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I. INTRODUCTION

Thallium is one of & large group of elements which are extracted
into ether from halogen acid solutionse. The general lack of knowledge
of the extraction of these salts has given strong impetus to the study
of all aspects of the extraction process.

As is the case with the trivalent cations of Group III B and many
obher trivalent cations, thallium, in ite +3 oxidation state, forms a
series of halogen complexes in an agueous solution of the corresponding
halogen acid. The partition of the metal between an acid sclution of

he metal-halogen complexes and ether has been studied under many
conditions, but virtually no investigations have been carried out at
constant ionic strength on the fundamental dependence of the equilibrium
between the agueous and ether solutions upon the hydrogen and chloride
ion concentration.

It is the purpose of this work to study, by means of radiochemical
methods, the partition of thalliwm(III) chloride complexes between
HCLOp, - LiCl - 1iClOy solutlons and iso-propyl ether. The investigation
has as its immediate objective the determination of the empirical
formula of the thallium compound in the ether sclution and the egquilibrium
constant for the extraction process. In this manner, it is hoped that
owr knowledge of the extraction process of trivalent metal-halogen
complexes, and the more generzl tonie of liguid-liquid partition, will be

increased by another small amount.



II. REVIEW OF LITERATURE

A. Thallium Chemistry in General

The chemistry and litersture of thallium, prior to 1950, have been
reviewed by Wagpaman, Heffner and Gee (1) and Howe and Smith (2). These
reviews which include a long list of references are sxceedingly useful
in reviewing the chemistry of thallium. TVagsaman, Heffner and Gee (1)
regview the properties, sources, recovery and uses of the clement and
its compounds and report on the methods of analysie of thallium. Howe
and Smith (2) discuse the higtory, chemlstry and properties of thallium
with special emphasis on its metallurgy.

The discovery of thallium is generally credited to . Crockes (3)
who noted a new element while maklng & spectroscoplc examination of
seleniferous deposits in the lead chembers of a sulfuric acid factory.
Tie named the new element thallium, derived frem the Latin word thallus,
neaning a budding twig, because of the characteristic green line it
imparted to the spectrum,.

Tn an independent investigation, A. Lamy (L) reported in 1862 that
he had observed the characteristic green line while examining the
sediment from the chambers of a sulfuric acid plant. He made valuable
contributions in determining the physical and chemical properties of the
new element,

Because of the comparative scarcity of thallium, it had continued
to be a laboratory curiosity for many years. In 1919 the use of

thallium in photosensitive cells was patented. Several new uses for



thalliuwm were developed in 1925, particularly as a poison for rodents
and later as an insecticide. Thallium has now become a very important
element.,

Thallium sources are of two broad groups, natural occcurrences and
industrial wastes. The natural sources include deposits of thallium
minerals in rocks or dissolved in brine. Thallium ¢an be derived from
industrial westes and residues where the thallium from the original raw
materials has besn concentrated.

Hopldns (5) discussed the properties of thallium metal and its
compounds guite thoroughly. He discussed at length many compounds of
the two oxidation states of thalliumj thallous and thallic, T1(I) and
TL{II1) respectively. Thallous resembles the analogous compounds of the
alkall metals in the soluble compounds and those of lead in the mcre
difficulty soluble ones, while thallic resembles the compounds of iron
and aluminum, Thallic compounds are considerably hydrolyzed and are
stable only in the presence of an excess of acld, Thallous compounds are
oxidized to thallic by KMnQ), Clp, Brp and aqua regla but not by HNOj
alone, The reduction of thallic to thallous is easlly accomplished by
SnClg, HyS03y metallic thallimm and FeSOj. Thallous and thallic salts
readily form complex salts with each other, such as T1Cly ° 3TICl.

Hillebrand, Lundell, Bright and Hoffman (6) discussed methods of
separation and determination of thallium. Thallium is not precipitated
by HpS in strong acid solutions, however, separations based on this
fact are as a rule worthless, since thallium forms compounds with members

of the HpS group, such as arsenic, antimony, tin or copper. Thallium is



completely precipitated as T1,8 in acetic acid solutions by HpS or by
(ﬁﬁh)zs. Hillebrand, et al. (6) discuss the separation of thallium from
lead, silver, cadmium, iron, aluminum, chromium, cobalt, nickel, zinc,
manganese, alkaline earths, magnesium, gallium and alkalies. They also
mention the separation of thallium from a number of elements based upon
the repeated extraction of thallic chloride from &I HCl solution by
means of ether (7). They discussed several methods of determination of
thallium, of which the most important are weighing as T1l,Cr() (8),
T104 (9), and T1I (10).

loyes and Bray (11) discuss the qualitative behavior of thallium (I)
and thallium (III). They review the methods of separation and detection

of the various compounds of thallium,
B. Extraction from Acid Solutions by Ether

Rothe (12) was the first to study the method of extraction of salts
from acid solutions by means of ether. He studied the extraction of
FeﬂlB into ether from HCl solutions., Obher early workers on the
extraction of FeCly into ether included Langmuir (13), who applied it
%0 the separation of iron and nickel, and Xerm (1h), who aprlied it to
the separation of iron and uranium. The latiter studies inecluded work on
the denendence of the extraction upon the concentration of the HCl.
Speller {15) used the extraction method to separate iron from copper,
manganese, aluminum, chrominum, cobalt and nickel.

Tn 1908 Noyes, Bray and Svear (7) reported the extraction of T1C14

into ether from HCl solution. They noted that 15 mg. of thallium as



T1Cly in HC1 (sp. gr., 1.12) was completely removed from the aqueous
golution after two extractions with ether. They reported that 90-95
percent of the original thallium as TlCl3 wag extracted when a 6 1 HC1
solution was shaken with ether,

Swift (16) reported that zellium, along with iron and thallium,
wag extracted by ether from a HCl solution. Experiments, carried ocut
with small amounts of gallium in HC1 solutions of various concentrations
indicated that the extraction of gallium by ether weas more nezrly complete
when the initial concentrations of the HCl was 5.5 Ne Swift (16) showed
that by treating a L.9-5.9 ¥ solution of HCl containing gallium with an
equal amount of ether, previocusly saturated with a solution of HGl of
the same concentration, about 97 percent of the gallium was extracted.

Wada and Ishii (17) reported that T18r3 can be separated from all
other salts of metals except gold by shaking the HBr solution with ether.
They showed that extraction of T1C13 and TlBrB could be carried out at
much lower concentrations of acids than had been assumed earlier, They
stated that 99 percent of the originsl thallium, present as TlErB in
HBr, wae extracted into diethyl ether when the initlal Hir concentration
was 0,18, At this HBr concentration no Fe(III), Ga(ITI) or In(III) was
extracted, however, 99 percent of the original Au(III) was extracted,

"Solvent Extraction and Itz Applications to Inorganic Anzlysis®
is the title of & paper written by Irving (18) in which he attempts to
pregent a comprehensive survey of liquide-liquid partition of inorganice
substances, lle discusses partition isotherms, extraction for removal

and fractionation, factors favering solvent extraction and the extraction



of nitrates, chlorides, bromides, fluorides and other inorganic compounds.
e also presents information about the extraction of organo-metallic
comnlexess dithizonates, oxinates, cupferrates and other metal complexes,

Irving (15) pointed out the curious and analytically important
alterations in extracbabilivy In vassiag down Group III B, in the
extraction from 6 N HClL by ether the extractabilities were approximately
A1 (O percent), gallium (L0-60 percent), indlum (trace) and thallium
(90-95 percent). The extraction of the metal bromides from 6 N HBr was
approximately gallium (57 percent), indium (99 percent) and thallium
(92 percent). Indium, which was extracted with difficulty from HCl
solution, was removed completely from L to 6 ¥ HEr solutions. The
extraction of thalliwm(III) was complete over a large range of Uir
concentrations, at least 99 percent extraction from 0.1 U to 5.0 N HBr,
Using 0.5 N HAr thallium{III) was separated from all metals except gold,
which was 99 percent extracted as HAufr). The efficiency of extraction
of iron wag reduced by reclacing HClL by HBr and the acidity for maximum
extraction was also lowered.

Oxidation produces great changes in the extractability of metzls,
kdwards and Voigt {19) found that the distribution coefficient of Sb{V)
between iso-propyl ether and 6,5-0.5 N HCl was greater than 200, whereas
that of Sb{III) was only 0.0L6. Irving and Rossotti (20) report that
T1(ITI) can be extracted from dilute HCL so that very little iron or
gallium are extracted., However, T1(I) had a maximum extraction of
7.66 percent in 6.19 N HCl. then T1(IIT) ether extracts are shaken

with a reducing solution T1(I) is transferred to the aqueous phase, thus



giving a very good senarstion method for thalliwm. Trving (18) reports
the following percentages of metal chloride oxidized-reduced pairs
extracted by ether from 6 F HCLl; Fe(J1) (O nercent) and Fe(IIT)
(99 percent), As(III) (68 percent) =né &s(V) (2-h percent), TL{T)
(0 percent) and T1(III) (90-95 percent), Sn{II)} (15-30 percent) and
3n{1V) (17 percent) and 5b(1IT7) (66 percent) and Sh{V) (&1 nercent),

Irving, Rossotti and Drysdsle (21) investigated the extraction of
indiun by diethyl ether from helogen acide of verlous concentrations,.
They showed that the nercentage of indium halide ertracted by diethyl
ether from the corresnonding halogen acld increased in the order
1< 2r ¢TI and the naxdimum extraction occurs at decrsasing acid concen-
trations in the same order. Indium iodide was extracted quantitatively
from T of normalities between 0.5 and 2.5, the distribution coefficient
beinz grestest at 1.5 i,

The partition of minute tracer amounts of GaClB between ether and
HCl was studied by Grahame and Seaborg (22). They observed that the
distribution ratio for GaﬁlB between ether and 6 ¥ HCL was fairly
constant for initial quantities of 1012 g. and 7 mg,, the distribution
ratio being 17.5-15.0 and 16.9 resrectively. Grihame and Seaborg (22)
also reported the distribution ratios of several metallic halides between
ether and HC1 at low concentrations by the use of radicactive lsotopes.
They studied the distribution of MnCly, CoCl, and FeCl; between ether
and TICL at varlous HCl concentrations. They observed that the maximum
extraction of GaCly occurred in about 5.5 ¥ HClL, the same as reported

by Swift (16). GCrahame and Seaborg (22) reported that the activity



ccefficient of the GaGl3 in the ether phase, at very low concentrations,
vas proporiiocnel to the concentration because of the relatively large
amount of HCl dissolved in the ether,

Irving ané Rosscttl (20), with the eid of radio-nuclides, studied
the extraction by ether of GaBry and Galg, InClB and InIq, T1I3 and
T1Cl, Tlbr and T1T from the corresponding halogen acids over a range of
2eid normalities. They reported changes in the volume after equilibrium
of ether and agueous phases increased with the strength of the halogen
acid in the order HCL<HEr{ HI. They report only a small change in the
volume of the phases for H(l strength of up to 5.0 ¥, while the volume
change of the phases is very large for HBr strengths above 3.0 F and for
HI strengths above 1.0 N,

Irving and Rossobttl (20) showed that Inl 3 was extracted quantitatively,
over the range 0.5 - 2.5 i HI, while Galy was not extracted under similar
conditions. They showed thet T.‘LIB, like 'I'lBrB and '1‘1013, was quantitatively
extracted from HI solutions of strength 0,05 to 2,0 H. Small amounts of
TLT and T1lBr, but not T1Cl, were extracted quantitatively from 0.5 - 2.5
T HI ancd from 1,0 - 3.2 I HEr respectively, For zll of the systems
studies by Irving and Rossotti (20) the percentage extraction increased
with acid normality and passed through a maximumj and the order of the
halides for which the maximum extraction occurs at lower acid concen~
trations was I< Br {1,

The distributlion of GaClB between aqueous HCl and isopropyl ether
was studied by Nachtrieb and Fryxell (23). Ther determined the empirical

formula of the gallium complex in the ether phase by performing analyses



of a number of ether phases for gallium, chloride and ionizable hydroger.
They reported that essentially equimolecular amounts of HCl and GaC13

are co-extracted from agueous solutions initially less than 7 M.HCl.
Ixtraetions from 8 M HCl gave HCL Ga013 ratios significently greater
than unity which corresponded to conditions favoring the formation of
complex molecules containing more than one molecule of HCl, They stated
that the empirical formula for the gallium complex was quite analogous to
tl.at determined for iron by Nachtrieb and Conway (24).

{achtrieb ané Fryxell (23) studied the variation of the distribution
coefficient with GaCly concentrations. They stated that on the assumption
of a polymerized gallium complex in the ether phase, the extraction at
sufficicly low gallium concentrations corresponded to the “ideal"
behavior predicted by the simple Nernst distribution equation (25).
However, at higher gallium concentrations the change is qulte marked,
nossibly due to a decrease in the agueous HCl concentraticn due to its
extraction and the saturation of the gallium complex in the ether phase.

The distribution coefficients were determined as a functlon of the
acidity for several initlal gallium concentrations by Hachtrieb and
Fryxell (23). They reported the optimum acidity for efficient extraction
was about 7.2 ¥. They also reported the appearance of a three rhase
system for extractions made from £.0 and 9.0 ¥ HCl, Near the lower
gallium concentration limit of the three-phase region the volume of the
intermediate ("heavy ether") phase was comparatively small but became
larger at higher concentration of GaClj, and at very high GaClsy concen~

traticns the system again became two phases,
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In an investligation of thallium, for the purpose of comparison it
is of interest to discuss in some detail the extraction from HCL solutions
into ether of its well-known homolog, iron. Sinee the early workers
(7, 12-15), very little work was reported on the extriction of FeClj
from HCl1 solutions by ether until the paper by Dodson, Forney and Swift
(26) in 1936. They studied the effacts of varying the iron and acid
concentrations, and of peroxide and alcohol upon the extraction of FeCls
by isopropyl ether. The optimum HCYl concentration for efficient extrac-
tion with isopropyl ether ranged from 6.5 to 8.5 ¥. a5 compared to a
range of 5.5 1o 6.5 . for extraction with diethyl ether. At acid
concentrations between 7.5 and 9.0 M. three phases were observed, two
ether layers and an aqueous layer. The ™heavy" ether layer of inter-
medigte density contained most of the extracted iren. They reported
that at acid concentrations of 3.6 and 9.3 ¥ the separate ether phase was
metastable and dissolved in the other phases on continued shaking. The
percentage of iron extracted was found to vary with the total amount of
iron. Isopropyl ether was found to be superior to diethyl ether for the
extraction of both small and large guantities of iron.

Axelrod and Swift (27) studied the extraction of Fe(III) from HC1
solutions by dichlorcethyl ether and reported the formula of the iron
compound in the ether phase. They stated that for their studies
dichlorethyl ether had a practicel advantage over either ether or
isopropyl ether in that it separates as the lower phase. They reported
no evidence of a decrease in the distribution ratioc at HCl concentrations

as high as 11.5 M which is contrary the results of Dodson, Forney and
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Swift (26) with diethyl and isopropyl ether. This indiecated a continuows
increase with increasing acid concentration of the econcentration of the
extracted compound, Axelrod and Swift (27) reported the empirical formula

of the iron compound in the ether phase as HFeClh' Li-5 H20, neglecting
polymerzistion, and possible presence of ether in the molecule, This
formula compared with the formula of 2(FeCly * HC1)*SHp0 * 15 (Cpig)p0
reported by Kato and Isii (28).

Wachtrieb and Conway (2h) and Nachtrieb and Fryxell (29, 30) made
a very thorough study of the extraction of FeC13 by isopropyl ether.
Hachtrieb and Conway (2i) showed that the empirical formula of the iron
compound extracted from ajueous FeCly which does not exceed 8 . in HCl
was HFeClh. However, for aqueous H(Cl concenirations exceeding 8 ¥,
the mole ratio of FaCl3 to HCl exoeeds 111, They reportecd ratiocsg for
FeCly to HCL of 111.94 at 8.0 M.HC1, 111.96 at 9.0 ¥.HC1, 133.0k at 10.0
1 HCL and 1l:h.O4 at 11,0 ¥.BCl. The absorption spectrum of the ether
phase did not alter noticeably when the ratio of FeGlB to HCl exceeds
1:1, therefore it did not seem to indicate the formation of mixtures of
higher complexes of the type HzF9015, HBFeClé, ebc, They studied the
extraction of FeClB as a function of temperature. Using the van't Hoff
equation a heat of extraction of -1970 calories per mole was found for
0.9595 M.FeCly in 3,50 MHCl.

Hachtrieb and Fryxell (29) made a series of experiments in which
the concentrations of agueous hydrogen and chloride ions was kept constant
and the concentration of the total trivalent cations was kept constant by

making the combined concentrations of 51613 and FeCl3 equal to 0.500 M.
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They reported that the effect of A1Cl3 wae to increase the efficiency of
extrzetion of low concentrations ef irer, but it dicd not make the
distribnticn coefficient independent of the total iron concentration,
Since a non-extractable salt was cepable of inereasing the efficiency of
extraction, they belleved that a2 polymerization with rieing concentrations
cf iron does not explaln this increase in the nertition coefficient, A
self-salting out effect of FeCly was postulated. They studied the

distribution of FeCl., between aqueous HCl and isopropyl ether at a series

3
of constant HCl concentrations. They observed a constant vartition
coefficient for a particular HCl concontration for sufficlently dilute
FeClB solvtionse

Stoichiometric activity coefficients as determined by an e.n.f. cell
method for FeCly in 5 F HCl saturated with FeCly*HpC were reported by
Hachtrieb and Fryxell (30). They stated that the ineresse in the
partition coefficient of FeClB between iscopropyl ether and agueous HCL
with the increase in iron concentration was due 4o the remarkable decrezse
in the activity coefficient of that component with increasing concen-
tration.

Myers, Metzler and Swift (31) studied the dietribution of Fe(IIT)
between HCl and isopropyl ether solutions to determine the compound
extracted. At low acidities, 3 ¥, in HCl, the ratio of chloride to iron
and hydrogen to iron are approximately Ll and 1:1 respectively. At
higher aeid concentrations two ether phases appeared and the ratios were
somevhiat higher in both phases. The amount of water coordinated with
the ethereal iron was determined at number of acid concentrations. The

ratic of moles of water to moles of iron in the ether phase varied from
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5.5 to L.8. They also studied the extraction of FeCl3 by isopropyl ether
at a constant acid concentration, 5.6 WF.HCl. At low iron concentrations
the distribution ratio was approximately constant, but as the iron cone
centration inereased the distribution ratio increased quite sharply. it
quite high concentrations of iron the distribution ratio not only ceased
to increase but actually decreased.

Myers and Metzler (32) calculated the effective polymerization of
the ethereal iron. They studied the effect of the variation of the
distribution constant with acid conecentration and the effect of aclid
upon the apparent pelymerigzatlion of the ethereal iron. They observed
the formation of two ether phases at high acid concentrations and
investigated the effect of acid concentration upon the composition of
the two phases.

The vieible and uwitraviolet absorption spectrums of the isopropyl
ether layers were examined by Metzler and Myers (33). They also studied

the iscopiestic and magnetic susceptibility of the iron in the ether layer.
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IIT. MATERTAL

A. Thallium ~ 204

In any investigation employing racdiochemical methods it 1s necessary
to select the isotope which will facilitate analysis. The isctope
selected for thia investigation was leah, which decays by emission of
0.76 ¥ev. beta (3h) with a L.l + 0.1 years half-life (35). The thallium
was received as active T1N03 which was supplied by the Isotcpes Branch,
United States itomlc Energy Commission, Osk Ridge, Tennessee.

The active TlNOB had to be purified, the main impurities, all being
stable, were iron and lead, The TIHOB was dissolved in agua regia
oridizing the Tl (I) to Tl (ITT) which was extracted into isopropyl
ether from a 6 ¥, HOL solution. The T1 (I7I) was re-sxtracted into water
and reduced to T1 (1) with excess Ho804. After removing the excess H2803
by bholling, the thallium was precipitated as TlI. The T1T was dissolved
in ajua regia and the extraction was reneated three times with
precipitation of Tl(OH)3 betwesn extraction stens. The Tl((X{)B from the
final precipitation was dried at 110° C. for approximately two hours
converting it to TlEO « The dark reddish-trown powder was stored in &

3

weighing bottle for use in vreparation of stock thallium solutions.
B. Thallium (III) Perchlorate

The Tl needed to make up sclutions to the reqrired concentrations

was prepared as the perchlorate in crder to be in a non-commlexed state,
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A solution of T1((10))3 was satisfactorily prepared fram TlpO3 by
reaction with HC1Oy. The T1203 was obtained from thallium wetal which
wag oxidized and purified in the same manner as the active thallium.

The desired amounts of purified inactive and active T1203 were dissolved
in excess HCth. The resulting solution was diluted to 2 liters volume
and used as the stock solution in the subsequent experiments.

A procedure for stendardization of thallium solutions was reported
by Kleinberg (36). This procedure invoived reduction with sulfite and
precipitation of TloCrQy from a basic solution. The results of the
standardization of the Tl(Cth)3 solutlon are shown in Table l. The
stock solution was found to contain 2,81 mge. of T1,Cr0), per ml. of
solution, which egqualed 0.0L06 ¥,

To determine the exact concentration of HCth in the stock solution,
aliquots were titrated cgalnst standard HaCH to the phenolphthalen end-
point. Both the free acid and the Tl(cloh)3 were titrated. Just before
the end-point the thellium precipitated as TI(OH)B, leaving a clear
solution, so that the end-nolnt was easily detecteds By ealeulation,
correcting for the Tl(Cth)B, the concentration of HC10) in the stock
solubion was L.05 .

The stock sclution of Tl(cloh)B, 0.0106 ¥, in h.05 ¥, HC19),, has
bean very stable and has shown virtually no evidence of decommosition
after several months at room temperature., The solution which initially
gave no teat for chloride lon, still gave no test after one year.
Aliguots of the stock solution were titrated pobtentiometrically with

Ca(SOh)z in a Deckman Hodel G pH Meter to test for the presence of any
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Table 1

Standardization of the Stock Solution of ﬂ(cmh)3

Determination é a2
#1 0.0233 g. 0.0002 0.00000004
4o Ga0233 g. 0.0002 0.0000000)
#3 0.0273 g. 0.0003 0,00000009
3 /[ 0.004k g 3 / G.0CO000LT
0.0281 g. 0,00000006

Average: 0.0201 + 0.0002 g / 20 ul, 0.0002

2V 0.00000006

thalliwelT)s There was no avna:ent break in the notentizl readings uwon
warying the amcunt of added Ce(soh)z from 2 x 10"8 noles 1o lO"L‘ noles
for an aliguot of steck solution containing 10~3 moles of Tl(cloh)B.

The amount of thalliwn(l) which war present in the stock solution was
less then 3 x 1073 persent of the total thallium, a neglisible smount for

this investigatiocon,
G« Lithium Chloride

1 LAY used ir thie investigeblion wse YWerch resgent zrede 1471

snich woe lasolved and filtersd through sintersd lass to ramove any
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insoluble matter. Several soclutions of various concentrations were
prevared, ranging from 0.L96 M. to 6,70 H.

Standardization of the LiCl solutions wes by a gravimeiric method,
as 4gCl. These AgCl standardizations were checked by two alternate
methods, an ion-exchange and a volumetric method using an adsorption
indicator. In the ion-exchange method the 1i(Cl sample was eluted
through a Dowex - 50 cationic resin column in the acidic cycle. The
effulent wes titrated with standard NaOK to the phenolphthalien end-
point. In the volumetric method the LiCl samples were titrated with
standard AgNO3 solutions using di-chlorofluvorescein as the indicator,
In order to obtain consistent and correct results by this method the
sample has to be neutral during the titration. BEoth of the check

methods gave results which agreed with those of the igCl method.
D. Lithium Perchlorate

Solutions of LiCth were prepared from G, Frederick Smith's reagent
grade LiCth for investigation of the extraction at constant iocnic
strength.

The LiClOb solution was filtered tirough a fine sintered glass
furnel and recrystallized from water. A stock solution was prepared
from the recrystallised LiCth. Two methods were used to determine the
concentration of the LiCth solutions, ion-exchange and a gravimetriec
methed. In the ion-exchange method the 1iCl0y sample was eluted through
a column of Dowex-50 cationic resin in the acidic cycle. The effulent
was titrated with standard WaOll to the phenclphthalien end-point. In

the gravimetric procedure the perchlorate was precipitated as tetra-
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vhenylarsonium perchlorate by the addition of tetraphenylarsonium
chloride (37). The precipitate was conpgulated by the addition of HCl,
filtered onto sintered glass crucibles, washed with dilute HCl solution,
dried at 110° ¢, for one-half hour and weighed as tetraphenylarsonium

verchlorate. The results of these two methods were in agreement.
ke MNiscellaneous

Throughout the invegtigation G. Frederick Smith's doubly vacuum
distilled HC10) was used. Standard solutions of Na0H were prepared from
Baker and Adamson's reagent grade JalH, DBeker's "Baker Analyzed"
reagent grade AgN03 was used to prepare AgNO3 solutions. The pipetis
and volumetric flasks used in the preparation of solutions were Kimble's

Fxax and Pyrex. All scolutions were prenared with double distilled water.
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IV. METHOD OF INTERPRETATION OF DATA

Firom the datz for counting of samples of the agueous and ether
phases a disiribution ratio was calculated,

. b4,

B filw

(1)

vheres:
[?i]e = concentration of total thallium in the ether phase
ﬁﬂ]‘, = concentration of total thallium in the aqueous phase.
Since the measurements of Ky were made at equilibrium conditions,
the concentration of thallium Iin the ether phase must be proportiocnal to
the activity of one or more of the thallium-chloride complexes in the
agqueous phase, depending upon wiether one or more of the chloride complexes
are extracted.
It was of importance to consider the various complexes present in
the system. Benoit (38) reported the dissociation constants for the
mono=, di-, tri- and tetra~chloro complexes of thallium:

(m+3) (") _ 10784
(T1c142)

(11c142) (c1-) _ 10755
(11C13)

ko

v, o (T1C33) (€1-) _ 1072.2
(T1013)
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k, = (TlCl3) (A7) » 10722
(TIc1})

and the dissociation constant for the first hydrolyzed thallium species:

k.. = (M) () = 107332
(TLOHY?)

In the above equations the symbol ( ) designates the activities of the
various species present in the aqueous phase. By combining these

eguations a new set of constantes was defined:

(mat?) = 82

Kl = g
(T143) (C1~)

k. = _(11013) = 1013:6

e (m*3) (c1-)? ’

ke = (T1Cly) = 1015.8

> @) (a P '
(T1C1f) = 8

W @ (@ o
(T101§2)

K

5 m#3) (a=)>

and
ky = (raoEt2) (%) - g,159.

(11t3)

A value of Ky was obtained from the experimental data and its determination
will be shown in Section § of Chapter V.

It will be shown in Section D of Chapter V that the thallium spscies
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present in the ether phase was HTlClh. Knowing this the extraction

eguilibrium constant may be written as

K = AHTLCLL)e (HTACL))g (2)
(%) (1) T (84) (1143) ()b g

vhere (X), designates the activity of X in the ether phase and (X)
degignates the activity of ¥ in the agueocus phase.

Z%ince the only thallium in the ether phase was precent as HTlClh,

the activity of HTlGlh in the ether phase may be written:

' - i e
micy), = [l ¥°, a, (3)
where Xle represents the activity coefficient of HT1Cl}, in the ether

HTlClh
phase and [ﬁl]e equals the concentration of HT1Cl), in the ether phase.
The total concentration of thallium in the aqueous phase was egual to
the sum of the concentrations of the various thallium specles in the

agueous phaset

], = W] + Ravl « Wai] + [Wa,ls
fegl + [ag?] 4 man?) (L)
Using the relationship that the concentration is equal to the activity
divided by the activity coefficient and the new set of constants

obtained from the data of Bemoit (30), namely K3, Kp, K3, K, and Kg,

equation (L) can be rewrittens
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bd, = (11#3) / Y3 + (a*?) / Ymar? .
(TlOl‘z') / leCl; » (T].CIB) / X'_{‘]_C]_B A
(r1c1,,7) / Z(Tlc:lg + (T101§2) / chlgz +
(o) / (") Yo g2

= (m*3) / Ype3 + K (M) (@) /Y g2

Ko (T1%3) (a1™)2/ leGL‘z' + k3 (m*) @™y
Yoay + 1, (m®) @)k / ¥nag + x5 (mh)
(@) / Xnm;’" + g (1) / (u4)
¥rione2 (5)

Solving equation (5) for the activity of T1*3 and substituting this

quantity and equation (3) into equation (2) yields:

e

L = T -
T, (B%) (CL)F K, (1/ Y ¢ B @)/

Y’I‘lCl"z * o e e

- K‘r X:I'l‘lclh (Zsl K, xn _ [cl—]n/

r, &) [k yE_\&=o

Y'rlmi‘“ sxg /¥ e 11 xnoa*z) (6)

where

Ko = land K = [11)g / (224



Tt wes assumed that the activity coefficient of HTlClh in ether was
constant, since the concentration of HTlClh in the ether phase was small
and the snecies is not charged, It was also assumed that the activity
of the hydropen ion was congtant for 2 given investigation since the
extractions were studied at corstant acld concentratiorn and constant
ionic strengthe In all of the extractions sbtudied the acid conecentration
wes always sufficiently high that no hydrolyzed thallium was present and
the term involving the concentration of T1082 was therefore eliminated.
¥hen theee conditions are ineorporsted into the extraction equilibrium
constant of equation (6) a new extruaction equilibrium constent can be

calculated: 5

e K@) K FEV K ¥B- [P/ Ymad™

7 (7)
Tcl, R [ogh ¥

The value of K' should be falrly constant at the different LiCl concen~
trations, assuming that the activity coefficlents of the thalliume
chloride complexes and free chloride lon can be caleulated.

Sinece the concentrations of the thallium-chloride complexes in the
agueouas phase were kept small, it was assumed that thelr activity
coefficients could be calculated by the extension of the Debye-Huckel

expressions

A si[;:'

3 1+}3ai\{,u

(8)

where:



.
R

0.513 az 300 C.,

24 = charge of thallium-chloride complex,

"

0,3290 x 10% for water at 300 Coy

it

JA

ionic strength of the sclution and

ay = "effective diameter" of the ion in the solution. 1In
most cases of large ions in aqueous solutions the product of Bay ls
agsumed to be 3.0. Since all of the thallium~chloride complexes are

large ions, equation (8) may be rewritten:

- log z(i = Ay &

1+ 3/

The activity coefficient of the chloride ion was estimated by two

(9)

methods., For the first, the chloride activity coefficient was assumed
to be constant as chloride and perchlorate concentrations were changed
at a gilven ionic strength. Successive approximation for values of
chloride activity coefficient were substituted into equation (7) until
the values of K!' were falrly econstant over the range of LiCl concen-
trations used.

The second methiod was more difficult. A constant value of chloride
activity coefficient at a glven ionic strength was not assumed but the
values of the activity coefficlients of HCl and LiCl reported by Harned
and Owen (39) and by Stokes and Robinson (L40) were used. In the cases
in which the concentration of acid was greater than the concentration
of the free chloride the activity coefficient of the chloride ion was
taken as equal to the mean activity coefficient of H(Cl at the concenw

tration of the free chloride. In those cases in which the concentration
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of free chloride was greater than the concentration of acid the activity
coefficient of the chloride jlon was taken as equal to the weighted
average of the activity coefficients of HCL and Li(l at the concen-
tration of the free chloride,

Fefore K' could be calculated the free chloride ion concentration
had to be determined. At high LACl concentrations the free chloride ion
concentration was agsumed to be equal to the initial concentration of
the 1101, At intermediate LACl concentration essentially all of the
agueous thallium wag present at TlClE. Since the thallium present in
the ether phase as HTlClh alsoc had four moles of chloride per mole of
thallium, the free chloride ion concentration was taken as the initiel
LiCl concentration minus four times the initlal concentration of
Tl(Gth)3.

At very iow LiCl concentrations the calculation of the free
chleride ion concentration became rather difficult. The total concen-
tration of the agueous chloride was equal to the initlal concentration
of the LiCl minus four ilimes the concentration of the etheral thallium.

Also the total aquecus chloride concentration was egual toi

lad, = @] + ma?] + 2[mag] « 3pa,] +
sfnay ]« s (20),
where [bl“]w is the total asueous concentration of chloride ion and
[?17] is the free chloride ion concentration, To facilitate the
calculation of the free chloride ion ceoncentration the activity
coefficients were neglected and Kj, Ko, K3, K), and Kg were assumed to

be a ratio of the concentrations of the various species. Applying thie



assmption to equalions (L) and (10) ylelds:

(], = %3] + [M¥3] (x5, (c1] + xo [c1)2 4
k3 [c1]3 + &, [ + x5 [@2]5)
and
], = [ + [*3ke [ + ux, (Y 4

33 (@213 v 2 [@]? + x ().

Solving these two equaiions for ]:Tl*g}, equating and separating terms
yields:
[c1]% (k) + [027]% (55 [m)y - kg [2]y & K ) &
fer)k uxy, iy -x [0, + Ky ) + [c1]3 (3K3
tdy -3 [1ds ¢80 + [1]% (2%, (2i], -

Kp [e1]y + K ) ¢ [0v7] (1y [a), -5 [cr‘]‘,
+ 1) = [, (11).

From equation (11) the concentration of free chloride ion can be
deternined by successive approximaticns.

It should be pointed out that thie method gives a very good
determination of the equilibrium constant, K', since it is evaluated at
z number of different chlorlde concentrations. The accuracy of the
constant is dependent not only upon the accuracy of the physical
measurements, but also upon the accuracy of the assumption that the
values of ¥y, Kp, K3 and X, as czlculated from data reportved by
Benoit (38) and the value of Kg as calculated from the extraction data

can be spplied to 21l of the eonditionsz employed in this investigation.
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It also is very much devendent upon the assumptions made about the
activity coefficients of the meny specles present in this complicated

gystem,
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V. EXPERIMENTAL INVESTIGATION

A. General Procedure

Preliminary investigations showed that T1(ITI) chlcride complexes
extracted very rapidly into isopropyl ether. A more complete invesii-
gation revealed that complete equilibrium was reached between the
aqueocus and ether phases in approximately ten minutes. However, in
most of the investigations the samples were shaken in a constant
temperature bath, for about 4O minutes and allowed to settle for about
30 minutes. This longer contact time was used to ensure complete thermal
equilibrium as well as the extraction equilibrium.

A simple extraction apparatus was assembled to study the distri-
bution of T1(ITI) chloride complexes between the ether and agqueous
phases., 4n E., He Sargent and Company constant temperature bath with a
thermo-regulator mercury relay switch was used to regulate the temperature
of the experiments. A Burrell #rist-Action Shaker with automatic timer
was used to shake the reaction tubes., Two types of reaction flasks were
used in this investigation, 50 ml. pyrex volumethric flasks and 35 mm.
pyrex tubes with 3L/L5 ground glass female Joints and accompaning 3L/LS
ground glass male caps.

In the ensulng investigations the agueous layer was prepared by
placing the desired concentration of reactants in the reaction tubes and
adding an egual volume of isopropyl ether. In &ll of the experiments,
the initial aqueous and ether phases were each 10 ml,

After the reaction tubes were shaken in the constant temperature
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bath and allowed to settle, the samples were withdrawn with pyrex
volumetric pipettes. During the early investigations, after the ether
samples were withdrawn, the remaining ether phase and a small amount of
the aqueous phase were removed with a pipette before the aquecus samples
were withdrawn. In the later experiments the remaining portion of the
ether phase was not removed before the agueous samples were withdrawn,
The plpette was passed through the rem:ining ether phase into the
agueous phase, a small amount of alr was blown through the pipette to
discharge any of the ether phase which might have been trapped in the
pipette and the aqueous sample was withdrawn. The results obtained by
these two sampling methods agreed within the limits of error of the
experimental methods,

Lpproximately 2 to 3 ml. of water were added to the ether samples
and the ether evaporated by allowlng the samples to stand at room
temperziure for between 6 to 12 hours. Analyses were made for acid,
chloride and thallium, The acid and chloride analyses were done
volumetrieally, the thallium analysis radlochemically. Since the amount
of thallium present was not sufficlent for precipitation and filtration,
carrier TI(NOB)3 in HNO3 was added in a known amount.

Three methods of mounting the thallium samples were investigated
with only one of them proving sultable. The two unacceptable methods
were simple evaporation of an aliquot of each phase, and precipitation
of the thallium as Tl(UH)3. The evaporation method gave unreproducible
and very flaky samples with considerable self-absorption of the 1120l
beta particles by the salts which remained upon evaporation. Since

Tl(OH)3 is a very fine precipitate which adheres to glass, it was
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diffienlt to filter and mount,

The procedure for the thallium anslysis which was used in all
further investigations was that used also for the gtandardization of
the ’i’l(Cth)3 solution, (see page 1), with a few changes. The T1yCr0j,
precipitates were allowed to digest at room temperature for from 2 hours
to 12 hours in various investigations. The time of digestion wes not
too eritical.

The TlyCr0) samples were filtered onto 23 mm. dises of Schleicher
and Sechuell, No. 589, filter paper with the use of chimney and sintered
glass filler apparatus. The precipitates were washed with water and
absolute slchol and dried at 110° C. for approximately 5 minutes. The
samples were cooled Lo room temperature before mounting,.

During the early investigations a chemical ylield determination was
made by weighing the TloCrO} precipitate. The counting data was
corrected to 100 percent chemlcal yield. Howsver, in every case the
chemical yield was between 93 and 10L percent, with the greatest majority
of the yields being between 98 and 101 percent. It was believed that
these yields wers well within the limits of error of the radiochemical
methods employeds The determination of the chemical yleld was discone-
tinued after the early investigations and the yields were assumed to be
100 percent in all the later investigations,

The cooled samples were covered with 3.3 mg./m..2 celophane discs
of 26 mm. diameter., The samples were mounted on cardboard backing and

counted,.
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Be Preliminary Investigation

A geries of preliminary investigations were performed in order to

observe the optimum conditions for the study of the extraction.

1. Time and rate of shaking

The extraction was studled at two rates of shaldng for varying
times of contact for the two phases, At the lower rate of shaking,
approximately 350 vibrations per minute and 3/L inch stroke, the equilib-
rium wag not obtained with a contact time of less than 30 minutes.
However, after a contact time of only 10 minutes at the higher shaking
rate, approximately 350 vibrations per minute and 1 inech stroke,
equilibrium was observed, In this investigation it is alsec necessary
to obtain a thermal equilibrium between the two phases. Complete
geparation of the two phase is an important condition. To satisfy these
requirements, all subsequent investigation will be performed with the
higher shaking rate, a contact time of 30 minutes and a stationary period

of 30 minutes for separatiom.

2, Varying Lithium Chloride concentrations

The extraction was observed at various LiCl concentrations and
constant acid concentration., The results of several runs are shown in
Figure 1., However, since the ionie strengbh was not kept constant, the
effact of the concentration of 1iCl unon the extraction could not be

determined from these data,

3+ Varying Hydrochloric Acid concentration

In previous investigatione (17, 18, 20) the extraction was studied
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at varylng HCl conecentirations, the concentration of thallium kept con-
stant. The work of the previous investigators was repeated and the
results shown in Figure 2. However, since the ionic strength was not
maintained constant, the true effect of the concentration of HCl could
not be determined.

The optimum extraction of azbout 92 pereent occurred at approximately
6,5 ¥, HCl, However, the earlier investigators (17, 18, 20) reported
that T1(III) waz extracted guantitatively from solutions of HCl concen-
trations as low as 2 M, by diethyl ether. Little comparison was made
between the results of the present and the earlier investigations because

of the different extraction solvent and concentration of thallium used,

L. Varying Sodium Chloride concentrations

The extraction was studied at constant acid concentration using
HaCl to vary the chloride ion concentration and the resulte are compared
to the exceriments using LiCl in Figure 1. (nce again no results were
concluded from these data because the lonic strength was not kept

constant.,

5. Varying ionic strength

The e xtraction was investigated at constant HC1Q), Tl(Cth)B and
LiCl concentrations while varying the ionle strength with 1iCl0y. The
results of one of the runs are showm in Figure 3. The very marked effect
of the ionic strength is shown by the approximstely 5.3 fold increase in
the extraction coefficient for an increase in the concentration of
1iCl0) from 0.0 M. to 2.4 K. These data indicated a very strong salting-

out effect,



PERCENTAGE THALLIUM EXTRACTED

(®)
o\

80|—
alll
60]—

| | | |

9) 2 3 6 8
_z_j>_.?o; IN MOLES/LITER

Pigure 2. Extraction at v HC1 concentrations

Pogﬂwblw Me m v&o

Texperature

200 ¢,



35

20—

|6}—
.-—
X
=2 /
e
~ /O
E"“’OB»—— /O
o o
'.—
= 04))/

]

| | |
06 12 1.8 24
AQUEOUS [LiCIO, | IN MOLES/LITER

Pigars 3, Extraction as funstion of increasing
11€10}, eoncentration,

Oui Mo HCAQ), 0,67 M. I4C1,
1096 x 1™ - ﬂ(cloh)r



36

6. Purity of Isoc-propyl Ether

The need to purify the iso-propyl ether obuained from the stock
room, Matheson, Coleman and Bell iso-propyl ether, was studieds, The
iso-propyl ether was purified by shaking with alkaline ~ KMnOh solution,
drying over CaClp and distilling. The middle fraction beiling in the
renge 63.5 to 69.0° ¢, at atmospheric pressure was collected. Several
gxbractione were run at identical condltions using the normal and
purified iso~-propyl ether and the results ace shown in Figwe L. Within
the linit of error of the methods used no difference in the extraction
was observed and In all further siudies the stock room iso~propyl ether

was used,

7« Varying ionic strength with Sodium Perchlorate

Since NaClQ)y, is more soluble than 1i(Cl0), the extraction could be
studied at higher salt concentrations. However, when WaClO) was added
to the reaction iixtures, the chloride was oxidized to chlorine because
NaCl0y is such 8 strong oxidizing agent. Thus in a1l further investi-

gations 1iC10}, was used to maintain the ionic strength constant.
Cs Temperaturs Dependence of the Partition Coefficient

Two series of extraction of 0.00106 i, Tl(Cth)B, in OJ4 K. HCloh
and 0,6 M. HC10), at varying concentratione of LiCl were carried out at
three different temperatures. The ionle strength was kept constant by
adding the required amount of L1Cl0y. The results of these runs are
shown in Figure 5, Figure 6, and Table 2,

The plot of the K loge [‘1‘1], / [Tl],, against 1/T is shown in
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Table 2

Temperature Dependence of the Partition Coefficient

Initial lmcroy) = o.h u. [raoy] = 0.6 .

Aqueous Kp at Kp at Kp at Kp at Ky at Kp at
ftict)] 30c. 250 ¢c. 200 c.@ 309 ¢, 250 ¢C. 200 g,
0.22 1.112 1.690 3,113 1.500 2,470 11.0LO
0. 65 0.877 1.1495 2.218 1.140 1.854 3.165
1.08 0.703 1.112 1.602 0.858 1,430 2.495
1,30 0.632 1.033 1.530 0.864 1.2L0 -
1.51 0.585 0.897 1165 0,782 1.176 2.010
1.73 0,636 Ou8lily 1.336 0.7kl 1.066 1.842
1.911 Och?é Oo?a-l 1.2’-‘9 - b -

8pverage of two runs.

Figures 7 and 8. Applying the van't Hoff equation, a partial molar heat
of extraction, AH, was calculated. Sinece the distribution ratio is
proportional to the over-all thermodynamic equilibrium constant for the
extraction, this appllication of the van't Hoff equation is valid and the
slope of the curve is the negative of the partial molar heat of
extraction. The caloulations of the AH are shown in Table 3. The
average O H's are -9500 cal./mole and -9900 oal./mole for the extraction
from O.l4 ¥. and 0.6 ¥. HCLO) solutions, respectively.

More exactly, the van't Hoff equation is written:

ZdlnY e/¥s = &1

RT2
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Tahle =

Partial Molar Yeal of Extraction, AH

Initial iqueous [HCLOL] = 0.4 M.

Curve Initial Slope A
110 1iCl (per .00L deg~l) {kcal./mole)

l 0022 lcOh "10.‘4

2 Ouli3 1,04 -10.4

3 0.86 0.93 - 93

h 1008 O¢88 bd 818

S }-.30 0.87 bl 817

6 1.73 0.90 - 3.0

7 1.9k 0.96 - 9.6

Average AH = -9.5 + 0.66 keal./mole

Initial Aqueous [HCLO,) = 0.6 M.

1 0.22 0.98 - 9,8
2 0.43 1.00 -10,0
3 0.65 1.02 ~10.2
l 1.08 1,02 10,2
S 1051 009}4 - 90)4

iverage AH = =9.9 + 0.30 kcal./mole

where X is the equilibrium constant measured in terms of concentration and
){ 4 are the activity coefficients for the various compounds in the two
phases. These activity coefficient terms are included in the AH
determined from Figures 7 and 8, and hence the temperature dependence of
the concentration equillibrium constant does not determine the hesat of

extraction unless the various activity coefficient terms cancel.



D. Impirical Forrula of Compound in Ether Phase

In the determination of the formula of the thellium compound in the
ether phase the analytieal procedure was essentially as follows, although
minor refinements and modifications were made as the experiments progressed.
Equal volumes of 10 ml. of the ether and the Tl(Cth)3 - HC10), -~ LiCl -
LiClO)y solutivns were shaken togelher, allowed to separate and the ether
layer was snalyzed for chloride, ionizable hydrogen and thallium content.
The chloride content was determined by adding waler to the ether sample
and titrating with standard AgNO3 to the dichlorofluorescein end-point.

A swcond portion of the ether phase was analyzed for aeid and thallium(III)
by adding water and titrating it with standard ¥alld to a phenolphthalein
end-point. The amount of thalllum in the ether phase was determined
radiochemically by counting the TlpCr0), precipitates, The results are
presented in Tables L, 5 and 6 for three typical extraction experiments.

The amounts of hydrogen and chioride iong paszing into the ether
layer from solublons of ihe same cumposition of HCLOY, LiCl and LiClOy
with no 71.(C10y)3 present were determined. The results are showm in
Tables L, 5 and 6, cempared with the data of the extraction experiment
with Tl(clch)B present,

The ratios of assoclated chloride and of agscciated hydrogen to
thallium were calculated and are shown in Tables 7, 3 and 9. The
correcied chleride ion concentration wae equal to the amount extracted
minus the amount of chloride ion soluble in ether at the given lonie
gtrength and acid concentration, Since the amount of chloride soluble

in the ether was below the limits of detection of the method of analysis
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Tavle L

I, Soludllivy of hydiooger, (nlovice and
Thalliw in Ether

Total Salt and Acid Concentration = 3.0 M.
Initial hqueous HCLOY Concentraticn = 0.4 Y.

iﬁiﬁiﬁ wth no T1(C10,) Initial (TL(C10y)3) =1.06 x 10-3 u,
[Lict] [m*] x 203 [cri facia] x 103 [c1=] x 103  [11] x 10b
0.05 1.13 0.00 11400 2.85 6433
0.10 1.13 0,00 3,70 2.75 6.66
0.50 0.94 0.00 3 2.65 .20
1,00 0.78 0.00 3.06 2,50 5,60
1.20 0.78 0.00 2.82 2.40 5450
1.50 0.78 0.00 2,76 2,30 5420
1.70 0.86 0,00 2.4l 2,10 11,86
2,00 0.71 0.00 2.26 2,10 L.70
2,20 0.7 0,00 2,09 2.00 TR
2.50 0.7 0.00 2,07 1,90 k.10

[ 1= Concentration in moles/liter in the ether phase,
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Tavie Y

Tie Solubilicvy or Hydrogen, Chloride and
Thallium in Ether

Total Salt and Aeid Concentration = 2,0 i,

Initiel fqueous HC10) Congentration =~ 1.0 M,

[

Initial o , . ) X
Aqueous  With mo T1{CL0y) Inisial [T1(civy)3) & 1.06 x 1073 1.

fic] [*] x 103 1] (hoid] x 103 [1] x 103 [T1] x 104

0.005 i.ll 0.00 2451 le55 3495
o1 | 1.15 0,00 3406 2,13 535
.05 1.11 0,00 3.68 2,95 a3k
.10 1.10 0.00 3,8k 2.85 6455
.20 1.00 0.00 3465 2.85 6.61
30 0.98 0.00 3,60 2.93 6431
50 0490 0.00 3.36 2.95 6.15
W0 0.82 0.00 3.36 2,95 5496
90 0.72 0.00 3.06 2,85 5,51
1.00 0.66 0.00 2.98 2,70 575

{ ] = Coneantration in moles/liter in the other phase.
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Table 6

Thallium in Ether

Total Salt and Acid Concentration =
Initial Aqueous HCth Concentrstion = 1.6 M,

Solubility of Hydrogen, Caloride and

3.0 ¥,

Tnitial

Agueous  With no T1(CLO))3 Initial [Tl(ClOM;J] = 1,06 x 1073 N,
ticf]  [+] x 10 [c1-] [acic] x 103 [T x 103 (7] x 104
0.005 3.0h 0.00 6.51 2.8 6435
0.01 3.76 0.00 7402 3.5 312
0.05 3.60 0,00 T3k 349 5.30
G.20 3.5 0,00 7.08 349 8a70
0.L0 3.13 0.00 6.58 3.8 £.63
0.60 2,82 0,00 6ot 3.7 5420
0.50 2,66 0.00 5496 3.6 8.12
1.00 2.35 0,00 5452 345 7492
1,20 2.19 Ge 00 5.33 3eh 7.6
1.4¢C 1.6 1.00 L.96 33 7449

L3 = concertration in moles/liter in the sther ohase,
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Table 7

I. Ratlo of Associated Chloride and Hydrogen
Ions to Thallium in the FEther

Total Salt and Acid Concentration = 3,0 M,
Initial Aqueous HClO), Concentration = O.h M,

Initial
Aquecus Corrected Corrected Ratlos

tac] [ x1h [ar]x108 [E]x10® a-/m wt/m

0.05 6.33 2.85 947 Lis50 1.53
0.10 6.66 2.75 5.7 413 0.86
0.50 6420 2.65 6.8 La26 1.10
1.00 5.60 2,50 6.0 lali6 1.07
1.20 5.50 2.10 liels Le36 0.84
1.50 5.20 2.30 b2 L.b2 0.81
1.70 L.86 2.10 3.k 11,32 0.70
2,00 1,50 2.10 2.2 lie 66 0.L9
2.20 L0 2.00 3.0 o5k 0.69
2.50 L.10 1.90 3.7 L.62 0491

Average L. h2 0.90
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Table 8

II. Ratio of Associated Chloride and Hydrogen
Ions to Thallium in the Ether

Total Salt and Acid Concentration = 2,0 M,
Initisl Aquecus HCl0), Concentration = 1.0 M,

Initial
Corrected Corrected Ratios

Agueo
LiC".ﬁ m] x1okt (1] x103 [#*] x1od a- /T Bt/ T

0,005 3.95 1.55 2.2 3.93 0.56
0.01 5.35 2.13 3.1 3.98 0.58
0.05 6434 2.95 6.7 Lebl 1.05
0,10 6455 2.85 7.7 he35 1.17
0.20 6461 2.85 67 ka3l 1.01
0.30 6.31 2.93 7.3 L6l 1.15
0.50 6415 2.95 6.1 4.80 0.99
0,70 5.96 2.95 7ok 1.95 1.2k
0.90 5.61 2.85 640 .90 1.03
1.00 575 2.70 59 Le69 1.02

Average Le72 0.98
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Table 9

IIT. Ratio of Associated Chloride and Hydrogen
Iong to Thallium in the Ether

Total Salt and Acid Concentration = 3,0 M.
Initial Aqueous HCl0) Concentration = 1.6 M.

Initial
Aqueous Corrected Corrected Ratioa

pict] [ulxaok o] x103 [ xih a-/m m/m

0.005 6495 2.8 6.0 l1.02 0,87
0,01 8.12 3.5 842 11,30 1.00
0.05 8.80 3.9 11.0 lieli2 1.25
0420 8470 3.9 10,2 L.L8 1.16
0.0 8.63 3.8 8.6 La39 1.00
0,60 8.20 3.7 11.0 1150 1.3k4
0.80 8412 3.6 847 boh3 1.07
1,00 7.92 3.5 749 Ll 1,00
1.20 7461 3.4 8.6 Loli6 1.13
1.k0 7.49 3.3 7.5 Le39 1,00

Average he38 1.08
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in every experiment, it was considered that the associated chloride was
equal to the extracted chloride. The average ratios of assoclated
chloride to thallium in the ether phase were 14,72, L.L2 and .38, The
amounts of chloride titrated in the ether samples were between )| x 10'5
and 1 x 107l poles ana any small error in titration woulc produce a large
error in the ratios. The calculated ratios are consilstently higher than
the predicted ratio of 4.0. This difference could be due to two factors,
the titration of the indicator or the solubility of amounts of chloride
in the ether which are relatively important but undetectible by the
method of titration. The high chloride ratios might alsc be due to the
extraction of thallium polymers of the type LingCl; or H2T1015. The
ratio of associated chloride to thallium in the ether rhase was accepted
as }.0 in all further investigations.

The corrected hydrogen lon concentration was equel to the equivalents
of base used minus three times the thalliwm concentration in the ether
rhage and minus the amount of acid which is soluble in ether at the
given ionle sirength and acid concentration, The average ratios of
asgociated hydrogen to thallium were 0.95, 0.90, and 1,08, Since the
amount of assoclated hydrogen was obtained as a small difference between
three larger numbers, a small error in the titration would produce a
large error in the ratios. The calculated ratios are falrly close to 1l.0.
In all further investigations the ratio of associated hydrogen to thallium
in the ether phase will be 1.0.

From this data it is assumed thet there is only one thallium com-
pound in the ether phase. The empirical formula of this compound is

Hﬁﬂh-
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E. Determination of KS

Using the values for the formation constants of the thallium-
chloride complexes as reported by Benoit (38) to calculate the values of
K3s K, K3 and K), and the long equation (7) in Chapter IV values of Kg
vere deternmined by successive approximations. The approximate values of
Kg were determined at high IiC) concentrations where the assumption was
made that the initial aqueous chloride concentration was nearly equal
to the final aqueous free chloride concentration. The value of Kg which

gave consistently the best evaluation of K' was 3.6 x 1037,
F. Low Lithium Chloride Concentrations

The extraction of 0.,00106 M. n(c1%)3 from acid solutions was
studied at very low LiCl concentrations, not exceeding 0,009 M. Since
the total salt and acid concentration was 1.0 M., the ionic strength
was essentially constant in these experiments,

The extraction was studied at 25¢ C. for two acid concentrations,
Oul4 M. and 1.0 M. HC10)» In the extraction study at O.L M. EC1Oj the
solution was 0.6 M. in 1iC10} to maintaln the total salt and acid
concentration at 1.0 M. The plot of the ratio of thallium in the ether
phase to thallium in the aqueous phase, Kp, against the initial concen-
tration of LiCl is shown in Figure 9. The resulis are tabulated in
Tables 10 and 11.

Using the method outlined in Chapter IV the value of K! was determined
for both HC10); concentrations over the range of LiCl concentrations

employed., In this investigation the activity coefficient of the free
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1 | | |
0.002 0004 Q006 0008
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Figare $. Extraction at very low LiCl concentrations,
Teuperature s 250 C,

Cavel ~ 1.0 M. HOLOL
Curve 2 « 0.k M, HOLO},



Table 10

Extraction of Thallium (III) Chloride from O.h X. HC10
and 0,6 M, LiC10), at Low LiCl Concentrations

Aqueous [11ca] x 103 m./1.

Initl Residual Ky [11]e = 204 m./1.
1.00 1.00 04002 0400
2,00 1.83 04002 043
3,00 2,47 0,142 1.32
3,50 2.85 0.181 1.63
lsa00 3.22 0.227 1.96
450 3,62 0,260 2.18
5400 11405 0.290 2.38
6.00 k92 04337 2.67
7.00 5.85 0.37h 2.88

Temperature = 250 C.

1w
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Table 11

Extraction of Thallium (III) Chloride from 1.0 X, HC10)
at Low LiCl Concentrations

Aqueous ]}1@3 x 103 m./1.

Initial Hesildual Koy [Tl]e x 1084 m./1.
1,00 1.00 0,001 0,00
2.00 1.80 0.0L3 Okl
3.00 2.16 Cs1h7 1.36
4,00 3,11 0.266 2.23
5400 3.89 0.357 2.79
6.00 heTl 0.l2h 3.16
7.00 5460 0.L95 3.51
8,00 .49 04555 3.78

N
(],

Temperature = 250 C,

chloride was assumed toc be the mean activity coefficient of HCl at the
same concentration, since the concentration of HClGh wag in excess of
the LiCl concentration at all times.

The activity coefficlents of the thallium-chloride complexes were

calculated from the extension of the Debye~Huckel theoryt



The ionice strength,/««, was 1.0, neglecting the concemtrations of
Tl(Cth)B and LiCl since they were too small tc effect the calculation,
The constant A is 0.5085 at 25° C. The values of the activity
coefficients of the thallium-chloride comple<es which were calculated in
this manner are shown in Table 12. It was not necessary to know the
activity coefficients for TlGl“g2 ané T1*3 gince the concentration of
these speclies at any given 1LiCl concentration was too small to effect
the caleculation of K'.

the values of X' obtained by using the data of the exiraction and
the calculated activity coefficients are shown in Table 13 and Figure 10,

The values of K! tended toward a congtant value et the higher LiCl
concentrations employed for both acid concentrations, whiie the value of
' increased quite markedly at the lower Li(l concentrations. This
variation in the value of K' indicated a different mode of extraction was
occuring than was originally assumed. However, since the &ctual thalilium
species present in the ether phase at these low LiCl concenirations was
not determined, it might well be that a thallium~chloride species other
than HTLCL) was extracted, nanely T1Cls.

Dr, Paul Schonken of the Universit® de Louvain, Belgium, in a
private communication, stated that in the extractlion of auric gold-
chleoride complexes the determining factor in the extraction process at
low etheral concentrations of Au(IIl) was the ionization of HAuCl) in
the ether phase. Since the extraction of Au(III) and T1(III )-chloride

complexes are quite similar, it might also be assumed that at low values
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Table 12

Activity Coefficlents for Thalliumm-Chloride Complexes
at Ionic Strength of 1.0

Couplex Charge - log Xi Yi
10132 2 0.509 0.310
TIC1], 1 0.127 0.7h7
TIC13 0 0,000 1.000
T1C17 1 0,127 0,747
T1C1+? 2 0,509 0,310
143 3 1.1k 0.072
Table 13

Bvaluation of K! at Very Low LiCl Concentrations

Total Salt and Acid Concentration = 1,0 M,
Temperature = 25° C,

Tnitisl [sc10)) = ok m. c10,] = 1.0 UL
Aqueous X

[raci] o1~ K* Ya- Kt
0.003 0.975 29.4 0.975 3043
0.00L 0.958 7.62 0.960 11.7
0.005 0.952 565 0.951 6468
0.006 0.940 3147 0.940 Le37
0.007 0.935 2.72 0.935 3.79

0.008 - - 00925 30&
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of the distribution coefficient, and hence low concentrations of thallium
in the ether phase, the amount of thallium extracted might be partially
controlled by the ionization of HT1Cl), in the ether phase. At low
ethersl concentrations of HTlClh the ionization will be quite complete,
thus decreasing the activity of HT1Cl), in the ether phase, and the amount
of HT1Cl}, extracted would increase until both the ionization equilibrium
constant of HT1Cl) in ether and the extraction equilibrium constant were
satisfied. This process would give rise %o large values of K' at very
low values of Kp, but the values of K' would decrease guite markedly as
Kp increased.

Since both of these criteria are satisfied by the data, it may be
agsumed that both T1Cly and HT1Cl) could be extracted at these low LiCl
concentrations. ith the data reported here the difference between
thege two processes of extraction can not be determined.

Ge Extraction Studles at Constant Ionic Strength
and High LiCl Concentrations

In order to determine the actual values of K' and to study the
effects of LiCl and HC1O} concentrations the extraction was studied at
constant ionic strength., The total salt and acld concentrations employed
were 2.0 Moy, 3.0 M. and 5.0 Me The results of these investigations are

presented in the following sections.

1. Total salt and acid concentration equal to 5.0 M.

In this investigation the HCl0), concentration was L.O M. ané the sum
of the concentrations of LiCl and LiCl0), was 1.0 M. The initial aqueous

concentration of Tl(Cth)3 was 1.06 x 10~3 M, The results of this
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investigation arve showm in Table 1l.

Three vhases were observed after the extraction equilibrium was
obtained; a "light® ether, a "heavy" ether and &n agueous phase. The
volume of each vhase changed ae the concenbration of L1Cl varied. I%
wag also noted that at every LiCl concentraticn the total final volume
obtained was 0.5 ~ 1,0 ml. less than the initlal total volwme. The
heavy ether phase contained nearly all of the thallium, from 90 - 95
percent of the original thalllum,.

The three rhase region has been observed by Dodson, Forney and
Swift (26), Myers and Metzler (32) and Nachtrieb and Fryxell (30) in
the investigation of the extraction of FeCly into ether. Nachtrieb and
Fryxell (23) observed & three phase region in the extraction of Gacl3
into isopropyl ether. MNachtrieb and Fryxell (30) suggested the explana-
tion for the distribution anomaly of the three phase syetem was not
provided by thermodynamics, but would require structural evidence. They
gtated that in the case of Fe(ITI) extraction it was not unreasonable to
suppoge that the normal extraction was & kind of generalized acid-base
reaction in which hydrogen bonding links the HFeClh to the ether to
form an "onium% salt:

R
\
0+ . . HFeCl).

i
R

Deviation from the normal extraction may be due to pvolymers. Conceivably,

chains might be formed by multiple hydrogen bonding.
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Tahle 1k

Extraction Data for Total Salt and 4scid
Conceniration of 5.0 ¥,

Initial Aquecus HC10y Concentration = L.O M,
Initial Aquecus T1(CL0y)3 = .06 x 103 M.
Temperature = 309 C,

Percent Thallium

Initiel Volume of Each Phase in Each Phase
Aqueocus iight Heavy Lignht Meavy
[Lics ather ether Aqueous ether ether Aqueous
1.0 7.0ml. 3.0ml. 9.5ml. 8.6 89.0 2.4
0.9 7.0 3.5 95 76 91,7 Ouf
0.8 640 L0 9.5 5.7 9148 2.5
.7 545 b4e5 940 540 5243 2.1
0.6 50 5.0 9.0 3.2 Sue5 2.3
0.5 b5 640 9.0 3.3 9349 2.8
0.l 4.0 7.0 2.0 2.2 Ju.8 3.0
0.3 3.5 745 9.0 1.2 9549 2.9
0.2 2.5 345 8.5 0.9 9542 3.9
0.1 2.0 2.0 845 0.9 Gl 5.0
R R R

! ) !

e s s D e e HF@C:LSH B HFQCISH e s o0 e« o
| | }
R R R

In this investigation although empiricel formulas have not been

determined for the thallium species extracted some approximate ratios of
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€17/T1 and H*/T1 in the ether phases have been calculated. The solubility
of LiCl and HCth in iscopropyl ether was determined for the same salt

and acid concentrations with no Tl(Gth)3 present., The same three

phases were present, but the volumes of like phases were not the same

as when Tl(cloh)3 was present. For this reason the actual correction of
the etheral chloride and hydrogen ion concentrations for their solubility
in ether could not be determined. Some of the approximate ratiocs were
calculated and in the heavy ether phase it was noted that the ratios of
C1~/TL and H*/T1 were greater than 1.0 and 1.0 respectively, which would
indicate the possible formation of polymers in the heavy ether phase of
the type Hlecl.i, where x> 1.0 and y) L4.O.

However, it is believed that at these very low etheral concentrations
of thallium, from 0,001 to 0.01 M. in the "heavy" ether phase, the
formation of polymers which include thallium seemed very unlikely. These
gsame three phases were observed with no thallium present, keeping the
concentrations of LiCl, LiClO), and HC10j the same. It seems that the
formation of this third phase was most likely due to the sclubilities
of HCl, HC10p and their lithlum salts in the iso-propyl ether.

Upon allowing the extraction mixture to stand for long periods of
time, one of the ether layers dlsappeared indicating that it is a meta~

stable phase. However, the reason for this is unknown.

2. Total salt and acid concentrations equal to 2.0 M,

Since the system was so complicated at the higher acid and salt
concentrations the investigation was shifted to a study at a lower total

salt and acid concentration equal to 2,0 ¥. The extraction equilibrium
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was studied at three different HC10) concentrationsj O.4 ¥y, 1.0 ¥, and
1,6 ¥, For each HC10), concentration the LiCl concentration was varied
keeping the total salt and acid concentration equal to 2.0 ¥. by the
addition of required amounts of LiClOy, solutions, At these lower
concentrations of acid there was no noticeable difference in the volume
-of the ether and aqueous phase before and after the extraction
equilibrium. The resuvlts of this investigation are shown in Figure 1l
and Tables 15, 16 and 17.

The general shape of the plot of Kp against the initial 1iCl
concentration was similar for the extraction at the three acid concen-
trations. At LiCl concentrations below 0.1 ~ 0.2 ¥. Ky incressed very
rapidly as the LiCl concentration increased. There was a maximum in the
plot at LiCl concentration of O.1 - 0,2 Me For LiCl concentrations
greater than 0.2 M. the Ky values decrezsed as the concentration of
LiCl increased.

Since the concentrations of the thalliumw~chloride complexes were
very small in every case, thelr activity coefficients were calculated
from the extension of the Debye~Huckel theory:

2

The ionic strength was essentially 2.0 since the concentrations of the
thallium~chloride complexes were too small to effect the ionic strength.
The constant 4 is 0.5130 at 30° C. The values of the activity coefficients
of the thalliwm-chloride complexes which were e¢alculated in this manner

are shown in Table 18,

The varying activity coefficlents of echloride were determined by the
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Figure 11, Extraction at total salt and acid concentration of 2.0 M,
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Table 15

I. Extraction Dsta for 2.0 M. Total Salt
and Acid Concentration

Indtial Aqueous HC1O) Concentration = 1.6 .
Initial Agueous 'n(cloh)B Concentration = 1.06 x 10~3 M,
Temperature = 30° C,

Initial _
Agqueous Kt values for ¥ Cl” equal to

(Licy Kp Varylng JCI~  Varying Y01~  0.650  0.790

0.005 0.73 0.952 - - -
0,007 1.01 0.925 14,0 18.0 25,2

0.01 1,31 0.920 5.38 6410 8.14
0.03 1.93 0.860 3.6 3.55 3.76
0.05 2,12 0.830 3446 3.h6 3.56
0,07 2,05 0.81h 3.2} 3.26 3.30
0.10 2,19 0.79h 3.40 3.0 3.40
0.20 2.21 0.763 3.56 3.58 3.52
0.30 2,19 0.760 3.72 3.7k 3.79

0.40 2,00 0.755 3.58 3.58 3.70
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Table 16

I¥. Extraction Data for 2.0 M. Total Selt
and scld Concentration

Initial Aqueous zacloh Concentration = 1.0 M. 3
Initial Aqueous T1( c:.ohb Concentration = 1,06 x 107~ i,
Temperature = 30° C.

igﬁ:ﬁ:ﬁ K' values for Y c1- equel to

(Lici] Ko Varying ¥ €1~  vVarying ¥ c1=  0.650  0.790

0.005 0,593 0.951 12.8 25.0 17.2

0,01 1,02 0.920 holsh 6.72 5.30
0.05 1.49 0.828 2.43 2.51 2.15
0.10 1.58 0.794 2,45 2,15 2.5
0.20 1.60 0.763 2,56 2.5h 2.61
0.30 1.47 0.760 2.50 2.1k 2.52
0.50 1.38 0.753 2,61 2,50 2.82
0.70 1.29 0,770 2.80 2.56 2,82
0.90 1l.21 04790 2.80 2,59 2,80

1.00 1.19 0.786 2.87 2.6 2.87




Table 17

ITI, ZExtraction Data for 2.0 ¥, Total Salt
and Aclid Concentration

Initisl Aqueous HClOy Concentration = O.L M.
Initial Aqueous Tl(Cth)3 Concentration = 1.06 x 1073 M,
Tamperature = 300 C,

iﬁ:ﬁﬁ K! values for 3/ c1- equal to
(ricq Kp Varying ¥ ;-  Verying ¥ -  0.650  0.7%
0,005 0.466 0.952 11.8 23.5 16.4
0.01 0.652 0.925 3.55 5.79 L.38
0.05 0.794 0.829 1.26 1.29 1.26
0.10 0.860 0.79L 1.33 1.33 1.33
0.20 0.815 0.763 1.30 1.29 1.34
0,40 0.7hk 04760 1,33 1.29 1.3k
0.70 0.631 0.758 1.31 1.24 1.32
1.00 0.555 0.785 .34 1.2k 1.34

1.30 0.493 0.828 1.38 1.22 1.3h
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Table 18

Activity Coefficlents of Thallium-Chloride
Complexes of Ionic Strength = 2.0

Complex Charge - log ¥ i ¥4

110152 2 0.553 0.280
TI0L], 1 0.138 0.730
T1C14 0 0,000 1.000
T1c15 1 0.138 0,730
11012 2 04553 0.280
13 3 1.240 0.058

method outlined in Chapter IV. The two constant values of the activity
coefficients of chloride were chosen as 0.650 and 0.790. Once again it
should be polnted out that this constant chloride activity coefficient
was selected only beoause it gave a constant value of K¢,

The values of K' calculated from the extraction dats and the assumed
values of the chloride activity coefficients are tabulated in Tables 15,
16 and 17, It will be noted that there was very little dlfference in
the X! values caleulated from the three different chloride actlivity
coefficients. Therefore to represent the data graphically the values
of X! oalculated from chloride activity coefficient equal toc 0.650 were
plotted against the initial LiCl concentration for the three different

HC1O0} concentrations in Figure 12,
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The constant value of K'!' indicaited the validity of the assumption
that the amount of thallium exiracted was directly proportional to the
agqueous activity of T101§. Also this constant X' at high 14Cl concen-
trations proved the validity of the assumption concerning the formation
of the penta-cholo complex, TlClgz, in the agueous phase which does not
extract intc the ether phase a2t the acid and chloride concentrations
employed in this investigation.

However, once again the sharp increase in the X' values was noted
at the very low LiCl congentraticns. This increase was again contributed
to two posgible factors. The extraction of Tlcl3 geems very possible at
these low LiCl concentrations thus glving rise to apparently large values
of X'« Also at these low etheral concentrations of HT1Cl) the ionization
of HTIClh in the ether phase becomes very important, This inolgation
would result in the caleulation of large values of K! from the method

enployed.

3. Total salt and aclid concentration equal to 3.0 M.

The extraction equilibrium was studied st & total salt and acid
concentration of 3.0 M. for four different HC10) concenmtrationss O.k M.,
1.0 Mep 146 He and 2.2 . The 1iCl concentration was varied for each
HC10), concentration keeping the total salt and acid concentration at
3.0 ¥, by the addition of required amovnts of standard LiClO) solutions.
There was no noticeable difference in the initial and final etheral and
aqueous volumes, The results of this investigation are shomm in Figure
13 and Tables 19, 20, 7?1 and 22.

The plots of Kp against the initial LICl concentration have the
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Table 19
I. Extraction Data for 3,0 ¥. Total Salt
and Acid Concentration®
Initial Agueous HCth Concentration = 2,2 ¥.

Initial Aqueous T1(C10,)3 Concentration = 1,06 x 1073 i,
Temperature = 300 C,

Initial K!' values for

Aqueous Y c1- equal to
frac) Kp Varying ¥ - Varying ¥ g - 0.850
0.005 2,11 0.962 109. 138.
0.01 3495 0.922 19.9 22,1
0.05 5455 0.829 9.20 9.15
0.10 5.42 0.794 8456 8,62
0,20 .42 0.763 8.8k 9.00
0.30 L5 0.759 8.57 8.72
0450 L6l 0,753 8491 9.18
0.60 11.30 0.762 8.68 9.00
0.70 La07 0.770 8.62 8.91
0,80 3.90 0,760 8.70 9,00

8iverage to two runs.
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Table 20

TXI. Extraction Duba for 3.0 e Total salt
and 4cid Concentration®

Initial Aqueous HC10) Concentration = 1.6 M,
Initial Aqueous T1(C10))3 Concentration = 1.06 x 1073 M.
Temperatvre = 30° C,

Aqueous Y c1e equal to
fricy Kp Varying ¥ g~ varying ¥ g1~ 0.850
0.005 1.91 0.962 98.5 125.
0,01 3.27 0,922 18.3 18.9
0.05 h58 0.829 7.39 734
0.20 4,30 0,763 7.01 T.1h
0.10 L.05 0.756 7.37 7457
0460 3.l2 0,762 6.87 7.12
0.80 3.32 0.780 7440 7.65
1.00 2.93 0.302 7.25 7.45
1.20 2,69 0.83h 7437 7.15
1.h0 2,42 0.868 7433 7.26

8tverage of two runs
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Table 21

I1T. Extraction Data for 3.0 ¥. Total Salt
and Acid Concentration®

Initisl Aqueous HCLO) Concentration = 1.0 M,
Initisl Aqueous TL(C10,)3 Concentration = 1,06 x 1073 i,
Temperature = 30° C.
Initial X' values for
Agqueous YCI" equal to
11l Ky Verying ¥ ..~ Varying ¥ gq- 0,850
0.05 3.47 0.829 5.55 5.55
0.10 3.61 0.79L 5467 5492
0.20 3.8 0.763 5e62 5.72
0.Lo 2,90 0.756 5,31 5«2
0470 2.35 0.770 h.99 5.18
1.00 2,09 0.802 5.18 5.31
1.20 1.65 0.028 5.07 5.13
1.50 1-72 0.867 Sohl 5036
1.70 1.51 0.885 5.18 506
2.00 1.46 0.957 5,80 5.38

&sverage of two runs,



Table 22

IV. FExtraction Data for 3.0 ¥, Totzl Salt
and Acld Concentirationd®

Initial Aquecus HC1O) Coneentration Oulr Be

Initizl Aqueous T1(C10))3 Concentration : 1.C6 x 1073 u,
Temperatvre = 30° C.
Initisal K! values for
Aqueous cl~ equal o
ich Rp Tarying Xcl- Varying ¥ c1™ 0.850
0,05 1.48 0.829 2439 2.39
0,10 1.64 0. 79k 2,58 2.59
0.0 1.51 0.756 3.29 3.33
0.50 1.ho 04750 2.67 2.77
0470 1.b4E 0.760 3.06 3.17
1.00 1,10 0.816 2.7h 2.79
1.50 0921 0,815 2.87 2.87
1.70 0.837 0.868 2.8 2.79
2.00 04770 0.927 3.00 2,8y
2.0 04705 1.0C0 307 2,77
2,50 0,63C 1.050 3.15 2,71

Biverage of Lwo runs.



76

same genersl shape for the extraction at the four scid concentraticns.
4 maximum in Ky was observed at LiCl concentrations of aprroximately
0,05 ~ 0,20 M, The width of the pezk decressed quite markedly as the
concentration of HClO), wes increased. At LiCl cencentrations below
0.05 M. the values of Ky decreaced very rarvidly., There was a decrease
in Kp at higher LiCl conecentrations, an initial large decrease followed
by a more gradual decrease.

Ag in the case of 2.0 Y. total salt and acid concentration the
concentrations of the thallium~chloride complexes were very small in
evary case and thelr activity coefficiente were caleunlated from the
extension of the Dabye~Huckel theory. Neglecting the concentrations of
the thalllum~-chloride complexes, since they were very small, the ionic
strength was essentially 3,0 and the velue of the conctant 4 was teken
s 0.5130 at 30° C. The calculated values of the activity coefficlients
of the thalliur-chloride complexes are shown in Table 23,

Using the rethod outlined in Chapter IV the varying activity
ccefficiente of chloride were calceulated from the valves of the mean
activity coefficients of HCI and LiCl. The constant value of the
chloride activity coefficieni which appears v glve Ui most consbant
value of K?! was 0.550.

The values of K!' caleculated using the extraction date and the values
of the chloride activiiy coefficients are presented in Tebles 19, 20, 21
and 22, At the low LiCl concentrations there is very litile difference
in the X! vaiues calouiated from the varying and the constant chloride
activity coefficient, However, at the higher LiCl concentrations the

values of K! calculated from the varying chloride activity coefficient
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Table 23

Activity Coefficients of Thallium-Chloride
Complexes at Ionic Strength = 3.0 M.

Complex Charge - log X 1 Yi

neiz? 2 0.573 0.267
TICL) 1 0.1l 0.718
TIC14 0 0,000 1.000
T1C13 1 O.1hk 0.718
1101+2 2 0,573 0.267
11+3 3 1.290 0,051

increase slightly, whereas the valves calculated with the chloride
activity coefficient egual to 0.850 remain remarkably constant. The
constancy of the values of K!' calculated with the chloride activity
coefficient equal to 0,650 are shown in Figwre 1L in a graph of K!
versus the initial LiCl concentrations. However, it should be noted
that the values of X' calculated from the varying chloride activity
coefficient do not vary enough to say that this method 1s not correct.
From the data present it was not possible to tell which method of
determining the activity coefficient of the chloride ion in the solution
‘was the best.

Since the values of K' were constant over such & wide range of LiCl

conecentrations it is felt that the initisl assumptions about the
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equilibrium were correct. The amount of thallium extracted was directly
proportional to the aqueous activity of TlClﬂ. Since the values of X!
would not be constant without including the term with Kg, the assumption
that a penta=-chlaoro complex, Tlclgz s was formed in the aqueous phase and
was not extractable into the ether phase over the range of IiCl and
HCth concentrations employed in this investigation was proven a valid
assumption.

The sharp rise in the X' values at low LiCl concentrations was
observed again, and once again this increase could be explained by the
extraction of TiClj and/or the ionization of HT1Cl), in the ether phase,

H. Dependence of the Extraction upon
Acid Concentration

In order to determine the effect of acld concentration the extraction
was studied at a series of constant HC1O) concentrations and constant
ionic strength. The results of this investigation are shown in Table 2.
In Figures 15 and 16 the values of Kp are plotted against the concen=-
tration of HC1l0) at the total salt and acid concentrations equal to
3.0 M. and 2.0 M., respectively.

If the plot of the extraction equilibrium constant against the
activity of hydrogen ion is a straight line, the equilibrium constant
must be a function of the hydrogen lon activity to the first power.

The relationship will be of the ordert
K = a(H') « b
where a 1s the slope of the plot and b is the intercept of the plot on

the "y" axis.



80

Table 2l

Extraection as a Function of HClQh Concentration
of Total Salt and Acid Concentration
Equal to 3;0 M., and 2.0 M,

Total Salt and.ﬁeid = 3,0}, Total Salt and 4cid = 2,0 ¥,

Initial K' at [HC1O)) equal to K' at [#C10,] equal to
i Ous Mo 1.0M, 1.6M. 2.2M. Gh¥., 1,0M., 1l.6H4
0.05 - - - - 0.794 1.49 2.12
0,10 l.64 3.61 11450 5.42 0,860 1.58 2,19
0,20 1.72 3.45 .30 5.l2 - - -
0.40 1.81 2.90 h.05 Lo7h  0.7UL 1.42 2,00
0.70 1.45 2.35 342 407 - - -
1.00 1.20 2.09 2.93 - - - -
1.20 1.07 1.85 2,69 - - - -
1.ho 0.97 1,72 2.2 - - - -

If the plot of the logarithm of the equilibriwm constant against

the logarithm of the activity of hydrogen ion is a straight line, then

the slope of that line will determine the power to which the equilibrium

constant is a function of the hydrogen ion activity.

For those cases in which the activity coefficlent was not known it

was not possible to use the hydrogen ion activity in these plots. One

can then use the acid concentration in place of the activity of the

hydrogen ion and make use of the resulting graphs to guide in making

agsumptions about the activity coefficients and their variation with
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concentration,

It will be noted in Figure 15 that the plots of Kp against HCth
concentrations for total salt and acid concentrations egqual to 3.0 M.
gave straight lines at the high concentrations of 1iCl. At low LiCl
concentrations the plots were straight lines at high HC10), concentrations
but deviated negatively at a low HClOy concentrations. These results
have indicated two conclusions. At high LiCl conecentrations and over
the range of HC10), concentrations employed in this investigation Ky was
found to be proportional to the concentration of HC10p, to the first
power. At low LiCl concentrations and HClO) concentrations greater than
1.0 M. Kp showed a first power dependence on the concentration of HC10),,
but at lower HC10}, concentrations was proportional to the concentration
of HC10} to some higher power., The dependence of Ky on the concentration
of HC10j, to the first power indicated that the species extracted con-
tained one hydrogen and was probably HTlClh, but the dependence upon
higher powers of HCth concentrations indicated that another process was
being observed. This higher power devendence eould be due to the depen-
dence of the extraction, at low LiCl concentrations, upon the ionization
of HT1Cl) in the ether phase and/or the extraction of T1Cl3 into the ether.

The extraction at 2.0 M. total salt and acid concentrations appeared
to be dependent upon the concentration of HC10j to the first power over
the range of HC1O) and LiCl concentrations employed as is indlcated by
the straight line plots in Figure 16, The higher power HC10) concen~
tration dependence was not observed at the lower LiCl concentrations,
however it may be present at LiCl concentrations lower than those

employed in this investigation. Ageln this first power HCLOy
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concentration dependence indicated the extraction of HI1Clj.

Using the constant values of K' as reporied in Section G of this
cnapter, it will be noted from Figure 17 that K' was depundent upon the
ﬁCth concentvration to the first power at total salt and acid concen—
trations equal Lo 2.0 M. and 3.0 M. Tnis first power dependence of K!
upon the HC1C) concentratlon indicsted the extraction of iiTlCl), since
only one hydrogen ion is involved in the equilibrium constant. The
linear dependence of X! upon the HCth concentration also indicated that
the activity coefficient of hydrogen ion was constant for a given total
galt and acid concentration.

However, the true equilibrium constant should be constant at
different acid concentrations. In order to explain this acid dependence

two new constants were defined for the following equilibriums.
H™ - TIOY, HT1CLY
W ) 8
HTlOlh — HTlclk
where w and e designate HTlClh in the aqueous and ether phases, respec-
tively. The equilibrium constants for these equilibriums:

[rricy, 1, ¥ ey

b [84] (moy-] T Y ¥ o,

and

. [Hmey Je . Y fmcxh
{mmey ], Y HTicY,

Multiplying K, by K, one obtainss
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(HTlGlg)e

K]gc s K =
* (%) (T1C1))

(1)0

From the acid dependence study the following was observed:

K (H7)

= @) = Xft] X .
R

Rearranging equation (2) ylelds:

Kt =

X = K K?
Y friey, [#¥] & g (3).

Assuming that the activity cocefficient of hydrogen ion is congtant for a

given total salt and acid concemtration ylelds:

0<YH+=K"-_‘E:___-KX Ka YH"'
L8] ¥ fincy,

(k).

The value of K'' should be constant for the different HCth concentratims
at a glven total salt and acid concentration if the aetivity coefficients
of hydrogen ion and of HTlclh in the ether phase are constant.

Therefore at constant acid and varying LiCl concentraticns X' is
proportiocnal to the true extraction equilibrium constant, Kx, for a given
total salt and acid concentration, However, at varying scid concen-
trations Ky should be inversely proportional to the acid concentration as
is shown in equation (k).

fquation (2) is not quite true but should have added to it the
temn/9, a constant which is determined by the intercept on the "y" axls
of the plot of K' versus HClO) concentrations. Since the term is not

zero, it might be considered as a measure of the dependence of the
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extraction eovilibrium constant wnon the ionization of HTlClh in the
ether phase or upon the extraction of T1Cl3 into the ether phase at low
LiCl and HCl0) concentratioms,

From equation (}) it is notsd that the ratio of X' to hydrogen ion
concentration should be eornstant. In Table 25 the values of the ratio K' /
ﬁKﬂ&M} have been caleulated for total salt and acid concentraticns of
2,0 ¥, and 3.0 M. It will be roted from Table 25 that for both total
concentrations the ratio X' / [HCth] is fairly constent at HC1O), concen-
trations greater than 1.0 M. AL HCth concentrations below 1.0 H. the
ratio i3 larger due to the faot that the term /5 inflvences the ratio to
& grester degres. For the explanstion for this inecrease in the ratio it
might be recalled that at low HCLO) concentrations other factors may
influence the extraction equilibrium constant, such as the extraction of
TlCl3 or the lonization of HTlClh in the ether phase.

In this investigation the true extraction equilibrium constant, K,,
was not determined. Rather terms vhiich were proportional to K, were
calculated. In crder to determine the value of K, the concentration of
HTIGlh in the agueous phase or the valve of Xg would have to be known,.
The activity coefficlents of HTICL), in ether anc of hydrogen ion in the
aqueous phase at the glven total salt and acid concentration would also
have to be krnowne. These values would have to be acquired by independent
measurenents.

It waz believed that the varicus thallivm~chloride complexes might
sheorb light at different wave lengths and that the concentration of each
corplex could be determined by the amount of absorption at a given wave

length. An sbsorption spectrum was determined on & soluticn of TL(ClO))3
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Table 25
Determination of Rutio K' /'[H*]

1. 3.0 #. Total Salt and kcld Concentrations

Kt [reaoy] Kt / [1010)]
2.80 Ol 7.0
5435 1.0 Sl
7435 1.6 ho6
8-90 292 l‘,ol

2. 2.0 ¥. Total Salt and Acid Concentrations

K? [1c10, ] K+ / [He1oy]
1.30 Oul 3.2
2.52 1.0 2,5
3'50 1.6 202

in HCl by a Cary Spectrophotometer. However, only a wide absorption bard
was observed over the range employed with no sharp or characteristic
peaks. The range of the Cary was 190 to 2800 M 4. There may be
characteristic absorpticn bandsz, however, in other regions,.

¥o attempt was made to measure the formation constant of HTICl) in

the aqueous phase because of the very ccmplex system presente.
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VI. OSUMMARY AND CONCLUSTONS

A radiochenmicel study was made of the extraction of thallium~
chloride complexes into iso-pronyl ether from agueons solutions of
mixtures of Linl, 11010y, HC1O) and Tl(cloh)3. To ensure complete
emilibring, bolh thermel and exbraction, and separation between the
ether and agueous phases the preper rete of shaking, time of contact and
time of ssparation were selected. The extraction was observed to be
nmarkedly influenced by the ionle sitrength and the investigations were
performed at a given total selt and acid concentration, hence constant
ionic strength,

The temperature dependence of the extraction was measured at two
initial aqueous HC10} concentrations, O.L M. and 0.6 K., for varying
LACl concentrations maintaining a constant total salt econcentration with
additions of LiCl0y. Using the van't Hoff eguation and a graphiecal
nebhod the partial molar hests of extraction were caleulated as «9.5
keale / mole and 9.9 keal, / mole for extraction from O M. and 0.6 M.
ACl10), sclutions, regpectively.

The variation of the distribution coefficient, Ky, with varying LiCl
concentrations followed essentially the mame pattern for the different
valuen of total salt and acid concentration employed in this investl~-
gation. As the TiCl concentration was inereased from zero there is a
gharp increase in ¥p and it reached a maximum at 0.1 to 0.2 M. LiCl,
4t higher L1Cl concontrations the values of Xy decreased.

The formation of a pentachloro-thalliwm complex in the agueous
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phase was postulated to explain the decrease in the extraction at high
1iC1 concentrations. The formation constant, Kg, for TlClgzz

(mc1z?)
(11+3) (c17)5

K3

was calculated from the extraction data using the constants reported by
Benoit (38) for the mono~-, di=-, tri- and tetrachloro-thallium complexes.
The value for Kg of 3.6 x 1017 was determined by evaluation with
guccessive approximations,

The empiriecal formula of the thalliwm compound in the ether phase
wag calculated for the total salt and acld concentrations equael to 2.0 M.
and 3.0 M. by analyging the ether phase for the thallium, chloride and
ionizable hydrogen ion contents. After correcting the analyses for the
golubility of LiCl and HC1lOp in ether the empirical formula was observed
to be essentially HT1Cl). Actually the ratio of C17/T1 in the ether
phase was slightly greater than L.0, but sufficiently close to be within
the limits of errcr of the methods employed.

The extraction was studied at very low LiCl concentrations, up to
9 x 103 M. with 1.06 x 10~3 M. 11(C10),)3, for two HC10) concentrations,
O.h ¥. and 1.0 K., while the total salt and acid concentrations were
maintained at 1.0 M. Yor these conditions the equilibrium constaent for
the extraction at constant acid, K', was cbserved to vary quite
markedly with the LiCl concentration. At the higher LiCl concentrations
the value of K' tended toward a constant value, but K' increased to
gquite large values at the lower IiCl concentrations. These large values
of XK' might be explained by the extraction of T1Clj and/cr the ionization
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of HT1Cl}, in ether at low etheral concentrations of thallium.

At total salt and acid concentrations equal to 5.0 M., 4.0 M.
HCLO), and 1.0 ¥. for the sum of LiCl and LiCl0), eoncentrations, a three
phase system, "lighit" ether, “"heavy" ether and agueous phases, were
observed. The changing volumes of the three phases with varying LiCl
concentrations made interpretation of this data quite difficult. In
every case 89 to 96 percent of the original thallium appeared in the
*heavy" ether phase. It has been suggested that the formation of the
third phase, the "heavy" ether phase, was due to the formation of
polymers of the form Hxilcxy in the ether phase, where x and y are
greater than 1.0 and 1.0, respectively; such as HpTlClg, HT1Clg, etc.

At these low concentrations of thallium, 0,001 to 0.0l M. in the
"heavy" ether phase, it is difficull to believe that the thallium has
much influenee in the gross behavior of the ether. In fact such three
phase systems are observed in the absence of metel ions, such as thallium
and iron. The formation of the third phase ig most likely due to the
sclubility of hydrochleric acid, perchloric acid and thelr alkali salts
in the isopropyl ether.

The extraction was studied at total salt and acid concentrations
egual 1o 2,0 M. and 3.0 M. For the investigation at 3.0 M. the extraction
was performed in Oul M., 1.0 Msy 1.6 Mo and 2,2 ¥, HCLOp and at 2.0 M.
in O. M., 1.0 ¥. and 1.6 M. HC10) with varying LiCl concentrations. At
1iCl concentrations greater than 0.1 M. the equilibrium constant, KY,
was fairly constant for a given acid concentration. The marked increase
in K' at the low LiCl concentrations was agaln postulated as an

indication that the extraction process at low etheral concentrations
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was dependent upon the extraction of T1Clg and/or the ionization of
HT1Cly, in the ether phase,

In the study of the dependence of the extraction upon gcid concen-
tration it was observed that the extraction equilibrium constant was
proportional to the Hcloh concantration to the first power. It was
agsumed from this Pirst powsr dependence upon the concentration that
the activity coefficient of hydrogen ion was constant at a given total
salt and acid concentration.

It was concluded that the true extraction equilibrium between the

aqueous and ether phases wast

HTICYY — HTlClz

for whlchs

K, = (HTIClh)e

(HTlCth.
Also in the aqueous phase the following equilibrium was postulated:
Y o mcl) &= H'ncq[

for which:

Kg = (HTlclh)!
(8%)  (T101})

Using the above assumptions it was shown that the true extrzetion
equilityium constant, X,, was inversely proportional to the hydrogen ion
concentration, assuming the activity coefficient of hydrogen ion is

consbant at a given totsl salt and acld concentration.
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The true extraction equilibrium constant could not be ealeulated
from the data reported. The value of Kg or some independent measurement
of the coneentration of one or more of the thallium~chloride complexes
in the aqueous phase would be needed to calculste K,. However, it has
been shown that K, is proportional te the etheral concentration of HTlClh
and inversely proportional tec the agqueous concentration of Hc1oh and the

aoueous activity of T1C1z at a given lonie strength.
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