calcium perchlorate-promoted extractions.
The concentration of cobalt perchlorate was kept constant at
the same concentration as in the calcium perchlorate-promoted
extractions, and the lithium perchlorate varied from zero to
about 1.8 m (Figure 6). The results of the extraction are
tabulated in Table 12 where concentrations of both cobalt
and lithium perchlorates are listed. The increase in extrac-
tion with increasing promoting salt concentration isn’'t guite
as pfonounced here as it is with the calcium promotioﬁ and
this is due mainly to_the fact that the promoting salt is
monovalent and contains only half the perchlorate concentra-
tion of a similsr solution of calecium perchlorate. However,
when the data is arranged in equivalent form, as in Figure &,
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 dependsnt upon

the total perchlorate concentration.



TABLE 12

Data on Co(GlOu)2=L101Ou_Extraction

Co(clou)z. LiGlOu ‘ Total Aqueous
m{ag.) m(oet.) x 103 Ky x 102 m(ag.) m(oct.) x 107 K3 x 102 Equivalents GlOu”
0.257 0.19 0.7l 0.472 0.986
Oo257 Oo)_LZ ' 1061 00960 )_Ler(8 )_I.o 98 10)_?.7
0.259 ' OOTB 2.88 1el47 11.2 T<60 1.99
0.259 1.6 6aly1 2,01 27.0 130 2452
0.20.9 2.7 11.0 2.55 50.1 19°g 3.05
Oezl.]_j. )_I.o58 l9eo 5303 7709 250 '051
06232 5021 22.5 3.56 153, 3.0 3.02
0.21 g.oz 12,0 3,94 222, 5643 137
0.23% 18.3 16.9 17 316, 72.6 5.2l

LG
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The Cobalt Perchlorate-Aluminum Perchlorate Promoted Extrac-

tion

The extraction of cobalt perchlorate promoted with alu=
minum perchlorate was the last qf three prpmoted perchlorate
extractions designed to test further the hypotheslis that the
extraction‘oprerchlorates is largely governed by mass~action
effects, and that the extraction 1s independent of the promo-
ting salt cation. The results are shown in Figure 8 where 1t
i1s seen that the extraction of cobalt perchlorate promoted
by the three different ion-type perchlorates fall on the same
line. The extraction data are listed in Table 13, and the
distribution coefficients for aluminum perchlorate are plote

ted in Figure 6.



TABLE 13
Data on Co (cio;_;)z-u (Cloh.) 3 Extraction

Go(@l@h)g- Al(GlO}_i_)5

m{ag.) m{oct.) x 103 Kq X 10° m{ag.) m{oct.) x 103 Ky x 105 Equive. Equive. 0101;-

1 Aq.‘01ou* Total Aqe

0.253 1.08 h.27 0.626 1.8 2.9 2.9% 2.%8
0,250 c 0% 20.1  0.99 13.0 13,1 2.9 °38
0.24% 18.5 75.8 1.%2 135. 95 .0 L .26 §Q75
0.2l 32,2 130. 1.8} 270. 201. 551 .01

66
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The Cobalt Chloride-Calcium Chloride Promoted Extraction

The promoted extraction of cobalt chloride by calcium
chloride was studled so as to be able to compare the extrac-
tion and promotion of cobalt chloride with the extraction
and promotion of cobalt perchlorate under 8imllar condltions.
It was pointed out earlier that unpromoted cobalt chloride
extracts very little by comparison with cobalt perchlorate,
The results obtained in the calclum chloride-~promoted extracw
tion of cobalt chloride show that in spite of the additilon
of as much as .2 m calcium chloride the extr&ctibility of
cobalt chloride still doesn't compare with that of cobalt per-
chlorate. The cobalt chloride was kept constent at the same
concentration as in the promoted cobalt perchlorate extrac-
tions (0.2l m) and the calcium chloride was maintained at ap-
proximately the same concentration as calelium perchlorate in
an effort to provide a sultable basis for comparison, Figure
8 comparés the small degree of promotion of the cobalt chlo-
ride extractlon to that of cobalt perchlorate. The extrac-
tion date are listed in Table 1L, Although caleium chloride
doesn't meem %to promote the extraction of cobalt chloride
very much at this low concentration of the cobalt salt, 1% 1is
known that calcium chloride 1f present in higher concentra-
tions does promote the extraction of more concentrated co-

talt solutlions into 2-0ctanol to & considerable degree.
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TARLE 1l

Data on CoCl, in CoClp-CaCl, Extraction

m(aqueous) m(octs.) x 103 Kq X 105 Total Ag. Equiv. c1-

0.278 0.11 Oolyl 590
0,270 0e1l4 0.51 6.50
0,249 0.2 0.98 T 60
0.257 0.4l 1.60 8.78




SUMMARY AND CONCLUSIONS

A study of the extraction of cobalt perchlorate into 2-
octanol and the promotion of this extraction with the perchlo-
rates of calcium, lithium, 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 effect. At the
same equivalent perchlorate eoncentration ﬁhe promotion of
the extraction was independent of the cation of the promot-
iﬁg perchlorate salt. A set of mean activity coefficientsbﬁ
for cobalt perchlorate were found which satisfactorily ac-
count for variations in the extracted concentrations. The
degree of extraction of nickel perchlorate into 2-octanocl was
also determined. It was found that all of the perchlorates
studied extract to a high degree from agqueous solutions.

The degree of hydration of cobalt and nickel perchlorate
in the unpromoted extractiocns of these salts into octanol was
determined. It was found that these two salts both have
about the same average hydration number, 12059 in the dilute
concentration regions.. The hydration number of nickel perchlo-
rate was found to fall below this value in the more concen-
trated solutions. |

The degree of extraction of eobalt chloride and the ex-
tent of its promotion by calcium chloride at the same cone

centrations as those of the perchlorates was determined, and

62
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it was found that cobalt chloride extracts to. a much smaller
degree than cobalt perchlorate; furthermore, its’promotioh by

calcium chloride was also comparatively small.
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