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ABSTRACT

The distribution of cobalt (II) thiocyanate complexes between
aqueous thiocyanate;perchlorate solutions and methyl isobutyl ketone
was studied by équilibrating aqueous solutions of cobalt (II) thio-
cyanate under different initial conditions and determining the con-
centration of cobalt in each phase. This examination was done in an
effort to determine the formulae of the organic phase complexes and
also to obtain some information on the relative stabilities of the
complexes present in each phase,

The distribution coefficient (concentration of cobalt in the
organic phase divided by the concentration of cobalt in the aqueous
phase) was found to be dependent upon the cobalt concentration, the
thiocyanate concentration and the acidity in the following manner.

The distribution coefficient (1) decteases with incréasing cobalt
concentration, (2) increases with increasing thiocyanate concentration,
and (3) decreases with increasing acidity. These variations are dis-
cussed in detail, and it is suggested that these observations are
evidence that higher cobalt (II) thiocyanate complexes extract well
and that dissociation of the complex acids (e.g. HCo(CNS)j - u o+
(Co(CNS); ) is important in the organic phase.

Spectrophotometric examination of both the aqueous and organic
phases indicate that the aqueous phase contains mainly hexacoordinated
aquo and thiocyanato-aquo complexes and that the organic phase contains

the tetracoordinated thiocyanato complexes.
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I. INTRODUCTION

When a metal M is distributed between an aqueous and an organic
phase in the presence of an acid HX, composite complexes of the general
composition Man(OH)p(HX)r(Org.)S(HBO) . may be formed. Values of the
subscripts and also constants for the formation of some of these
complexes may be obtained from measurements of the distribution of the
metal between the organic and aqueous phase as a function of the
different variables. Recently, emphasis has been placed on solvent
extraction as a tool in elucidating the composition of important
species existing in solution. As a consequence of this much knowledge
has been gained about the separation of metals from other elements.

There are drawbacks, certainly, for. when the distribution of a
metal between an organic and an aqueous phase is studied, generally
only the gross effects are obtained. Similarly when the composition
of the solution is varied by changing the concentration of the metal,
acid, ligand or added salts, it is a.gaiﬁ the gross effect on the
distribution which is measured. In many instances, however, these
overall effects reveal much about the species present in each phase
and their respective formation constants.

In view of the somewhat contradictory evidence concerning the
chemistry of the cobalt complexes, it was decided to study the cobalt
(II) thiocyanate system. Cobalt has a unique property in that some of

its complexes are red in aqueous solution, but are blue in organiec



solutions, This duality in color might lend itself well to spectro-
photometric interpretation in the same samples in which the distribution
studies are being carried out. Thiocyanate was chosen as the ligand

in order to obtain data on its relative strength as a complexing agent
and also on how it compares with the halogens in its pseudo-halogen
proﬁerties.

An equation describing the distribution process was treated and
the resulis interpreted on the basis of existing theories and of
properties of the species occurring in solution, Thus, this distribu-
tion stud& was undertaken to discern something of the nature of the
various speéies existing in the cobalt (II) thiocyanate organic solvent

system.



IT. HISTORICAL

Although the reaction of cobalt with thiocyanate ions has long
bzen used for the detection and determination of cobalf, the cause of
the resulting change in color from pink to a blue solution has remained
in doubt and, a point of speculation. This test, named the Vogel
reaction after its originator.(l), consists of addiné thiocyanate ions
to the solution containing cobalt and then adding a’ suitable organic
‘solvent., The formation of a blue cqlor indicates the presence of
cobalt ions. Many modifications Qf Vogel's origiﬁal method of
analyzing for cobalt have been ﬁade, including the choice of solvents
for éolor developer (2-5) and of ioﬁs for complexing addenda (6).

According to Mellor (7), the reaction between a concentrated
solution of ammonium.thiocyanate and a solution of a’cdbalt (II) salt
first forms cobalt (II) thiocyanate;CoCl, + 2NH,CNS — 2NH,C1 +
Co(CNS),. This blue salt is converted to ammonium cobalt (II) thio-
cyanate in the presence/of excess‘ammonium thiocyanatet Co(CNS), +
2NH,CNS === (NH,)zCo(CNS),. If water is added the color changes to
pink; but if shaken with amyl alcohol and ether the blue salt passés
into the ethereal layer.

A number of theories have been postulated to account for the blue
color which is also found with halide ions. Hill and Howell (8)

proposed that the color change in cobaltous solutions is due to the
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dehydration of a cobaltous-hexa aquo complex ion. In a strongly mineral
acid medium they suggest that the color of the solution is transformed

to blue according to the reaction:

(CoC14(Hz0)5]" —== [CoClyl™ + 2H 0
pink blue

This dehydration theory was not accepted by Bassett and Croucher (9).
They claim phat the reasoning of Hill and Howell which was based on
comparison of magnesium and cobalt oxides is unjustified and also that
‘cobalt need not have a coordination number of six. Rossi (10) bubbled
dry hydrogen chloride through a 0.1 M aqueous cobaltous chloride
solution. The solution color changed from pink to blue., He suggested
that the color change is caused by formation of a compound of the type
HCoCl;*nH,0.

Heavy metals have a general tendency to form complex anions with
halogens or pseudohalogens. This tendency may also be operative in
the siﬁple halides of the metals themselves (autocomplexes) as is
indicated in some cases by anomalous colors. Emeleus and Anderson (11)
suggest that cobalt (II) chloride is a notable case in which this
probably occurs. In the anhydrous state the salt is blue, as also
happens in solution in the presence of high concentrations of chloride
ions. The blue color of the solution is associated with the presence
of a camplex CoCl, anion as is shown by its migration towards the
anode on electrolysis. This suggests that dehydration of the pink

hydrated cobalt chloride brings about the change



2 [Co(H,0)5]Cl, === Co(CoCl,) + 12H,0
pink blue

Feigel (12) has suggested that the blue color is probably due to
solvation of complex cobalt thiocyanates such as K,[Co(CNS),] sinze
upon dilution the color reverts to pink,

Recently workers have becoms more concerned with the species
existing in both aqueous and non-aqueous phases. Kiss and Csokén (13,1h)4
were among the first to obtain absorbancy curves on solutions of
cobalt (II) thiocyanate in non-aqueous solvents. In a nonsaqueous
solvent L, the complex Co(CNS) L, is formed. They also state that the
complex Co(CNS)™ is present in aqueous solutions containing an excess
of cobalt while an excess of thiocyanate produces Co(CNS)4=.

Marcel Lehné (15) has studied the aqueous spectra of cobalt (II)
thiocyanate at a cobalt concentration of 0,01 M cobalt, with potassium
thiocyanate varyiﬂg in a step-wise fashion from 0.1 to 8 molar. He
suggests thét the complex ions Co(CNS)#, Co(CNS),, Co(CNS), and
Co(CNS)4= are the species present., The first three are thought to
include water molecules to fill the vacant sites in the inner sphere
of the complex for coordination nunber of four,

A similar study of the absorption spectra of cobalt (II) thio=
cyanate in both aqueous and mixed aqueous non-aqueous media has been
performed by Babko and Drako (16,1?). Their conclusions are essentially
the same as those of Lehné suggesting similar species; the blue Co(CNS)4=

complex being confirmed by transference determination. Evidence is



*+* with the solvent.

given for the existence of the complex Co,(CNS)
In the mixed solvent studies a correlation is found between -log K

(for complex formation) and 1/@ the dielectric constant. From these

data a common mechanism is proposed whereby the non-aqueous component

of the solvent promotes removal of water from the inner sphere of the
complex and thus facilitates complex formation according to [Co(H20)4]++ +
LONS™ —=—== [Co(CNS),] + LH,0. This accounts fof the absence of any
marked specificity of the non~aqueous solvent.

Levashova (18) and his co-workers have examined the extraction of
cobalt (II) thiocyanate complex into n-butyl acetate noticing the
effects of thiocyanate concentration and temperature on the distributioﬁ
coefficient. In the concentration range studied, 1-8 molar thiocyanate,
only the species Co(CNS)', Co(CNS),”, Co(CNS),” are present. Because
only one clearly marked maximum is observed in the absorption spectra
of the ester phase under all conditions, they conclude that the
Co(CNS), and Co(CNS)4= specles are preferentially extracted by n-butyl
acetate, Data are given showing the distribution coefficient to de-
crease as temperature increases and to increase as the thiocyanﬁte
concentration is increased.

Recently, a study of the absorption spectra of cobalt (IT) thio-
cyanate complex in a number of non-aqueous solvents has been done by
Katzin and Gebert (19). In dilute solution only the Co(CNS), Co(CNS)s-,
an.dCo(CNS)‘l= complex ion species are identified, Very convincing
evidence is given in favor of the existence of six coordinate thio=-

cyanate aquo complexes in aqueous'solution and four coordinate complexes



in various organic solvents, The latter complexes ére supposed to be
tetrahedral, having the composition Co(CNS)y,plp~n where L represents
a molecule of solvent,

It is interesting to note that West and DeVries (20) are the only
workers to report a specie of the type-Co(CNS)e'-4 existing in mixed
solvent systems,

This history shows an absence of any study aimed at judging the
relative stability of these complex ions when distributed between
aqueous~non-aqueous mixed solvent systems. The next section should
provide the background for the point of view taken in the study pre-

sented in this thesis.,



III. THEORETICAL

R. M., Diamond (21) has presented a very general treatment on the
solvent extraction of inorganic compounds, and most of the material
in this section may be amplified by consulting his paper. Irving,
Rossotti, and Williams (22) also have presented a general treatmsnt of
the same problem but with much different formulation and much different
interpretation of results. Diamonds treatment follows that suggested
by J. Saldick (23), extended to a more general system.

The gross extraction behavior of acid-metal halide systems has
been separated into four processes. These are: (1) association and
polymerization of the metal species in either or both phases and
consequent dependence of the distribution coefficient on the metal ion
concentration; (2) possible acid ionization of the complex metal
species and hence dependence of the extraction on hydrogen ion and
thus on all other‘acid species present; (3) complex formation with
the halide ion, and consequent dependence of the extraction on halide
lon concentration and thus on all other species present capable of
dissociating into such ions; (L) solvation and hydration in the two.
phases and consequent dependence on the specific nature of the solvent,

First let us examine the equilibria existing between the simple
ions and all of the various species which may make up the system of

two relatively immiscible liquid phases. Step equilibria can be used



to describe the concentrations of different species existing in the
aqueous phése, and a series of distribution coefficients uéed to relate
tﬂese concentrations to thosg in the organic phase.

We shall consider an ideal system consisting of an aqueous solu-
tion in equilibrium with a relatively immiscible ofganic solvent, a
hydrohalic acid, and a minimum number of represenfative exampies of
éationic, neutral and anionic metal containing species. We shall
assume that the concentration of acid and anion to be such that hydroly~
sis of any cationic species may be neglected, Ths components chosen |
wii} be the metal halide MX, the hydrogen halide HX, a non~complexing
acid HZ, and an inert salt AZ. In the aqueous phase the species Mf,
MX, MXp , M5, MgX,, H, X~, 27, A may be present. In the organic
phase the species M+, MX, MXZ-, IMX,, MX,, AMX,, H*, X, zZ, A+, HX,
HZ, AX may be present. Unlpositive M" as the metal ion is chosen only
for simplicity and is mot to imply that unipositive metals extract
easily. M*, MX, MX, represent respectively typical cationic, neutral
and agnionic metal containing species, HMX, represents a species which
may be a weak acid or simply an ion pairing between H' and MXE- in the
organic solvent. MyX, represents a dimeric or polymeric species, but
also in the organic phase stands for ion triplets and higher ion
associations, AMX,, HX, HZ, and AX in the organic phase represent
neutral species, either true molecules or ion pairs.

The partition of the metal halide between the two phases is given

by the distribution coefficient D2
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D = total concentration of metal in the organic phase
total concentration of metal in the aqueous phase

)

(M)o + (Mm)o b (sz)o + (HMXz)o +* (AMXZ)O + Z(Mexz)o
M) + (MX) + (MXz) + (HMK3) + 2(MpX3) (1)

where ( ), represents the concentration of species in the organiec
phase and ( ) represents that in the aqueous phase, Considerations of
electroneutrality require the exclusion of the distribution of charged
species and that (H ) + (A%)g + (M) = (X g + (Z7)g + MKz )y, To
facilitate solution of the distribution equation step equilibria of
the following types are required:

(1) Concentration distribution constants «a

Gy () (X) = (M)o(X)o

“H,MXZ(H)(MXQ) = (H)o(MX3)o, etc.

(2) Association equilibria in the aqueous phase P

By (M (X) = (MxX)
Bsz(M)(X)z = (MX,), etc.

(3) Association equilibria in the organic phase &

SMX(M)o(X)o = (M)o

SH’ngH)o(MXz)o = (HMX2)0

By making proper substitutions in equation (1) we are able to express D
in terms of species which have been determined for either or both of

the phases.
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5. Ty - ccHX(X) * aHZ(Z) + GH,MX?_@D(Z(M)(X) N }D(G’MX(M)(X)
\I?H;(_ o;ILD((H) + aAX(A) + aMX(M)

aHX(H) + aAX(A) * u.MX(M)

S () (x)°
o \aHX(X) + a,(2) + “‘H,I*D{QB}D(Q(M)(X)Z

v O o O P, D D02+ 8y oy @y Bry (WD (X)2+28 5 8% )3(X)?

+

(M) + By (XD + By (D(X)? + By e (DADI? + 2By, ¢ (N)3(X)3
| (2)

Of primary interest to the present work is the varlation of D with
changes in the concentration of the various aqueous ions, This can
best be seen by teking the parﬁl.al derivatives of the logarithm of D
with respect to the logarithms of the conecentrations of the ions of
interest.

Primarily we shall consider the variation of D with metal concen-
tration. If we let the denominator in equation (2) be Q, the numerator

be P, then D = P/Q.

dlog D _ dlogP /BlogQ _1=ﬂ4_laP /(M) 2Q 4

Then 35500 ~ 31og (M) / 3 Tog (Mg ) T 3(M) Q( ;))(m

O O 7 “IH MX, MXZ G-MX L
-(£ 0 7 fam) 2 ( T O () ¥y e (W) am{THWaAX(A)%(M))

ls £ MX,
(o]
£ -
M fu
+ 2X2 2X2 (3)
1+ f M.X o

The P21 are the fractions of the total metal concentration in the



organic phase represented by the species indicated by subscripts, and
the f!'s are the fractions of the total aqueous metal concentration

represented by the species similarly indicated., The fois and fés are

+

themselves functions of the concentrations of H', M', A", X, Z i.e.

+o+ - %y ) [ @ (X) + O:HZ(Z) * aH)an(]VD{B)

d Oy aHX(H) + aAX(A) + aMX(M)

/P (L)

Equation (3) is probably best explained by referring to Figure 1
which is a plot of four possible cases. Curve (a) is for the case
where there are no dimers present in either phase and no ionic metal
containing species in the organic solvent, only MX and HMX, in the
organic phase and M+, MX, MX, , HMK, in the aqueous phase. Curve (b)
indicates the same species as in (a) but dimers are also allowed in
the organic phase. Curve (c) indicates the same species as (a) but
this time dimers are in the aqueous phase, Curve (@) indicates the
same species as in (a) but MX, also possible in the organic phase
and a >> @

MY, X"
It should be emphasized that the equations derived are for

idealized systems in which no changes are assumed to occur in the nature

of the organic and aqueous phases caused by variations in the concen-
trations of substances involved. That is, the two phases are always
considered as immiscible liquids which keep their original individual
properties throughout and hence the association and concentration

constants are considered to be constant. Actually, of course, real
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two phase systems are not so ideal and allowance must be made not only
for their mutual solubility, but more importantly for the changes in
mitual solubility, phase volumes, dielectric constants, etec. which may
occur under concentration changes considered.

.fhe experiments deseribed in the next section of this thesis were
devised to give the type of information needed to make the kind of
anglysis described. Thiocyanate was chosen as the ligand for study
because it was felt that further data is required to interpret when
and where similarities exist between the complex-ion chemistry of
thiocyanates and halogens. Cobalt was chosen as the metal ion for
this study because of two advantages. Firstly, it is a menber of
the transition element group which therefore enhances its complexing
ability'ang seéondly'with the strong radicactivity of Coeo, radio-~
chemical counting techniques could be used advantageously in distribu-
tion studies. Methyl isobutjl ketone was chosen, after a variety of
solvents were examined (see section IV), because as noted there it best
satisfied the stipulated requirements. With this background we may

now proceed to the experimental section.
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IV, EXPERIMENTAIT,

Raw Materdals: Perchloric acid was obtained from Mallineckrogt

Chemical Works. All other acids used in these experiments were Bakers
"Analyzed" reagent grade chemicals, Ammonium hydroxide, barium thio=
cyanate, sodium thiocyanate, cobalt (II) carbonate and cobalt (II)
chloride hexahydrate were also obtained from the J. T. Baker Chemical
Company. Ammonium chloride, sodium oxalate and sodium hydroxide came
from Merck and Company. Sodium perchlorate was obtained from G.
Fred£ick Smith Chemical Company. Methyl isobutyl ketone, diisopropyl
ketone, and n-hexanol were obtained from Eastman Organic Chemicals.
Capryl alcohol (2-octanol), n-hexane, and n-butyl ether were obtained
from Matheson, Coleman and Bell, BP'~dichlorodiethyl ether was purchased
from Dow Chemical Company. The radiocactive tracer used to follow the
cobalt ion in the distribution studies was prepared by Ozk Ridge
National Laboratory by irradiation of Co,0, with neutrons [Co5°(n,¥)C0®°].
Twenty~four millicuries of Co®0 were shipped as one gram of solid Co,04.
Upon arrival the Coy0; was dissolved in one-hundred milliliters of 6 M

hydrochloric acid and stored.

Preparation of Reagents: Cobalt perchlorate was prepared from

cobalt carbonate and perchloric acid and recrystallized twice from
distilled water. Hexammine cobalt (II) oxalate was prepared according

to the procedure as given in Inorganic Syntheses (24). This solid was

then used to prepére a weighable form of cobalt (II) sulfate according

to the procedure given by Diehl and Butler (25). Cobalt (II) thiocyanate
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was prepared by a metathetical reaction of cobalt sulfate with barium
thiocyanate. Prior to use the barium thiocyanate had been recrystallized
from methanol.

Sclutions of cobalt (II) perchlorate and cobalt sulfate were made
and the cobalt concentration was checked by standard electrolytic
procedures (26,27). From these solutions aliquots were taken and
diluted in order so as to cover a concentration range of 10"1 to 10—4 M
cobalt. In general cobalt (IT) thiocyanate solutions were diluted no
further than 10“2 M. At this time Co®° tracer was added to these
various stock solutions and their respecti#e specific activities
determined by counting in a well-type Nal(T1lI) scintillation counter.

Sodium perchlorate was recrystallized from distilled water,
separgted by filtration and dried over a portion of the salt which
previously had been dried in an oven at 110 to 115°C for 48 hours.

A stock solution was made and its concentration determined by evaporat-
ing a known volume of solution to dryness, heating to 160° to destroy
the monohydrate, and weighing. A check showed that this method gave
the same result as prolonged heating at BOOOC. This solution analyzed
the same as one prepared by neutralizing a known amount of perchloric
acid with reagent sodium hydroxide, and diluting~to the required volume,

Standard sodium hydroxide solutions were prepared carbonate free
and standardized against potassium acid phthalate. The perchloric acid

used was standardized by comparison with sodium hydroxide.
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Sodium thiocyanate was recrystallized from distilled water. Stock
solutions were made and analyzed by conventional gravimetric procedures (28).
A1l sclvents used in the distribution studies were fractionated and
a two degree "eut" used: Boiling points and refractive indices obtained

from Weissberger (29) were used to check purity. When needed, ultra-

violet spectra were compared with standard forms (30).

Distribution and Spectral Studies: The solutions used in the

distribution studies were prepared by adding the appropriate amount of
stock cobalt solution (either cobalt (II) perchlorate or cobalt (II)
thiocyanate, depending upon the thiocyanate concentration range studied),
standard perchloric acid solution to adjust the aecidity to the desired
valne, standard sodium thioeyanate solution to adjust the thiocyanate
concentration and distilled water to bring the total volume to 25
milliliters. All of the aqueous solutions were adjusted initially to
an ionic strength of 1.50 with sodium perchlorate. Exceptions were
made in runs 37 through 58, which had an ionic strength of 2,05.
A volume of organic solvent equal to the aqueous phase was then added
and extraction begun. At no time was either phase pre-saturated with
the other before equilibration in the'distribqtion studies.
Solutions were shaken in 50 milliliter Pyrex mixing cylinders
equipped with ground glass stoppers. Equilibration was effected by
mechanical shaking in a horizontal position in a constant temperature
bath maintained at 25.00 + 0,02°C. The solutions were usually shaken

overnight (8~10 hours) more as a matter of convenience than necessity.
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It was noted in this study and others (31) that equilibrium was attained
in less than one hour of shaking. The cylinders were then placed
vertically in the bath and the phases allowed to separate completely.
Usnally satisfactory phase separation occurred immediately, but for a
few difficult cases longer times (1-2 hours) were allowed. The levels
of the menisci were noted and only in two instances (runs D and 53
through 58) was any volume change observed. Aliquot portions of each
phase were removed for analysis, great care being taken to avoid
contamination of one phase by the other.

Two milliliter samples from each phase were pipetted into one
dram screw cap vials and B =counted using a well~type NaI (T1I)
scintillation counter. The ratio of the counting rates of the sample
from the organic phase to that from the aqueous phase gives directly
the value of the distribution coefficient of cebalt between the two
phases. These counting rates were corrected for background; no

coincidence correction was necessary at the rates used.

¢/m of 2 ml, organic phase _ cobalt molarity in organic phase
c¢/m of 2 ml. aqueous phase  cobalt molarity in aqueous phase

D=

Duplicate trials from the same cylinder showed that pipetting and
countiﬁg errors were less than 2%, However, variations between duplicate
extractions were somewhat larger, though less than 5%.

Aliquats from each phase were titrated directly with standard
sodium hydroxide solution using methyl red as the indicator.

Preliminary experiments of back extraction of the acid from the organic
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phase showed that the end point was ﬁnaffected by the presence of the
orgsnic solvent. Standard gravimetric procedures for thiocyanate
a.na,l?rsis were performed only on the agqueous phase. Attempts to perform
the same analysis on the organic phase led to difficulties and were
not carried out., Analytical errors for these analysis amounted to less
than 2%.

Preliminary extractions were run on various organic solvents for
the purpose of choosing the best solvent for the distribution studies.
A satisfactory solvent for this research should fulfill the following
requirements: (1) have a satisfactory distribution of cobalt (II)
complexes in the concentration region to be studied, (2) have a very
good immiscibility with the aqueous phase, (3) have a high enough boiling

point so that evaporation problems do not become acute.

TABLE I

DISTRIBUTION OF COBALT WITH VARIOUS SOLVENTS _
(Initial conditions (Co ') = 0,0811 M, (H') = 0.750 M, (CNS™)=0.487 M)

Run Solvent D%(xloz) Remarks
A n~Hexanol 15,2 Solvent pre-equilibrated
with distilled water
Diisopropyl ketone L.02 ——
c Methyl isobutyl ketone 41.1 —-—
Capryl alcohol . L.66 Organic phase volume
increased
E n-Hexane
F n-Butyl Ether 0 Sulfur at interface
HyS gas odor
G Bpt Dichlorodiethyl Ether 0 Sulfur at interface

HpS gas odor
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Of all solvents tested (see Table I) methyl isobutyl ketone was
Judged most satisfactory. An interesting point which turned up in this
preliminary investigation was the incompatibility of thiocyanate with
the ethers tested., During the extraction chemical reactions took place
which brought about decomposition of the thiocyanate, resulting in the
presence of HyS and sulfur at the interface, These solvents when
freshly distilled, acted somewhat better taking about eight hours for
decomposition to set in. If not freshly distilled, decomposition took
place almost immediately., Solvents could be stored over ferrous sulfate
for about 2), hours after fractionation without adverse effects. Irving
and Rossottl (32) have observed that peroxidation of ﬁB'dichlorodiethyl
ether was so rapid that purification and distillation was necessary
immediately before use, Nothing further was done to clarify this
problem, since the distribution coeffieients for both ethers were not
suitable for the present studies, All subsequent distribution studies
were made using methyl isobutyl ketone as the organic solvent,

Considering the variables of the systems cobalt concentration,
thiocyanate concentration, and acidity, experiments were performed in
which two of'these variasbles were kept constant and the third varied.
In this way the effect of each individual variable was measured. Data
for all distribution studies have been compiled and placed in Tables
VI to XI of the Appendix.

The effect of varying the acidity of the initial solution was
studied by determining the distribution coefficients of cobalt (II)

thiocyanate at different initial concentrations while the cobalt and
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the thiocyanate concentrations were held constant. Table IT presents

the results of these extractions.

TABLE IT

VARTATION OF THE DISTRIBUTION COEFFICIENT WITH ACIDITY

—
s e e e -

Run Co M Acid M CNS M Co M Co M D
Initial Tnitial Initial Orgamic  Aqueous
37  0.0500 1.00 1.00 0.0392 0,0103  3.82
38  0.0500 o.fSo 1.00 0.0406 0.00820 .96
39 0.,0500 0.650 1.00 0.0412 0,00757 5.L46
4O  0.0500 0.500 1.00 0.0427 0.00669  6.39
L1 0.0500 0.250 1.00 0.0LL7 0.00507 8.83
L2 0.0500 0.100 1,00 0.0459 0.00493 9.31

It may be seen from these results that the digtribution coefficilent
decreases as the initial acidity is increased, i.e. the distribution
coefficient has an inverse dependence on the initial acidity.

The effect of changing the thiocyanate concentration was studied
by varying the amount of thiocysnate in solution while the concentrations
of cobalt and acidity were held constant. Table ITT presents the

results of one such series of extractions.

It may be seen from these data that the distribution coefficient
increases with an increase in the initial thioeyanate concentration.
It may be observed then, that the distribution of cobalt (II) thiocyanate
between aqueous solution and methyl isobutyl ketone is dependent upon

the concentration of thiocyanate present in the aqueous phase.
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TABLE III

VARTATION OF THE DISTRIBUTION COEFFICIENT WITH THIOCYANATE

Run Co _N_I. Acid }_g_ CNS M Co _1\_4. Co M D
Initial Initial Initial Organic Aqueous
7 0.0500 0.100 0,100 0.00136 0.0488 0.0278
8 0.0500 0.100 0,200 0.00666 0.0L442 0.151
9 0.0500 0.100 0.300 0.0131 0.0378 0.3h7

mgponain

In order toc learn whether there was any appreciable polymerization
or association in either phase, the effect of the cobalt concentration
on the distribution coefficient was studied, The resulting data are

presented in Table IV,
TABLE IV

VARTATION OF THE DISTRIBUTION COEFFICIENT WITH COBALT

Run. Co M Acid M CNS M Co M Co M D
Initial Initial Initial Organic Aqueous
L8 0.0500 1.00 1.00 0,0391 0.0101  3.87
49 0.0250 1.00 1.00 0.0209 0.00352 5.93
50 0.0200 1.00 1,00 0.0171 0.00259 6.60
51 0.,0100 1,00 1,00 0.00870 0.,00106 8,19
52 0.00500 1.00 1.00 0.00L)1 0.000476 9.27
5k 0.200 0.750 1.00 0.0989 0.10k 0.951
55 0.150 0.750 1.00 0.0895 0.0615  1.L46
56 0,100 0.750 1.00 0.0723 0.0288 2.51
57 0,0500 0.750 1.00 0.0423 0.00805 5.26

o8 0.0250 0.750 1.00 0.022L 0.00268 8.35
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These data indicate that for equal initial acidity and thiocyanate
concentration, the distribution coefficient inereases with decreasing
cobalt concentration. The data given in Tables II, III, and IV are
presented graphically as Figures 2, 3, and .

To determine whether sodium thiocyanate was being extracted or
whether thiocyanic acid was the main species extracted, a series of
runs were made in which the thiocyanate concentration was varied while
acidity was held constant, and in which the acidity was varied as the
thiocyanate concentration was held constant. These data are presented

in Table V and graphically as Figures 5 and 6,

TABLE V

EXTRACTION DATA FOR SODIUM THIOCYANATE

v g y e

Run oNS M Acidity M ons v 0'%)os(cns),
Initizl Tnitial Organic

X 0.600 0.500 0.317 1,12
X1 0.500 0.500 0.287 1.35
XII 0.1400 0.500 0.250 1.66
XIIT 0.300 0.500 0.200 2.00
XIV 0.200 0.500 0,112 2.9
XV 0.100 0.500 0.0757 3.12
II1 0.1400 0.750 0,295 2.83

XXT 0.400 0.100 0.07L0 0.234
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These data show that the concentration of thiocyanate in the
organic phase increases rather markedly when either the acidity or the
thiocyanate concentrations are increased. This suggests that the thio-
cyanate which enters the organic phase may do so as either undissociated
thiocyanic acid or as sodium thiocyanate. There are such small
differences in the character of the data that one is hard put to choose
one mechanism over the other.

It was Judged important to record and study the visible spectra
(LOO=T700 mp) of both phases as an aid in determining the nature of
species in solution and also as possibly shedding some light on their
respective stabilities, Samples of both phases were taken after
equilibration, and their spectra recorded using a Beckman model DK-2
recording spectrophotometer, TFigures 7 and 8 present a typilcal family
of curves for the aqueous and organic phases respectively, There is
no change at all in the shape of the aqueous spectra with increased
thiocyanate concentration;only an inecrease in the optical density.
Under the same conditions the organic phase spectra shift very
definitely from a pink or red color, showing a 520 mp sbsorption peak
to the blue 620 mp absorption peak., This shift has been explained by
many (17, 33-36) as a change from the hexa~coordinated aquo and aquo-
thiocyanato complexes, which absorb predominately around 520 mp, to the
tetracoordinated tetrahedral thiocyanato complexes which absorb
predominately around 620 mpu.

To obtain a clearer picture of the true status of the complex ion

species existing in solution, the method of "contimuous variation"
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developed by Job (37) is useful. The method is based upon the readily
verified relation that on mixing two reagents which form an additive
complex, at a fixed total molar concentration, the concentration of
‘the complek is a maximum when the reagents are in the stoichiometric
proportion in which they appear in the complex. Plotting a suitable
property of the éomplex against concentration of the reagents should
give a maximum at the concentration ratio corresponding to the formula
of the complex.

This simple relationship is complicated if more than one complex
is formed., Vosburgh andCooper (38) have pointed out some of the
propertiés of special cases of the system forming two complexes.
Katzin and Gebert (39) have given the general relationships which allow
extension of the method to the case for three complexes,

Two "continuous variation" determinations were made. The first
used,ﬁethyl isobutyl ketone which had been equilibrated with one molar
parchloric acid in order to try and synthesize conditions which exist
in the organic phase during the distribution experiments. Total econ-
centration of cobalt perchlorate and sodium thiocyanate was 0.0500 M
for this run. The second used anhydrous methyl isobutyl ketone and
total concentrations of cobalt perchlérate and sodium thiocyanate of
0.0040 M. Raw data for these runs are contained in Tables XV and XVI
of the Appendix. The more pertinent aspects of these data are presented
in graphical form in Figures 9 and 10,

As noted from Figure 9, Co(CNS), and Co(CNS)g—4are the species

present in the "wet" methyl isobutyl ketone and from Figure 10, Co(CNS)s"
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and Go(CNS): are the species indicated in the anhydrous methyl iso-
butyl ketone., The most umusual part of this work is the existence of
a hexa coordinated species in the organic phase, As stated in the
historical section only West and DeVries (20) have reported a hexa
coordinated cobalt complex ion in a mixed solvent system.

Figures 11 and 12 are plots of the molar extinetion coefficient
versus thiocyanate concentration for the "wet" and anhydrous ketones
respectively. From these it may be seen that the "wet" ketone does
not approach any limiting value at any wavelength, while the a.n.hydroué
ketone does. The largest molar extinction coefficient for the
anhydrous ketone is that for the blue 620 mp band, leveling off at a
value of about 2100. |

Figures 13 and 1l are plots of the molar extinction coefficient
versus wavelength for the "wet" and anhydrous ketones respectively.
These figures show the general shape of the spectra and the wavelength
for the maxirmm a.bsofption peak as the thiocyanate to cobalt ratio
varies from 1/1 to 10/1. A noticesble change occurs in the spectra of
the anhydrous ketone as the thiocyanate concentration is increased.

A shouider occurring at abcut 570 mp disappears completely and at
higher thiocyandte to cobalt ratios the spectra for both the "wet" and

anhydrous ketones are about the same except for intensity.
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V. DISCUSSION

Only one previous attempt (18) has been made to elucidate the
species existing in the organic phase of the aqueous cobalt (II) thio-
cyanate~organic solvent systems. In the discussion that follows, some
of the more important aspects of the water-methyl isobutyl ketone
system will be pointed out and some conclusions will be made regarding
the species present in each phase.

There are a large number of possible species present in each phase.

Some of the species which might be considered for this system are Co’+,

Co(CNS)*, Co(CNS),, HCo(CNS)4, Co(CNS),™, H'

, CNS™, HCNS, etc. In the
interpretations that follow much must remain qualitative in nature, in
that some of the important variables of the system cannot be measured.
For example, the "free" metal ion concentration, as such, cannot be
determined in either phase. It is only the total metal concentration
of each phase which can be analytically determined., The "free" thio-
cyanate ion cannot be easily determined, although a method utilizing
the recently developed silver-silver thiocyanate electrode (LO) might
possibly give a fair value for this quantity. As with the metal ion
it is only the total thiocyanate concentration which can be analytically
determined., Also, it was noticed that in these experiments it was not
easy to maintain constant ionic strength, therefore not too much can

be dorie with the thermodynamics of this system., With these limitations

in mind the experimental results can now be discussed.
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The Effect of Acidity on Distribution: When the acldity of the

aqueous cobalt (II) thiocyanate solution is increased, the distribution
of cobalt between the aqueous solution and methyl iscbutyl ketone
decreases considerably as can be seen from the data (Table II, Figure 2)
in the experimental section. These data may be explained by assuming
that complex acids such as HCo(CNS), and/or H,Co(CNS), are the species
extracted. One might expect that since thiocyanic acid is a relatively
strong acid (L1), the extraction of cobalt thiocyanate complexes would
be aided by the presence of this acid. Although this is not the case,
it does not of necessity preclude the possible existence of these
complex acid species. Recalling the experimental results on the
extraction of sodium thiocyanate as a function of acidity (Table V) it
will be remembered that no conclusions could be drawn as to whether
thiocyanic acid or sodium thiocyanate was the species extracted. Now,
assume thiocyanic acid to be the major species extracted and consider
the results of the cobalt (II) thiocyanate versus acidity extraction,
It may be shown that the extraction of such complex acid species as
‘HCo(CNS ), and H,Co(CNS),, which may ionize, will be decreased if another
stronger acid is simultaneously extracted (23).

If only one acid is consi@ered,a thermodynamic distribution

: . . _(H,Co(CNS )4 Jorg. .
' = . It will be
coefflclentKElnwy‘be defined KEl HColONS ) yaa. Wi

assumed, and rightly so judging from other data (L2), that in methyl
+

isobutyl ketone the complex acid can dissociate H,Co(CNS), —=H +

HCo(CNS), . A concentration equilibrium constant can be written for

this ionization Ky = (H)o(HCo(CNS), )o/{HzCo(CNS)y)o. From this
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equation it is seen that if the hydrogen ion concentration of the
organic phase is decreased, the concentration of the HCo(CNS)4° ion
mist increase. The total concentration of all cobalt containing species
for the organic phase is given by (Co)q=(HCo(CNS), ) + (H,Co(CNS)4)o.

The distribution coefficient, D, may now be defined as,

D = §CO§Q _ (HCo(CNS), )g + (H,Co(CNS).)e

= (Coy (CoY

Comparing D with the thermodynamic distribution coefficient K, , it is

E
noticed that due to ionization there is an additional cobalt c;ntaining
species present., To satisfy KEl, the concentration of cobalt (II) must
increase in the organic phase to compensate for that amount lost, as
HyCo(CNS),, through ionization. Therefore, the overall effect of
decreasing acidity is that, by promoting ionization, the concentration
of the cobalt containing species in the organic phase is increased,
.which in turn means an increase in the distribution coefficient D.

The effect of acidity may be explained in another way, namely by
assuming that the major species extracted is the simple cobalt (II)
thiocyanate complex, Co(CNS);. Again a thermodynamic distribution
coefficient may be defined Ky = (Co(CNS)z)o/ (Co(CNS)jz),. It will
be assumed that in methyl isobutyl ketone the Co(CNS)g‘undergoes ioni-~
zatidn, Co(CNS), = Co(CNS)+ + CNS™ for which an equilibrium
constant may be written k = (CNg)O(CO(CNS)*)o/(CO(CNS)2)0. By an
analysis similar to that given above, it may be concluded that

extraction of the thiocyanate ion will in turn decrease the distribution

coefficient. It has been previously shown that the extraction of
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thiocyanate increases with increasing acidity (Table V) and therefore
the*cobalt distribution will be directly affected.

| Whether one chooses the acid repression effect or the common anion
effect it must be remembered that one of the main results of increasing
acidity is the extraction of thiocyanate ions from the aqueous phase
into the organic phase. This overall decrease in the aqueous thio-
cyanate ion concentration will greatly reduce the amount of cobalt (II)
thiocyanate which may cross the boundary and thus effectively decrease

its distribution,

The Effect of the Thiocyanate Ton: If the extraction of cobalt

(II) thiocyanate involves somz type of complex between the cobalt ion
and the thiocyanate ion (e.g. Co(CNS),, HzCo(CNS),), changing the
concentration of thiocyanate ion in the aqueous phase should have a
very definite effect on the distribution coefficient. The data
(Table III and Figure 3) in the experimental section indicate a marked
change in the amount of cobalt extracted as the initial thiocyanate ion
concentration is increased, while the concentration of cobalt is held
constant. |

A large nurber of extraction experiments were performed at low
thiocyénate to cobalt ratios. 1In these cases one cannot employ the
method of Diamond (21), but rather can araW'oertain qualitative conclu-
sions from the experimental results. In this respect, that portion of
the general treatment given by Irving, Rossotti and Willjams (22) which

applies to the present discussion, will be utilized where needed.
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In order to ‘treat the extraction according to this method the free

- thiocyanate ion concentration after extraction is needed. It will be
assumed for £his discussion that the "free" thiocyanate ion-concen-
tration is equal to—or proportional to the total aqueous thiocyanate
ion concentration at equilibrium, The important equation needed for

the present discussion is the following

log D = A + (Moho-M)Llog (H) + (Mo-m)log(M) + (MoRo=mi)log (L)
where A is a constant independent of H, M, and L and can be eliminated
by differentiation. H refers to the acid, M refers to the metal and
L refers to the ligand. The bérs signify average values of the numbers
in question. The subscript "o" refers to the organic phase and h, m,
and n are subscripts for any acid or polymeric species (e.g. HhMﬁLn’
MﬁLn)'

At constant metal and hydrogen ion concentration we have

Sy = ()
This states that the slope of a graph of log D versus log (CNS™) would
give the value (ﬁ5§0~ﬁﬁﬁ which denotes the difference hetween the
average number of thiocyanate ions associated with the complex in the
organic phase (ﬁbﬁb) and the average number assoclated with the complex
-in the aqueous phase (553. These are average values and are not
indicative of the most important species present. Two plots of this
typs are presented as Figures 15 and 16. From the slopes of the lines

the values of the quantities (ﬁbﬁb-ﬁﬁ) are found to vary from about
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three at high cobalt concentration (0,050 M) to about two at lower
cobalt concentrations (0,020 and 0.010 M). This means that on the
average there are three (or two) more thiocyanate ions associated with
the complex in the organic phase than there are in the aqueous phase.
However, unless the number of thiocyanate ions associated with the
comﬁiex in one phase is known noihing can be definitely stated about
the average number of thiocyanate ions associated with the complex in
the other phase,

In the concentration range studied it will be assumed that Co(CNS)*
is the major species present in the aqueous phase. This assumption is
substantiated by noting that Lehné (15) éstimates the first association
constant k, ™ 103 for the association Co™t + oNs” e Co(cNS)* in
the aqueous cobalt (II) thiocyanate system while the second is only
about one., Based on fhis assumption, the present treatment leads one
to believe that Co(CNS), and Co(CNS)4= are the major spééies present
in the organic phase. From this and other data, presented on page 32,
it appears that the cobalt in the organic phase may be present as any-
thing from Co(CNS),  to CO(CNS)6~4. Subtracting three (or two) thio-
cyanates from the above species in the organic phase to give the species
present in the aqueous phase, would imply that anything from co*? ﬁo

-Co(CNS), might be present in the aqueous phase. Lehné's (15) work
suggests that no complex higher than Co(CNS), exists in the aqueous
phase under the present experimental conditions. Therefore, one must
conelude that HCo(CNS); and H,Co(CNS), are predominant in the ketone.
This gives a fairly good picture of the average association of the

cobalt complex after the cobalt has entered the organic phase.
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The Effect of the Cobalt Ton: It is evident from the graphical

presentation of the data (Table IV and Figure ;) that at constant

acidity and thiocyanate ion concentration the distribution of cobalt
decreases with increasing cobalt ion concentration (retrograde extraction).
In order to treat this extraction by the method of Diamond, association
equilibria are needed. These data are not available and therefore

only qualitétive conclusions may be reached. In carrying out the
discussion in the light of Diamond's findings the conclusions reached

seem more certain than at first antieipated.

With cobalt concentration as the only variable graphs of log D
versus log Q have been constructed, where Q is the equilibrium aqueous
cobalt ion concentrdtion. These are presented as Figures 17 and 18.
Looking back at Figure 1 of the theoretical seption it 1s seen that
these graphs have a close resemblance to one of the curves (curve c)
and resembles part of another curve (curve d).

Considering the first curve, (c), Diamond states that when such a
curve is obtained from a plot of log D versus log Q, the possible
existence of the following types are suggesteds Co(CNS),, HCo(CNS)s,
H,Co(CN3), in the organic phase and Co ', Co(CNS)®, Co(CNS)a, Co(CNS),; ,
HCo(CNS),, HpCo(CNS), and Co,(CNS)4 or some other dimer or higher
polymer. Ionic metal containing species are not allowed in the organic
phase, but as has been previously discussed, a£ least fox this system,
the acid species do appear to ionize to a certain extent in the organic
phase. With the exception of excluding ionic metal econtaining species,

the allowed species for the organic phase agree with the previous
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conclusions. Although it is not of primary concern, dimerization or
polymerization does appear a bit umisual for this system. Irving and
Rossotti (L3), in a recent study on the extraction of indium bromide
into methyl isobutyl ketone, have worked out a treatment for polymeri-
zation of species in the aqueous phase, A plot of log Qg versus log Q
(where Qg is the equilibrium organic cobalt ion concentration)
indicates the extent of polymerization in the aqueous ﬁhase. Such a
graph is presented as Figure 19, This graph has unit slope at low
aqueous cobalt ion concentration but the slope tends towards the value
of 0.5 at high cobalt concentration suggesting that dimerization does
occur in the more concentrated solution.

The fact that there is only a partial fit to curve (d) is not too
serious in that the data presented in this thesis probably do not
cover a concentration range large enough to bring out the entire curve.
The system represented by this curve allows exactly the same species
as for curve (e¢), in addition allowing ionic metal containing species
‘ in the organic phase. At very low metal concentrations the hydrogen
ion.concentration in both phases is determined by the distribution and
dissoclation of HCNS or HCl04 since they are present to the greater
extent, In this region the graph approaches a horizontal straight line.
As the cobalt ion concentration is increased a point will be reached
at which the amount of hydrogen ion brought into the organic phase by
the Co(CNS), or HCo(CNS); will be comparable to that extracting with
the CNS~ or €10, . This increase in the organic hydrogen ion concen-

tration common to both anions represses the dissociation of HCNS,
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~1.6r

~1,8

Log Qg

1 1
=2.l 2.2 Log Q

1 I
-3.2 - =3.0 ~2.8 -2.6

Figure 19. Organic metal concentration as a function
of the aqueous metal concentration.
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HCo(CNS); and HaCo(CNS), and when this happens fhe distribution co-
efficient decreases. The experimental data fit these conclusions very
well and thus add further support for the species chosen.

Brubaker (LL), in a recent study on the extraction of tellurium (IV)
chloride into BPldichlorodiethyl ether presents a treatment similar to
Diamond's (21) on retrograde extraction. When applied to the present
work, it qualitatively explains the effect of added strong acids in
terms of the dissocilation of thiocyanic acid and thiocyanato complex
acids in the organic phase. The equations have been transformed so
that they correspond to the case of cobalt (II) thiocyanate.

If the extracted species are Co(CNS),, HCo(CNS)s,and HyCo(CNS)y,
and if the complei acid species dissociate to form Co(CNS), and

HCo(CNS), , then the distribution coefficient, D, is

D = (Co(CNS)3)o + (HCO(CNS)5)o + (HZCO(CNS)4)o + (Co(CNS)s Jo + (HCo(CNS), )g
| (Co),,
where parentheses represent molar concentrations and the subscripts
ot gnd "wt refer to the organic and water phases respectively. This

equation may be rewritten in the form

2
KK2(HONS)o , KaKg(HONS)o

2
D = KD {1‘{' KI(HCNS)O + K,*(HCNS)O +

(H)o (H)o
h N -
where . - (Co(CNS)2) o . = (H)o(CNS )9
D TGy -2 (HONS) o
K. = (HCo(CNS)3)g K, = (EFCO(CNS)4)°
* " THONS)o(Co(CNS ) 2) o * ~ THCRSY5(Co(CNS)2)o
v = (H)o(Co(0NS)3)o _ (H")o(HCo(CNS )4 o
, =

K
(HCo(CN8)5) g ®  THZCo(CNS )4)o
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Using the above relationships, the organic hydrogen ion concen-~

tration is given by

+ - 2
(H)o = {KS(HCNS)o + KDKlKg(HCNS)O(CO)w_f KﬁKaKs(HCNS)o (CO)W ; Yz

For the tellurium extraction, KD was evaluated from experimental
results, X, and K, were determined spectrophotometrically. Choosing
‘proper values for the K's of the acid ionization equilibria the
experimental data could be fit very well to the above equation. It is
not unlikely that the extractions studied in this thesis could be
explained in a similar manner. Due to the complexity of the system
evaluation of K, Kz, K4, Ky 18 especially difficult because the
spectral properties of these species are not different enough to allow
one to distinguish between them,

The ionization and dissociation treatment of Brubaker and Diamond
seems to offer the best explanation for this system. It shows a better
agreement between the expected behavior of the assumed species Co(CNS),,

HCo(CNS);, and H,Co(CNS)4 and the experimental data.

Spectrophotometric Studies: The visible absorption speetra of the

organic and aqueous phases were recorded and typical examples have
been presented as Figures 7 and 8., The molar extinction coefficients
(at 510 and 620 mp) for all solutions have been caloulated and are
given in Tables XVII and XVIII in the Appendix. In all cases the
aqueous phases were red in color and quite typical of the speetra that
have been attributed to the hexacoordinated octahedral complex by

Katzin (19), Lehné (15) and others. Increases in either the thiocyanate
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ion or cobalt ion concentrations caused no perceptible change in the
character of the absorption peak nor a shifting of the wavelength of
this absorption peak. As further support for Katzin's conclusions R
Ballhausen and Jorgensen (L5) have shown that, on the basis of ligand-
field theory, the red spectrum is in agreement with the octahedral
configur.ation. A1l the organic phases were blue in color with a maxi-
mim absorption at 620 mp and most had a definite shoulder occurring at
585 mp. These are in general quite similar to those that Katzin and
Ballhausen and Jorgensen atiribute to the tetrahedral configuration.
As before, changes in either the thiocyanate ion or cobalt ion concen-
trations did not bring about changes in the character of the spectra,
but only in the molar extinction coefficients.

There is a general feeling among previous workers that the major
species contributing to this blue color is COX: where X may be chloride,
bromide, or thiocyanate. To check on this a "continuous variation"
study was made., When run in anhydrous methyl isobutyl ketone, the
study gave evidence for the existence of Co(CNS), and Co(CNS), .

This result is in accord with Katzin's work and suggests a maximm
coordination nunber of four. However, when "continuous variation" runs
were made in methyl isobutyl ketone which had first been equilibrated
with 1 M perchloric acid, species with coordination munmber six were
definitely indicated. These spectra were all blue except when the
thiocyanate to cobalt ratio was less than two. This suggests that in

the organic phase there probably are complexes higher than H,Co(CNS)4
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and certainly many of these solutions eontained enough thiocyanate to
give five or sixfold complexes,

Ballhausen and Jorgensen (45) attribute the 620 mp sbsorption peak
to a ligand-field band for the tetrahedral configuration. In addition
their<assumption§-reqnire that there be two additional bands in the
infra~red region at greater than 2,5 p. Nujol-mills of BazCo(CNS)y
and NajCo(CNS), did not exhibit these bands. The ketone solutions
exhibited an absorbtion band at gbout 1.3 p but nothing else could be
found. Also the extinction coefficient for the 620 mp band is a little
larger than is normally expected for 1igand-field bands. These diserep-
ancies do not rule out the tetrahedral configuration for it may be that
either the 620 mp band is not a ligand-field band at 3ll, or that the
transition may be different from the one assigned to this band by

Ballhausen and Jorgensen (L5).
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VI. SUMMARY

The distfibution of cobalt (II) thiocyanate complexes between
aqueous solutions and methyl isobutyl ketone was studied. It was
found that the distribution coefficient decreased as the initial acidity
was increased if the initial cobalt and thiocyanate concentrations
were kept constant. The distribution coefficient was found to increase
with increasing initial thiocyanate concentration at constant acidity
and cobalt concentration, Also the distribution coefficient was found
to decrease as the initial cobalt ion concentration was increased, if
the initial acidity and thiocyanate ion concentration were maintained
constant,

Anaglysis of distribution data in terms of dissociation and aeid
ionization gives evidence for the existence of the species Co(CNS),,
HCo(CNS),; and H,Co(CNS), in the organic phase. In the solvent chosen
for study (methyl isobutyl ketone) acid dissociation of these complex
ion species is quite important, e.g. HCo(CNS), = i+ Co(CNS)4 .
Extraction of thiocyanate from aqueous sodium thiocyanate solution into
methyl isobutyl ketone can also be explained as a common anion phenomenon.

Organic and aqueous phases were examined spectrophotometrically in
the visible region. In every case the aqueous phase was red in color
and quite typical of spectra that have been associated with the hexa-
coordinated, octahedral aquo and thiocyanatoaquo complexes. The organic

phase solutions were all of the pure blue type which have been attributed
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to the tetrahedral configuration. The absorption peaks of these blue
solutions did not shift noticeably with changes in the cobalt conecen-

tration.
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TABLE XVIT

SPECTRAL DATA OF SOLUTIONS
(Corrected to 1.00 cm Iight Path)

Optical Density Optical Density

Run Aqueous = 515 mp € Organic = 620 mp €
1 0.430 8.50 0.310 90.
2 0.465 9.63 3.80 1570
3 0.540 12, 15.0 1950
L 0.460 9.13 0.580 117
5 0.560 11.9 5.70 1575
6 0.6L0 15.7 30. 3049
7 0.560 11.5 1.90 1
8 0.700 15.8 9.20 . 14,00
9 0.730 19.2 35, 2660

10 0.200 7.90 0.017 157
11 0.220 8.73 0.195 920
12 0.250 10.0 0.360 1yls0
13 0,190 7.9 0.035 522
1 0.2L45 9.80 0.LL5 1,38
15 0.290 11.8 1.70 1650
16 0.240 9.67 0.185 91l
17 0.330 13.7 1.60 1540
18 0.380 16,9 L L5 1590

M

= molar extinction coefficient
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TABLE XVIII

SPECTRAL DATA OF SOLUTIONS
(Corrected to 1,00 cm Light Path)

= == == e
Optical Density € Optical Density €
Run Aqueous = 515 mn Organic - 620 mp
19 0.136 6.73 0.009 185
20 : 0.160 7.93 0.06L 697
21 0.170 8.1 0.255 1130
22 0.125 6.16 0.011 247
23 0.165 8.17 0.094 - 940
2L 0.190 9.50 0.450 1227
25 0.155 7.75 0.065 660
26 0,205 10.4 0.610 1210
27 0.240 12.8 1.90 1270
28 0.052 5.10 — -—
29 0.060 5.88 0.003 110
30 0.063 6.20 0,011 1,03
31 0.070 7.00 - -
32 0.078 7.87 0.006 172
33 0.086 8.70 0.020 519
3l 0.076 T.52 0.008 371
35 0.094 9.50 0.043 767
36 0.11L 11.6 0.170 1260

€ = molar extinction coefficient



