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ABSTRACT



ABSTRACT

The extraction of iron(III) from aqueous hydro-
chloric acid by tri-n-octylamine hydrochloride (TOAHC1)
in nitrobenzene-benzene mixtures ranging from pure benzene
to pure nitrobenzene has been studied as a function of
amine salt concentration, solvent composition, and tempera-
ture. A less extensive extraction study of iron(III) by
tetra~-n~heptylammonium chloride (THACl) in nitrobenzene-
benzene mixtures was also performed. In addition, a brief
study was made of the degree of aggregation of both amine
salts in benzene.

The results of the extraction study using TOAHC1
are interpreted in terms of a phenomenological thermodynamic
model which includes the solvation of the primary extracted
species by nitrobenzene and by additional TOAHCl molecules
in the organic phase. This extraction system was found
to be metal concentration independent. It is postulated
that the organic phase contains the following metal species:
TOAHFeCl4'TOAHCl, TOAHFeCl4°(TOAHCl)2, (TOAH+ + FeClZ)
solvated, and TOAHFeC14-n¢N02, where n was found to be
ca. 3.0. The thermodynamic quantities, AG°, AHO, and ASO,
were calculated from the various equilibrium constants and

are discussed in terms of molecular interactions.



The extraction study carried out using THACl was
found not to fit the extraction model proposed for TOAHCl
and provided little information because of gross non-
ideality of the organic solutions of this salt. On a
qualitative basis, the results suggest that the nitro-
benzene solvation observed in the TOAHCl system may be
due to cation solvation only.

The aggregation studies demonstrated that TOAHCl
exists as an equilibrium monomer and dimer mixture in
dilute solutions (g 0.05 molar) in benzene, while the
THAC1l is very highly aggregated even in dilute benzene

solutions (0.01M).

<



INTRODUCTION



INTRODUCTION

Importance of Solvent Extraction

For many years it has been known that a great
variety of substances will partition between two immiscible
liquid phases. This phenomenon has been used by the
organic chemist in developing techniques for the isolation
and purification of many compounds. However there was
little interest shown in solvent extraction by the physical
and inorganic chemists until relatively recently. In the
early 1940's, due in part to the start of atomic energy
programs in the United States and Great Briﬁt:ain,l liquid-
liquid extraction systems involving plutonium and uranium
were investigated. Since that time the solvent extraction
of inorganic materials has become an active field in analy-
tical chemistry2 and nuclear technology.3

Other areas where solvent extraction has gained
prominence include the oil and allied petro-chemical
industries;4 the metal processing industry, where it is
used in the large scale production of metals such as
vanadium, tungsten and molybdenum;5 and the nuclear fuel
industry where its applications include the refinement
of uranium concentrates, reprocessing of nuclear fuels,
and removal of plutonium from irradiated materials.6

As a research tool, solvent extraction has been

used to great advantage in the study of inorganic complexes



in both the aqueous phase and the organic phase.7 For
example, consider the formation of a zero charge metal
complex from a métal cation and a charged ligand which
is capable of coordination. These chelates usually are
not soluble in water but can easily be extracted into

organic solvents. Thus their formation is a natural

subject for study by distribution methods. Marcus and

Kertes7

have given this subject a rather complete treat-
ment in terms of methods, models and equations, as well
as many examples.

In spite of its widespread use, solvent extrac-
tion is still the subject of active research with regard
to the mechanisms involved in the transfer process. Much
has been written about the extraction of ions, ion pairs,
and molecular species,7_lo however, there is still much
to be learned from and about these systems. It is the
aim of this work to further the understanding of extrac-
tion systems in particular and of solution chemistry in

general.
Principles of Solvent Extraction

Solvent extraction is a process in which a substance
is transferred from one phase to another. Usually one phase
is organic in nature while the other is aqueous. Factors
which favor extraction of an ion or molecule from an agueous

phase include zero or low charge, large size, non-polar



nature, and the absence of electronegative atoms at the
Surface.11 In addition, an organic phase of medium to
high dielectric constant will favor the extraction of
ionic species.

Distribution equilibria between two liquid phases
is regulated by the Gibbs phase rule,7 however while it
predicts the existence of a definite relationship between
the concentration of a solute in the two phases, the
results are on a qualitative basis and it provides only

general guidance as to what variability to expect.

More useful is the "Partition Law" found empiri-

cally by Berthelot and Jungfleisch12 and derived thermo-
dynamically by Nernst.13
P = (A)l/(A)2 = Constant (1)

where P represents the partition coefficient and (A)i
represents the concentration of any chemical species in
the ith phase. This partition law is subject to the
restrictions of constant temperature and, more important-
ly, the chemical nature of the solute species must be

the same in both phases. Thus care must be taken in
applying the partition law to systems which contain
ionizable and/or solvated species.14 In practice it has
been found that each type of extraction system is best

treated individually.



Composition of the Extracted Species

The first extensive work on the extraction of
inorganic compounds appears to be that of Dodson, Forney,

and Swift15

who studied the distribution of Fe(III) be-
tween aqueous HCl and diisopropyl ether or diethyl ether.
It was not until some time later, however, that any

successful attempts were made to determine the composi-

tion of the extracted species. Chemical analysis often

yielded conflicting results. Workers reported that FeCl316
HFeC14,l7 HZFe015 and H3FeC1618 wexre the formulas for the
19

extracted species. As late as 1961 White, Kelley and Li
studied the extraction of Fe(III) and In(III) from agqueous
HC1l into benzene using tri-n-octylamine hydrochloride and
postulated that (R3NH)2 MCl5 was the organic phase species

;2 and InClg2 were the extract-

or, in other words, that FeCl
ed complex metal anions.
Spectroscopic studies of Fe(III) extracted from
aqueous HCl into various organic phases have been inter-
preted to indicate that FeCl; is the only complex metal
anion present in the organic phase. Friedman20 studied
the visible-ultraviolet absorption of extracted Fe (III)
species from HCl1l into diethyl ether, diisopropyl ether,
benzene, ethylene chloride, nitrobenzene, and nitromethane,

among others, and found that the spectra obtained were

identical with the observed spectra of solutions of FeCl3



in concentrated HCl, anhydrous ether solutions of KFeCl4,
and of solid KFeC14.

Good and Bryan21 studied amine extraction systems
and found that the Fe(III)-amine ratio approached 1l:1 as
the aqueous phase Fe(III) concentration was raised. They
also compared the vis-uv spectrum of their organic phase
with Friedman's spectrum of KFeCl4 in ether and found them
to be essentially identical. From this they concluded that

FeCl4 was indeed the extracted metal species. Lindenbaum

and Boyd22

did spectral studies on the extracted species
in the distribution of halo-complex ions of Fe(III), Co(II),
CU(II), and Ni(II) between amine organic solutions and
aqueous Cl  or Br solutions and in all cases found the
observed spectra of the organic phases were identical with
representative spectra of MClZ and/or MClZ2 respectively.
Most workers now agree that the extracted complex
metal anion is indeed FeClz irrespective of whether it is
extracted as the acid, HFeC14, or as the anion in a sub-

stituted ammonium salt.
Solvation of the Extracted Species

The discussion thus far has neglected the solvation
of the extracted species; more specifically, the number of
extractant molecules which are associated with the extract-
ing complex in the organic phase. Since this is necessary

to the understanding of the extraction mechanism, there has



been considerable interest in determining the solvation
number of extracted complexes. The basic technique has
been to study the changes in distribution upon varying
the concentration of the extractant in an inert diluent
while, hopefully, all other variables remain constant.23
Marcus9 has pointed out that the activity coefficient of
the extractant may deviate significantly from unity over
the concentration ranges studied, however, most researchers
have chosen to minimize this by working in dilute solution.
Alternatively, activity coefficients can be used if avail-
able.

Using this type of approach, }S‘omin24 determined
the solvation number of HFeCl4 in dibutyl ether in either
benzene or carbon tetrachloride diluent. He found that
three molecules of ether were associated with each extracted
complex metal acid species.

25-28

Diamond and co-workers studied the extraction

of various acids (HC104, HRe04, HBr, HAuCl4, HAuBr4) by
dilute solutions of tributyl phosphate (TBP) and trioctyl
phosphine oxide (TOPO), which are relatively strong organic
bases, in organic diluents such as carbon tetrachloride

and xylene. 1In all cases they found that the extracted
species was trisolvated by either TBP or TOPO. They attri-
buted observable solvation to the cation only, namely

H(Hzo);, although the acids were undissociated (ion-paired)

in all of their systems. Trisolvates have also been reported



by a few other workers29 for various complex metal acids
and moderately basic extractants but these data appear

to be less reliable.

30

Erikson and McDonald studied the extraction and

solvation of HFeCl HFeBr4, and HInBr4 by the very weakly

4’
basic nitrobenzene using benzene as the diluent. They
reported that nitrobenzene solvation numbers of 12 at high
nitrobenzene activity and 6 at low nitrobenzene activity
were found for the general extracted species H904+ + Mx;
(free ions). Law and McDonald31 reported that solvation
numbers of 11 were found in the extraction of HAuCl4 from

aqueous HCl by nitrobenzene-benzene mixtures; while Hufen4

found that 6 and 12 extractant molecules solvate HFeCl4
and H' + FeClz ions respectively when HFeCl, is extracted
from aqueous HC1l by bis (2 chloro ethyl) ether in benzene.

It is indeed hard to rationalize the existence of
large solvation numbers strictly in terms of cation solva-

tion. As McDonald, et al3o'31

have pointed out, the con-
tribution of the anion to the extraction process, including
the possibility of anion solvation through dipole or other
electrostatic means, cannot be ignored.

One method to presumably "see" anion solvation is
to devise an extraction system in which.one anion is ex-
changed for another while the concentration of the cation
is held constant. Apparently the first report of solvation

studies in such a system was that of Kopp and McDonald32



who briefly studied the FeCl; - C1  exchange using tri-n-
octylamine hydrochloride (TOAHCl) in mixtures of nitro-
benzene and benzene. They found that indeed there was a
significant solvation change (= 4 molecules) when the C1l~
was replaced by FeClZ in the organic phase. This, they
pointed out, was consistent with the concept of observ-
able electrostatic solvation of anions by nitrobenzene.
However their simple model was insufficient to explain
even their own limited data. The present work represents

an attempt to study solvation in liquid anion exchange

systems.
Extraction by Amines and Amine Salts

When studying the extraction of inorganic acids
and complex metal anions by amines and amine salts there
are many factors to consider. The simplest expression
that can be written for the extraction of an acid from
the aqueous phase by an amine dissolved in an organic
diluent is

R N(org) + H 0" = R NH' (org) + H

3 0 (2)

2

This emphasizes the acid-base nature of the reaction.
However since different acids show varying degress of
extraction under similar conditions33 the anion must
also be considered. In a solvent of low dielectric con-

stant the salt will be ion—paired34 and equation (2) becomes



R,N(org) + H of + X~ = R NHX(org) + H,O (3)

3 3 2

K = [RBNHX]org/[R3N]org Ay (4)

In the case of mineral acids the ion pairing may not be
purely electrostatic, but may also involve hydrogen bond-
ing between the ammonium cation and the anion. This
interaction will be stronger the smaller the anion, how-
ever the degree of extraction shows just the reverse order:
Cl < Br < I < Cl0,. This trend is due to the aqueous phase
hydration of the ions: i.e. the anions leave the aqueous
phase inversely with the order of increasing hydration.8

The efficiency of extraction of simple acids by
amines usually follows the order, pri > sec > tert.35
Diamond explains this as being due to an increasing number
of alkyl groups which sterically hinder the approach of an
anion to the émmonium hydrogen(s). Additional alkyl groups
also cut down the number of interacting hydrogens on the
nitrogen.

When considering the extraction of complex metal
anions as a function of amine salt class, one finds the
order is reversed;8 quaternary > tertiary > secondary > pri-
mary. It must be pointed out that this represents an
exchange process and whereas the anion of the amine salt
(e.g. C17) may be hydrogen bonded at least to tertiary,
secondary or primary ammonium cations, a large weakly

interacting anion (MXZ) does not depend on hydrogen bonding



10
to help its extraction36 and as such will compete best
with Cl  in extraction with a quaternary cation, next with

the tertiary, etec.

R + e — + -
R4NX + H + MX4 = R4NMX4 +H + X (5)

The organic phase diluent also plays a very impor-
tant role in the extraction process. In fact Coleman35
postulated that the amine-diluent combination should be
considered as the effective extractant rather than the
amine alone. The diluent interacts with the amines and
amine salts through functional groups as well as long
range coulombic interactions. Bucher and Diamond37 among
others have shown that changes in the solvent can markedly
affect the degree of extraction. They have demonstrated
that for the extraction of HReO4 tracer from an aqueous
HClO4 solution by trilauryl amine, there is a lO5 increase
in extraction when the diluent is changed from cyclohexane
(e = 2.02) to O-dichlorobenzene (¢ = 9.9). Diamond points
out that while there is. a trend toward increasing ion pair
extraction with increasing dielectric constant, good agree-
ment is not always obtained. Anisole (e = 4.33) extracts
HReO 4 an order of magnitude better than does chlorobenzene
(e = 5.62). Clearly other effects such as acid base inter-
actions and ion solvation must be considered.

Another very important feature of amine extraction

systems is the association or aggregation of the ammonium



11
salt in the organic phase. The properties of the diluent,
the nature of the ammonium cation and anion, and their con-
centrations, determine whether the salt is dissociated,
ion-paired, dimerized, or more highly aggregated. There
are several methods of studying quantitatively the aggre-
gation: two phase EMF titrations,38 vapor pressure osmo-
metry,39 freezing point depression, as well as thé use of
tracers and shape analysis extraction curves. 1In a polar
medium an ammonium cation and large anion (c1oz, etc) may
be appreciably dissociated over a very wide range of con-
centrations. With smaller anions however, where the
interionic attractions are larger, the salt, although
dissociated at low concentration, exhibits ion pairing
at higher concentrations. Ion pairing can be considered
a form of self solvation and can occur whenever the diluent
cannot provide sufficient solvation, either electrostatic
or chemical, of its own. In fact if the diluent has a very
low dielectric constant and little solvating ability, the
ammonium salt may aggregate to dimers and even higher

41 reported that TOAHCl in

benzene is at most dimeric; while Marcus42 stated that

association products.40 Fomin

symmetrical quaternary ammonium ion pairs have a very pro-
nounced tendency toward polymerization.

When considering the ion exchange extraction of a
complex metal anion, in addition to the above arguments it

is also extremely important to consider the aggregation of



12
the extracted amine-complex metal salt. This is particu-
larly important when attempting to determine the nature
of the extracted metal complex anion from the dependence
of its distribution coefficient on the ammonium salt con-
centration. A number of studies have been conducted on
the extraction of halometallic complex anions of metals

such as In(III) and Fe(rrr)t?r32,43

by amine salts. Fre-
quently a second power dependence of the distribution
coefficient on the amine salt concentrations has been
found. As has been mentioned before, several workers19
misinterpreted the data and concluded that (R3NH)2 MCl5
was the organic phase species. Nelson, Fasching and
McDonald44 appear to have been among the first to postu-
late the formation of a mixed dimer R3NHMX4-R3NHX to
account for the second power dependence of the distribution
coefficient as well as the spectral data previously dis-
cussed. At present little has been published concerning
mixed dimers; one major purpose of this work was to study

the formation of these species.

Statement of the Problem

This dissertation presents the results of a study
of the extraction of trace Fe(III) from agueous hydrochloric
acid by tri-n-octylamine hydrochloride (TOAHCl) in tetra-
n-heptylammonium chloride (THACl) dissolved in benzene,

nitrobenzene, and mixtures of the two. The extraction was



13
studied as a function of the amine salt concentration,
activity of nitrobenzene, and temperature. The nitro-
benzene-benzene system was chosen because nitrobenzene
has a high dipole moment and possesses good solvating
powers, yet is a very weak base, while benzene with its
poor solvating qualities, acts as an inert diluent.
Activity data for nitrobenzene-benzene mixtures are

available at 7O°C.46

These were used without correction
for either temperature or the presence of solute. Since
the volume change is negligible during the extraction
process, and since the fraction of nitrobenzene bound by
solvation is probably very small except perhaps at the
lowest nitrobenzene and highest amine salt concentrations
this procedure seems justified.

From this study it is hoped that something can be
learned about the role of solvation in the extraction
process including the possibility of observable anion
solvation. Further it is anticipated that the formation
of mixed dimers of the type R3NHMCI4-R3NHC1 can be demon-
strated. The temperature studies should allow a discussion
of the heats of reaction of the various processes taking

place as outlined in the next section as well as conclu-

sions concerning the solvation process itself.

Extraction Model

One of the basic prerequisites of a model is that

it be verifiable experimentally. The preliminary development
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of the model used here was done by Kopp and McDonald32

as well as by Nelson, Fasching, and McDonald.44

The extraction of iron (III) chloride from an
aqueous hydrochloric acid phase into a benzene phase
containing a substituted ammonium chloride can be repre-
sented thermodynamically by the following equilibria.

(It is assumed here that the benzene doesn't specifically

solvate the various ions or ion pairs.)

ZWI + FeCl, I=<l R,NHFeCl , -R,NHC1 (6)
'
R,NHFeCI, R,NHCI = R,NHCI + _R;NﬁFeC14 (7)
Kll‘l
R NHFeCl, = RNH' + FeCl,- (8)

K "

R3NHFeCl4-R3NHCl + R3NHC1 =

(9)

R3NHFeC14-(R3NHCl)2

where ( ) indicates the organic phase.

As the nitrobenzene is added to the organic phase
the following additional equilibria must also be consider-
ed. (Nitrobenzene is assumed to specifically solvate the
ions and ion pairs.)

K

_2
R3NHFeCl4'R3NHCl + n¢NO2 =

(10)

RBNHFeCl4'n¢N02 + R3NHC1



15

K
R.NAFECI, "n@NO., + pPNO,, =°
3 4 2 2
(11)
(R3NH+ + FeClZ) solv.
K, .
RGNHCI + g@No, = (ﬁgﬁﬁ* + C1-) solv. (12)

Another interaction which may be taken into account is

Kll
R3NHC1 + xaNO2 = R3NHCl'x¢NO2 (13)
The distribution coefficient (E) is defined as the
total metal concentration in the organic phase divided by
the total metal concentration in the aqueous phase, Cm. If

reactions (7), (8), and (9) are neglected47

E = (R3NHFe.Cl4-R3NHCl)+.(R3NHFeC14°n¢N02)+(FeClZ) (14)

C
m

It is shown that Cm can be represented by (FeCl3)Kx where
K, is a function only of (Cl ) and temperature so long as

the ionic strength of the aqueous phase remains constant.

K
ret3 + c1” =2 Fec1t? (15)
+2 - Kb +
FeCl + Cl = FeCl2 (16)
+ - Kc
FeCl2 + Cl = FeCl3 (17)
- Kd -
FeCl, + Cl~ =" FeCl, (18)



c = (Fet3) + (Fec1t?) + (Fec1}) + (FeCl,)

_ (19)
+ (FeCl4)
(Fec13) (FeCl3)
Cm = (FeC13) + K-?ﬁ_) + w_)z +
(20)
(FeCl3)
-,3 + K_(C17) (FeCl,)
KaKch(Cl ) d 3
Cy = (FeCl,) [1 + Kd(Cl_) + 1/Kc(c1‘) + 21)
-2 -3
l/Kch(Cl )€+ l/KaKch(Cl )7
C, = (FeCl3)Kx (22)
Thus
o (R3NHFeC14~R3NHC1)+(R3NHFeCl4-n¢N02)+(FeClZ) (23)

(FeCl3) Kx

Solving for the various iron (III) containing species in

the organic phase in terms of measurable quantities:

_ — 2
(RJNHFeCL,-R,NHCI) = K, (RGNHCI)“ (FeCl,) (24)
(R;NHFeCI,-ngNO,) = KK, (R;NHCI) (FeCl,) 25)
(N0, 1"
K1K2K3(R3NHC1)(Fe013)[¢N02]n+P
(FeCT;) = (26)

(B8
However, since the concentration of R3NHFeCl 4-n¢NO2 is

negligible compared to R3NHC1, equation (12) yields

(RNEF) = (CI7) (27)

16
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(R3NH+)

Y o q/2
Ky (R3NHCl) [¢N02] (28)
Thus

(FeCLlo) = Elfggi RORACT) 2 (FeCl.)
e 2 = % (R3NHCl) (Fe 3

4
[aﬁ'o'z ]n+P-q/2 (29)

where [ ] represents activity and ( ) represents concen-
tration. Substituting equations (24), (25) and (29) into

equation (23)

K K,K
Loy 2 172

E = 7 (R3NHC1) + B
X X

(R,NHCT) [#N0,1" +
(30)
K.K,K
R iTEE +p+
-1 2 3 (s;WHCT) % g0, |"HPHY/2
X 4
One of the assumptions made in the derivation of

equation (30) is that the R,NHCl is not solvated. While

3
this is probably true at low to moderate concentrations

of nitrobenzene in benzene, the possibility of solvation
of the amine salt should be included at least at the higher
concentrations of nitrobenzene.

Defining CH as the stoichiometric concentration of

the R3NHC1, from equation (13)

Cy = (R3NHC1) + (R3NHC1'X¢N02) (31)
- B NUAT 1] X

Cy = (R3NHC1) + K (R3NHC1)[¢N02] (32)

Cy = (RGNHCI) (1 + K"[éﬁﬁﬁglx) (33)
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C
H
(R,NHC1l) = Y (34)
+
Substituting equation (34) into (30) yields
K.C,. 2 K.K. [#NO. 1 C
E + '17H L+ L2 2 TH
K (1+K" , =—.X) K _(1+K" X)
X [@NO, ] X @NO., ]
2 ( 2 (35)

n+p-q/2
K1K2K3[6ﬁ02] CH%
LD p
KXK455 (1+K [m]X) "8

It can be seen from expressions (30) or (35) that
this representation of the system allows experimental veri-
fication from pure benzene to pure nitrobenzene. Further-
more, the various parameters can be interpreted in terms
of simple equilibria.

At this point it should be remembered that equilibria
(7), (8) and (9) have been ignored in this treatment. The

reasons for this will be discussed in a later section.
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EXPERIMENTAL

Chemicals

Hydrochloric Acid - Reagent - J. T. Baker & Co. and
Mallinckrodt Chemical Works.
Benzene - Analytical Reagent - Mallinckrodt Chemical
Works.
Nitrobenzene - White Label - Eastman Organic Chemicals.
Iron(III) Chloride - Reagent - J. T. Baker & Co.
Iron-59(III) Chloride (HSA) in Aqueous Hydrochloric
Acid - International Chemical and Nuclear Corporation.
Potassium Permanganate - Standardized Concentrate -
Hellige, Inc.
Sodium Hydroxide - Standardized Concentrate - Hellige,
Inc. and Anachemia Chemicals, Ltd.
Tin(II) Chloride - Reagent - Allied Chemical and Dye
Corp.
Mercury(II) Chloride - Reagent - Allied Chemical and
Dye Corp.
Sulphuric Acid - Reagent - Allied Chemical and Dye Coxp.
Phosphoric Acid (85%) - Reagent - Matheson Coleman
& Bell,
O-Phenanthroline - Reagent - Matheson Coleman & Bell.
Hydroxylamine Hydrochloride - White Label - Eastman

Organic Chemicals.
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14, Methanol - Reagent - Mallinckrodt Chemical Works.
15. Tri-n-octylamine Hydrochloride - White Label -
Eastman Organic Chemicals.
16. Tetra-n-heptylammonium Chloride - White Label -
Eastman Organic Chemicals.
17. Benzil - White Label - Eastman Organic Chemicals.
18. N-Hexane - White Label - Matheson Coleman & Bell.
19. Diethyl Ether - White Label - Merck & Co., Inc.
20. 1Iron wire - 99.8% - J. T. Baker & Co.
21. Sodium Chloride, Analytical Reagent (99.6%) -

Mallinckrodt Chemical Works.

Purification of Chemicals

The following chemicals were purified prior to use
according to the procedures described below. All other
reagents were used as purchased.

The nitrobenzene was purified by distillation under
a reduced pressure (~10-20 mm Hg) nitrogen atmosphere using
a Podbielniak still packed with glass helices. Only the
middle fraction was collected. After distillation the nitro-
benzene was frozen in brown bottles and stored at 4°C in the
dark until used. Never more than 2 months elapsed between
distillation and use, the average storage time being less
than 4 weeks.

The hydrochloric acid was first diluted with deionized

water to approximately 8F and then twice extracted with an
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equal volume of nitrobenzene to remove the iron impurities.
The iron concentration of commercial reagent grade hydro-
chloric acid is approximately 10_6M; extraction with nitro-
benzene reduces this concentration by approximately 4 orders
of magnitude.29

The purification of tetra-n-heptylammonium chloride,
purchased as a liquid, was first attempted by vacuum dis-
tillation. This method failed as the salt decomposed into
apparently tri-n-heptylamine and n-heptyl chloride. The
compound was then pumped on for several weeks in a vacuum
dessicator after which it crystallized. However, subsequent
attempts to recrystallize the product from methanol failed,
thus the salt was used without further purification. 2
volumetric chloride determination48 on the crystalline
material yielded 95.0 s 0.3% of theoretical.

Tri-n-octylamine hydrochloride was purified follow-

ing the method of Kertes.45

The salt was recrystallized
three times from n-hexane followed by one crystallization
from diethyl ether. The n-hexane crystallizations gave
about 95% yield/crystallization while that from diethyl
ether was approximately 75%. The melting point of the
product thus obtained was 71.2--72.3%% compared to a litera-

ture value of 7l°—-72°C.45

The benzil which was used as a standard for vapor
pressure osmometry was purified by fractional crystalliza-

tion from 95% ethanol.49
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Preparation of Solutions

A stock solution of agqueous hydrochloric acid
was prepared by diluting pre-extracted 8M HCl with de-
ionized water. The solution was then analyzed by titra-
tion with standard sodium hydroxide using phenol red
indicator and/or a Heathkit recording pH meter. Since
this solution was used over a period of many months, it
was restandardized periodically. In all cases the con-
centration was constant within © 0.2%.

Stock solutions of iron(III) chloride in hydro-
chloric acid were made by dissolving reagent grade
FeC13-6H20 in hydrochloric acid of known formality. The
solution was then analyzed for total acid by titration
with standard sodium hydroxide using phenolphthalein
indicator, and for iron(III) by either the Zimmerman-

Reinhard method42

or the colorimetric technique using
1,10 phenanthroline complex.48 The HCl concentration
was determined from the relationship:

(Total acid) - 3(Fe(III)) = (HCl) moles/liter (36)

Solutions of varying iron(III) concentrations
were prepared by quantitative volumetric dilutions of
the stock solution with HCl of the same formality.

The iron-59(IIXI) chloride was diluted with puri-
fied HC1l so that the total iron(III) concentration of the

tracer solution was approximately 5(10_9) moles/drop. The
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specific activity of the Fe-59 in the final solution was

> counts/minute/drop.

approximately 10
The organic phase nitrobenzene-benzene mixtures
were prepared by mixing known volumes of nitrobenzene
and benzene,
The substituted ammonium chloride stock solutions
were made by weighing out a known amount of the salt in
a volumetric flask and diluting to the mark with a given
nitrobenzene-benzene mixture. Other concentrations of
the salts were prepared from these stock solutions by
volumetric dilution to the desired formality.
All organic solutions were used within 1 day of

their preparation.50

Procedure

Most of the distribution, equilibration, and
metal dependence studies were done in triplicate, occasion-
ally in duplicate. The vials used for these studies were
glass culture tubes provided with plastic screw tops con-
taining a teflon liner.

For each experiment five milliliters of an aqueous
phase was placed into a vial followed by five ml of a
nitrobenzene-benzene-salt organic phase. To this was added
one or two drops of iron-59(III) tracer. The vials were
then sealed using the caps provided. The filled vials were

then placed in a Precision Scientific platform shaker with
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a thermostatted water bath and shaken for twenty-four hours
unless otherwise specified. Three different temperatures
were used: 10.0 % 0.1%, 25.0 ¥ 0.2, and 40.0 ¥ 0.2%.

After shaking, the samples were allowed to settle
in the thermostatted water bath for about one half hour.
In the case of the 25°C runs the samples were centrifuged
to facilitate phase separation. Immediately upon removal
from the bath (or centrifuge) two ml aliquot portions were
pipetted from each phase, and placed in a small counting
vial and closed with a screw cap. Special care was taken
to avoid contamination of the two ml portions; a stream
of air was blown through the pipette while inserting into
the phase, and a stream of liquid was allowed to run out
while removing the pipette. The tip of the pipette was
wiped clean before bringing the level to the mark.

A tracerlab gamma well Na(Tl) I scintillation
counter equipped with a tracerlab single channel pulse
height analyzer was used to count the samples. In some
cases a Hamner power supply and single channel pulse
height analyzer were connected to the tracerlab scintil-
lation detector; the results were the same. The threshold
and window levels were set to count both the 1.1 and 1.29
mev gamma radiation from the Fe-59. Frequent checks of
the background radiation were made and these taken into

account in the calculations.
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Extra care was taken in the cleaning of the glass-
ware involved in these studies. All culture tubes, caps,
pipettes, etc. were soaked in an alcoholic-KOH solution,
rinsed with water, then soaked in moderately concentrated
HCl1 (6-8F) and again rinsed in water followed by a thorough
rinsing in distilled and deionized water, and then dried
in an oven or a pipette dryer.

The aggregation of tri-n-octylamine hydrochloride
and tetra-n-heptylammonium chloride in benzene was studied
with a Hewlett Packard Model 302 vapor pressure osmometer.
The experimental procedure was taken from the manufacturers
instruction manual. The standard used was benzil in benzene.
A stock solution was prepared using weighed amounts of
benzil, diluted to volume with benzene. Other solutions
of benzil/benzene were prepared using volumetric dilution.
The solutions of the two salts were prepared in the same
manner. Back extraction studies of tetra-n-heptylammonium
chloride from an organic phase to water were performed as
follows: twelve ml of H20 were added to twelve ml of a
nitrobenzene-benzene-THACl solution; the mixture was shaken
for twenty-four hours @ 25°C in a thermostatted bath; the
phases were separated and ten ml of the aqueous phase were
analyzed for the chloride ion concentration. The analysis
of aqueous chloride was carried out electrometrically using
an Orion Research chloride ion electrode model 92-17 and

an Orion Research double junction reference electrode model
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90-02 with a Heathkit pH meter and recorder. The procedure
followed was that suggested by the electrode manufacturer.

A calibration curve was run using aqueous sodium chloride

6 1

solutions ranging from 10 ° to 10 — formal Cl .
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TREATMENT OF DATA
Errors

Any meaningful analysis of experimental data must
include a discussion of possible errors and the degree to
which these errors affect the quantities determined from
these data.

The maximum error in the solution concentrations
reported here is estimated to be within ¥ 13. This is
considered negligible compared to the errors in the dis-
tribution coefficients. The principal sources of errors
in the measurement of the latter are:

1, possible contamination of phases during

separation

2. other random errors of unknown origin

3. statistical counting errors

4, mnutual solubility of phases

5. extraction of Fe(III) due to nitro-

benzene-benzene mixtures.
The first two sources are closely related and are assumed
correlated. With few exceptions the agreement between
replicates was within L T
The possible errors associated with extraction due

to the organic phase diluent were minimized by experimentally
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determining the distribution coefficient of Fe(III) be-
tween the aqueous phase and organic diluent for all mole
fractions of nitrobenzene and at all three temperatures.
These distribution coefficients were then subtracted
from the measured E values for the salt systems. The
mutual solubility of the phases was assumed negligible
for this work.

The statistical considerations of radioactive
counting techniques are treated in detail in many texts.51

For the purpose at hand it will suffice to say that for

counting radioactive events

o = /0 (37)

where ¢ = standard deviation

n = average number of counts.
If background radiation is taken into account (which it

was in this work), then

2 _ 2 2

¢” = 04" + o, (38)
oy = standard deviation of background
o, = standard deviation of sample and background

Q
i

standard deviation of sample.
The standard deviation for a ratio of two numbers (such as

distribution coefficient (E)) is given by

o = (n;/n,) [(o,°/n? + (0,%/n,) 217 (39)
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During the counting of the tracer Fe(III) from both
phases, every effort was made to observe at least 104
counts; this maintained the statistical counting error
level within pa 1%. In some cases, however, particularly
for the organic phases where either the nitrobenzene and/
or the amine chloride salt were present at low concentra-
tions, it was impractical to count to 104. In these cases,
a minimum of 500 counts, thus a maximum statistical error
of 4.5% was considered acceptable.

In the regions where the precision between feplin
cate samples was the poorest, the statistical errors due
to counting were the smallest. On the other hand, when
the precision between replicates was good, the counting
errors were greater. This combined to give an approximate-
ly constant error of ¥ s5-10% on the distribution coeffi-
cients. For the least squares evaluation described later,

the standard deviation for E was arbitrarily chosen to be

o = E/10.
Yi /
Least Squares Method

In a previous section it was shown that the dis-
tribution coefficient can be expressed in terms of equili-
brium constants, nitrobenzene activity and amine salt
concentration [see equations (30 and (35)]. It can also

be expressed in the following manner:
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_ 2 %
E = A,Cy + A,C” + ASCy (40)

Where the Ak's are functions of the equilibrium constants

and the nitrobenzene activity. For convenience, equation

(40) will be written in the following form:

b}
X.2 + A.x. %
s

Y. = A, X. + A .
i 371

i 1 (41)

2

Since this equation is linear with respect to the Ak's, the

"best" fit can be obtained by a standard least squares anha-

lysis which requires no approximations.52

The least squares sum can be written53

_ 1 _ - 2 %.2
SUM = I —— [¥; = AjX, = AX." - AjX."] (42)

where n = number of data points

Y, = ith measured value of Y

Xi = given ith value of X

Oy, = standard deviation of Y. chosen to be Yi/lo.
i

It should be noted that there is no error level associated
xi; all of the error is associated with the dependent vari-
able. The least squares method seeks to minimize SUM, the
weighted sum of the residuals, by choosing the "best" values
of Al’ A2, and A3. A necessary condition for SUM to be a
minimum is

aSUM _ 3SUM _ 9SUM

aAl BAZ 8A3

0 (43)

Performing the necessary partial differentiations result

in equations (44), (45), and (46).



n i 2 nj 3 nl 3/2  _
AlZE—.—in + Azza—-—.—zxi + A3Zo——.—2xi =
yl yl yl
(44)
nj
20' YlYl
Yi
nj 3 ni 4 ni 5/2 _
Alz———zx. + Azz-a_—.-zx. + A32-—Y—2X =
(45)
ni 2
Z-—;—i?Yin
1 3/2 1 5/2 1 _
Alza-;'zx + Azza-;,—:-zx + A3£-&?2Xl =
h 1 h R
(46)
nl ;E
Xa——zYiXi
¥i

Equation (44), (45), and (46) can be written in matrix

form:
M11M10M13 Ay €1
My1MaoMs3 By |7 ] G2 (47)
MagMapMas | 1 Ay €3
or
MA = C (48)

multiplying both sides by |M-l, the inverse ofM, gives

A= M'C (49)

Since |M is only a 3x3 matrix, its inverse can be con-

veniently obtained using Kramers rule.54

(M’l)kj = %I’i = ;4'34"]!{' (50)

where M’kj is k,j element of transpose of |M.

31
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In the matrix IM above it can be shown that

M k3 = Mkj = Mjk (51)

Once the inverse matrix “W-l has been found the Ak's can
be evaluated by straightforward matrix multiplication.
One of the convenient features of the matrix formula-

tion of least squares is that the inverse matrix elements

are related to the variance and covariance of the para-

meters.55
o, .2 = M} [suM/(n-m)] (52)
ki T Mk
where n = number of data points
m = number of parameters (in this case 3)

To find the standard deviation of the parameter, Ak’ one
need only take the square root of the variance Opx *

ok.z(k#j) represents the covariance between A, and Aj.

3 k
A better function to examine is the correlation coefficient

ij, defined:

g, .2
kj
8§, . = (53)
P PA
kj /ckk /ojj

where - 1 < Gk. <+ 1

]
ij is a measure of dependence of Ak on Aj. That is, the
value of ij gives an indication of how well Ak can be de-
termined independent of Aj. A value of 0 indicates that

there is no correlation between the two parameters in ques-

tion and they can indeed be determined independently, while .
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a value of : 1 denotes a definite interdependence (i.e.
they cannot be determined independently). For most work,
a value of between O and ¥ 0.7 indicates that the variable

involved can be independently determined,55 and in fact,

with few exceptions, all §, . were <|0.7

kj ’

The actual calculations were done using the above
least squares method. A Fortran IV computer program was
written by this author and processed by the IBM 360/65
located at the University of Hawaii. A listing of the pro-
gram is in Appendix I.

After the Ak's were evaluated, it was necessary to
calculate the values of the solvation numbers and equili-
brium constants. This was done using a linear least squares
program of the same form as above (see Appendix II).

The form of these equations is shown below. From

equation (30)

XK.X
_ 12 n
A, = R, [ENOZ] (54)
Kle
log Al = log —¢ + nlog [ﬁNOz] (55)
X
K
_ 1
A2 = == (56)
x
K. K., K
_ 17273 +p-q/2
2 = Xx5 (0] (57
KlKZK

log A, = log TR‘"E‘ + (n+p-q/2) log [FNO, ] (58)
x4
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Equations (55), (56) and (58) were used to evaluate the
equilibrium constants and solvation numbers.
In order to determine the error levels on these

numbers, the following formulas were used.56

v = (u1 u2) (59)
2 2 2

o, = cul + °u2 (60)

vV = u;-u, or ul/u2 (61)
2 o 2 o 2

Ov = a1, v (62)
v2 - u2 u2
1 2

where v, u, and u, represent any given numbers.
The least squares Ak's can be found in appendices III, IV,
and V. The constants determined from these will be dis-

cussed in the next section.
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Preliminary Studies

In addition to the distribution studies and tempera-
ture work performed using TOAHCl and THACl, preliminary ex-
periments were conducted to confirm reports by other workers
and to verify assumptions made in planning this work.
Equilibration studies:

Previous reports by Nelson50 and Kopp and McDonald32
have indicated that the Fe(III)-amine salt systems require
a considerable time (12-24 hours) to reach equilibrium.
This appears not to be peculiar to the amine salts. Menis54
reported that 16 hours were required to reach equilibrium
when extracting Fe(III) into an organic phase containing
B-isopropyltropolone. In order to check these reports,
equilibrium time studies were performed with the TOAHCl-
benzene-nitrobenzene system at 25°C. This study (see
appendix VI) confirms the previous reports that 24 hours are
required to reach an equilibrium condition. In the case of

7

trace metal concentrations leo— M Fe(III)), the distribu-

tion coefficient rises slowly to level off at 20-24 hours,

while for 10 %

M Fe(III), the system appears to approach
equilibrium more rapidly. Since, with the exception of the
metal dependence studies, all experiments were conducted at

trace Fe(III) concentration, twenty four hours was chosen
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as the optimum shaking time and used for all distribution
studies.

In connection with these studies the speed of the
platform shaker was varied to find out what, if any, effect
this would have on the time required for equilibrium to be
established. It was found that if the shaker speed was
such that the interface was not broken, slightly longer
times were required; on the other hand once the interface
was broken, any increase in shaking speed had no effect on
the time required to reach equilibrium. However, very
vigorous shaking had a tendency to form emulsions which
were difficult to break. As a result of this, a shaker
speed was used such that the interface was broken and
good mixing of the phases was obtained without emulsion
formation. Separation of the phases was carried out either
by centrifugation for a short period (ca. 1 minute) or
by allowing the culture tubes to remain motionless in
the thermostatted water bath for approximately one half
hour.

Nelson50 reported the age of the amine salt-
organic diluent solutions was a factor to be considered
when making equilibration studies. He found that the
older the amine sélt solution the longer the system took
to reach equilibrium. In view of his observations, all
of the organic solutions used for the present work were

prepared just prior (<6 hours) to use.
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Metal concentration dependence:

As can be seen in equations (30 and (35), within
the limits of the appropriate equilibrium constants, the
distribution coefficient should be independent of metal
concentration. A study was run at 30 mole percent nitro-
benzene in benzene at 25°C (Appendix VII) where the Fe (III)
concentration varied over several orders to magnitude.
From the data it appears that as long as the Fe(III) con-
centration remains at least two orders of magnitude below
the TOAHCl concentration, there is indeed no metal depen-
dence.

Purification of amine salts:

For quite a while at the start of this research,
problems were encountered in trying to obtain reproducible
distribution data. Allen and McDowell58 reported that
anomolous results, dependent upon the degree of agitation
of the samples, were obtained for the extraction of
uranium by trioctylamine sulfate in benzene. This was
apparently due to the surfactant properties of the long
chain amine salt. It was first thought this might be part
of the problem in the present work, however, subsequent
experimentation (see equilibration studies) indicated that
our system did not exhibit this problem. Nelson59 also
shows that the TOAHCl-nitrobenzene-Fe(III)-HCl system did
not show anomolous results from vigorous shaking. It was

then suspected that the TOAHCl might contain impurities.
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After purification by methods described earlier, extraction
studies were carried out comparing purified TOAHC1l with un-
purified TOAHCl. As can be seen in Tables I and II, puri-
fication of the amine salt by fractional crystallization
improved the extraction by a measurable amount. In addi-
tion it was found that the purified TOAHCl gave better
precision between replicate samples than was obtained with
the unpurified salt. As a result of this study, all the
TOAHC1 used was purified by repeated crystallizations as
outlined in the experimental section. In fact, in order
to eliminate random error due to purification procedures,
a sufficient quantity of the salt was purified in a single

batch for the remainder of the distribution studies.

Table I.

Comparison of Distribution Coefficients of Fe(III) at
Various Nitrobenzene Activities for TOAHCl in Different
States of Purity

TOAHC] = 9(10_3)M HC1l = 0.97F Temperature = 25°

C

@NO, E E E

Mole Unpurified Crystallized(1X) Crystallized(2X)

Fraction TOAHC1 TOAHC1 TOAHC1

0.08 0.075 0.066 0.084

0.14 0.115 0.166 0.149

0.20 0.344 0.386 0.434

0.24 0.569 0.721 0.735

0.28 0.742 0.894 1.08

0.30 0.810 1.07 1.55

0.35 0.639 1.40 1.87
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Table II

Comparison of Distribution Coefficients of Fe(III) in Pure
Nitrobenzene for TOAHCl with Varying Degrees of Purity.

Organic diluent = ¢NO2 HC1 = 0.97F Temperature = 25°¢

E E
TOAHC1 . o .
. Unpurified Crystallized(3X)
Concentration TOAHCL TOAHCI
0.05 4,75 5.94
0.01 0.916 1.12

0.005 0.702 0.707

Back extraction of THACIL:

While the TOAHCl is known to be essentially water

insoluble,19

similar data for THACl were not available in
the literature. For this reason it was necessary to deter-
mine the back extraction of THAC1l from an organic phase to
the aqueous phase. Since the solubility of THAC1l in aqueous
solution is not great, its determination will depend on
measurement of small (Cl”) changes in the aqueous phase.
Thus it was decided to use pure water instead of 0.97F HCI1,
the aqueous medium used for the extraction experiments.

The amount of THACl extracted was not enough to necessitate
correction of the organic phase concentration. However,
the data did yield information concerning the extent of

ion pairing of THACl in the organic phase. Depending upon
whether the THACl is completely ion paired or completely

dissociated, one of the following reactions describes its

back extraction:



40

= 11 + -
R4NC1 =T RN 4 cla (63)
K
22 + -
+ - =
R,NF + Cl RN+ c1a (64)

where the equilibrium constants are

+ -
(R,N_) (C1)
Kll - 4"a a (65)
(R4NC1)

+ -
K2 = (R___;‘lNa) e (66)
(R,N¥) (CI")

The easiest way to distinguish between these two
equations (reactions) is to stﬁdy the back extraction at
various initial THACl concentrations, calculate both Kll
and K50 and determine which remains constant. This was
done for various organic phases at two THACl concentra-

tions. As can be seen from Table III, K remains rela-

11
tively constant while K22 varies almost 2 orders of
magnitude indicating that THACl while forming free ions
in aqueous phase, remains essentially ion-paired (or
greater association) in the organic diluent. Further,
the quantity of THACl extracted into the aqueous phase,
as determined from chloride ion specific electrodes used
in agqueous phase, is negligible (<10%) with respect to
the total organic phase salt concentration so that little

or no correction is necessary. Thus, for the THAC1l studies

done in this work, no correction was made.
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Table III

Distribution of THACl Between Organic Solvent and
Water @ 25°c.

@NO2 Im:.tial Agueous 6 4
Mole Organic Phase Phase Ky, (107) K,,(107)
Fraction (THACL) (C17)
0.10 (1072 3(107%) 9. 9.5
(1073 9(107°) 9.9 110.
0.20 5(1072) 5(10” %) 5.1 1.
6(1073) 1.3(107% 3.1 5.
0.30 5(1072) 5(10” %) 4.6 0.9
6(1073) 1.3(10” % 3.0 5.
0.35 3(107%) 3(107% 2.6 0.9
(1072) 2.5(10™%) 6. 6.
3(1073) 1.5(10" %) 9. 32.
(1073 8(10™°) 7. 75.
0.90 3(1072%) 3(10”% 2.6 0.9
(107%) 1.5(10” % 2. 2.
3(1073) 1.2(10°% 5.3 17,
(1073 7(10°°) 5. 53.




Aggregation Studies

In the derivation of the extraction model it was

assumed the amine hydrochloride salt exists as a monomer

in the organic diluent. Marcus9 reported that workers
generally assume TOAHCl to exist as a monomer, however

Newman and Klotz59

have shown this not to be the case
with TOAHC1l above 0.02M in benzene. Fomin41 reported
that TOAHCl is at most dimeric even in solvents of low
polarity. As a result of conflicting reports and lack
of reliable data, a short study of the average aggrega-

tion number of TOAHCl1l and THACl was undertaken. The

results of this study appear in Table IV.

Table IV

Average Aggregation Number of Amine Salts vs. Concentra-

tion in Benzene @ 25°C

Salt Concentration Extrapolated to
0.05M 0.01IM 0 Concentration

TOAHC1 1.4 1.2 l.1

THAC1 7.7 3.1 2.7

% Monomerx
{TOAHCl)a 42. 70.

a - assumes monomer-dimer equilibrium only.

The guantities in Table IV were determined from the vapor
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pressure osmometer data according to the following scheme.
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2R, NHC1 on (RyNHC1), (67)
SEOLCHIONLIIC - (nNHC1) + 2(RNHCL), + ... (60
2§§22§:Sation (R3NHCl) + (R3NHC1)2 + ... (69)
Zg;igg:tion - Stoichiometric concentration

number measured concentration (70)

These data indicate that TOAHCl is appreciably aggregated
in the concentration range studied in pure benzene. A
value of Kn at 25°C was calculated from equation (67) (see
Table V). Since extraction data were collected for TOAHCl
at three temperatures it would be advantageous to have the
enthalpy of formation of the dimer. This was not avail-
able in the literature, however a study of the extent of

aggregation of trilaurylamine hydrochloride at several

temperatures was done by Kertes and Markovits.60 They
reported AH® = -3.35 kcal/mole for
Kl
2TLA'HC1 = "(TLAHC1), (71)

in benzene. Since the degree of aggregation of TLAHCl and -
TOAHC1l are similar as are the equilibrium constantsso’61
the enthalpy of formation of dimer for TLAHCl can be used
as a first approximation to calculate Kn for TORHCl at 10°C
and 40°C. The results of these calcﬁlations are shown in
Table V.

Except for the low nitrobenzene concentrations and/

or the high amine salt concentrations, the monomer assumption
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for TOAHCl appears to be valid. The results for THACl
indicate that it is highly aggregated even in dilute solu-

tions in benzene, thus a given species cannot be assumed.

Table V

Kn Values for Formation of (TOAHCl)2
in Various Solvent Systems

Kn Kn Kn
Solvent. 100C 250C 40°C
pure benzene 43. % 32, 24,5%
0.05MF gNo, 10.27 7.47 —
0.10MF g, - 5.87 5.2%
0.15MF gNoO, - 2.57 -

0.20MF gNO, - -- -

*Estimate calculation based on AHC = -3.35 Kcal/mole for
dimerization of trilaurylamine hydrochloride.

+Estimate based on difference between experimental curve

for appropriate [¢N02] and calculated curve based on de-
rived equilibrium cofiistants.

Iron(III) Extraction by Tri-n-octylamine Hydrochloride

For these distribution studies, the aqueocus HCl
concentration was maintained at 0.97F; the Fe(III) con-

centration was approximately 10”7

M and was due entirely
to the carrier in Fe-59 tracer solution. For the 25°C
study, the nitrobenzene~benzene mixtures were varied from
pure benzene to pure nitrobenzene in 0.05 mole fraction

steps, while for the 10°c and 40°¢c studies, the organic

phase was varied from pure benzene to 40 mole percent
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nitrobenzene. The TOAHCl concentration was varied from

-4 to 10-1M in all studies at all temperatures.

10
For all the TOAHC1l studies, the experimental data
were collected in the following manner: distribution coef-
ficients were measured at a given nitrobenzene-benzene
concentration while varying the amine salt concentration,
then the organic diluent was changed and the process was
repeated. This was continued until all concentrations
of nitrobenzene-benzene were run at the three tempera-
tures.
25°¢ study:
The experimental data collected for the TOAHCl-
benzene-nitrobenzene-Fe (III)-HCl system at 25°C are tabu-

lated in Appendix IX. These data were then subjected to

a least squares analysis (Appendix I) of the form

_ 2 £
E = Ach + B,C” + A5Cy (40)

27 and A3 were determined.

These values along with their respective variances are

and the "best" values of Al, A

given in Appendix IV. Figures 1-5 show a graphic repre-
sentation of the fit obtained from this least squares
analysis. The points represent the experimental data,
while the lines represent the "least squares" values of
the distribution coefficient based on the calculated
values of Al’ A, and A3.

If it is assumed that the calculated values of

the parameters are composed of the equilibrium constants
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0.15 mf QNO2
0.10 mf @gNO,
0.05 mf ¢N02
0.00 mf ¢NO2

H

o © @ © "
1

(TOAHCL1)

Figure 1. ILog~log Plot of E vs (TOAHCl) for Fe(III) at
0.00, 0.05, 0.10, and 0.15 Mole Fraction Nitrobenzene in
Benzene @ 25°C.
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e
i

0.40 mf gNO,
® - 0.35 mf ¢N02

© - 0.30 mf gNO,
105 - 0.25 mf go,,
® - 0.20 mf ¢N02

10

10

(TOonHCL)

Figure 2., Log-log Plot of E vs (TORHC1l) for Fe(III) at
0.20, 0.25, 0.30, 0.35, and 0.40 Mole Fraction Nitro-
benzene in Benzene € 250C.



48

| 10%@ - 0.60 nf @O,
© - 0.55 mf @gNo,
@ -~ 0.50 mf QNO2
O - 0.45 mf g,

10 10

(TOAHCL)

Figure 3. Log-log Plot of E vs (TOAHCl) for Fe(III) at
0.45, 0.50, 0.55, and 0.60 Mole Fraction Nitrobenzene in
Benzene @ 25°C.
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2
—lO(D - 0.80 mf ¢N02
@ - 0.75 mf $NO,
' © - 0.70 nf gno, .
. O - 0.65 mf gNO, .
1

10 -3 -2
10 10
N I T

(TOAHC1)

: Figure 4, Log—log‘Plot of & vs (TOAHCl) for Fe(III) at
0.65, 0.70, 0.75, and 0.80 Mole Fraction Nitrobenzene in
Benzene @ 25°cC.
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1.00 mf $Z5NO2

0.95 mf QfNO2
0.90 mf @O,
0.85 mf ¢NO2
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”
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&
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lOJ'f'3 1?-2
(TOAHCL)

Figure 5. Log-log Plot of E vs, (TOANCl) for Fe(III) at
0.85, 0.90, 0.95, and 1.00 Mole Fraction Nitrobenzene in
Benzene @ 25°cC.
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and solvation numbers as shown in equations (54), (56), and
(57), then (54) and (57) can be cast into linear form (re-

written here for clarity)

log Al = log Kle/Kx + nlog [@Nozl (55)
K1KoK3

log A3 = logm;ﬁ—- + (n+p-q/2)log[6N02] (58)
X

Plots of log A, vs log [EIT()—Z'] should yield straight lines
and, further, will allow evaluation of the various con-
stants involved. The points on figures 6 and 7 are log-log
plots of A (least square values) vs nitrobenzene activity.
As can be seen from these plots, they are not
straight lines except in the region of low nitrobenzene
activity (0.05 - 0.40 mole fraction). From this it must
be concluded that while equation (30) explains the data
up to approximately 40 mole percent nitrobenzene, it cer-
tainly does not explain the data in the higher nitrobenzene
activity range. When the nitrobenzene activity is high,
it is postulated that the TOAHCl is solvated by nitrobenzene
to an appreciable extent thus lowering the free unsolvated
amine salt concentration. Under these conditions the ex-

pressions for Al, Az, and A3 become (from equation (35))

————n
Al _ Kle/Kx[¢NO}2{] (72)
1+K" (PN
K /K
A, = 1 x (73)

2 (k" (0,1



L _ 10

10

10

[¢NO, ]

Figure 6. Log=log Plot of A, vs Nitrobenzene

Activity for roanCl @ 25°C.
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P

[gNO,, ]

Figure 7. ILog-log Plot of A3 vs Nitrobenzene Activity
for TOAHCl @ 250cC,
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% n+p~q/2
(K K Ky /K K, ™) [61\102]

(1+K" [@NO,17)%

(74)

which will reduce to equations (54), (56), and (57) when
the product K"[@ﬁEE]x <«< 1.

To evaluate the equilibrium constants (K2 and K3/
K4%) and solvation numbers (n and p-g/2) equations (55)
and (58) were used in conjunction with the values of Al
and A3 at nitrobenzene concentrations < 45 mole percent.
Equations (55) and (58) contain products of equilibrium
constants of which one of these is Kl/Kx. Equations (30)
and (73) predict that (Az) should be constant at ¢NO2
concentrations < ca. 40%. However a glance at Appendix
IV shows that while it appears relatively constant in the
middle of the concentration range, at the low nitrobenzene
activity range, A, varies significantly.

From the results of the aggregation studies report-
ed earlier, it is obvious that a significant amount of
TOAHC1 exists as a dimer, particularly at higher TOAHC1
concentrations in benzene. Using the formation constant,
K_ = 32. for 25°C, the actual monomer concentration of

n

TOAHCl was calculated using the following scheme.

K

_n
2RNHCL =" (R NHC1), (67)
X =-——--—-Z(R31\]HC1)2 = X2 (75)
n (R,NHC1) (Y—X;z

3

where X/2 = dimer concentration

Y

stoichiometric concentration of TOAHC1
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(¥Y-X) = monomer concentration
When this correction is taken into account in the benzene-
amine salt extraction study and then the data subjected to

a least squares analysis (the A Ay and Aqy values are

1’
reported in Appendix IV), the wvalue of A2 = Kl/Kx falls
into line with the A2 values reported for nitrobenzene
concentrations between 0.20 and 0.60 mole fraction. The
corrected extraction data using pure benzene as the sol-
vent is shown in Figure 8.

Another interesting and important feature of this
plot is the slope of the line approaches three at high
(TOAHCL) at 25°C. This can be accounted for by postulat-
ing the formation of a mixed trimer (see equation 9).

This was left out of the extraction model as it only

comes into play in pure benzene and the lowest nitrobenzene
activities. The values for Al and A3 in the pure benzene
data are approximately zero which justifies the neglect of
equations 7 and 8 in the derivation of the extraction
model. The mixed trimexr has a formation constant, K"",
which has been estimated from Figure 8, and is included

in Table VI.

At this point it should be mentioned that the
values of A2 for 0.05, 0.10, and 0.15 mole fraction nitro-
benzene fall below the values for pure benzene and higher

nitrobenzene activities; this indicates that there is

some dimerization of the TOAHCl at low nitrobenzene activity
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so that these values were not used in the calculation of
the constants.

K" and x were evaluated using rearranged forms of
equations (72) and (74).

(K,K,/K_ ) [@NO, 1"
log 2 X 2 - 1=1log K" + xlog [PNO,1*  (76)
1

%\ reee—ntp-a/2
(K K3/KXK4 )[¢N02]

]
By

K
172 2 _ 4.

log [
(77)

log K" + xlog[aﬁGE]x

First the left hand sides of equations (76) and (77) were

calculated using the values of constants previously obtain-

ed. These were plotted against log[@ﬁGE] and K" and x

evaluated by a least squares analysis. This was done using

the Wang Electronic Calculator model 360 with card pro-

grammer and a Wang library least squares regression analysis.

The results of this operation and all of the values for

the constants obtained are listed in Tables VI and VII.

The K" and x values listed represent the numbers obtained

from equations (77) and (76) respectively.

Using the values of the equilibrium constants and
solvation numbers reported in Tables VI and VII, distribu-
tion coefficients were calculated for 0.05, 0.10, and 0.15
mole fraction nitrobenzene at various amine salt concentra-
tions using equation (35). These E values were plotted

against (TOAHCl) in log-log fashion so that an estimate
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could be made of the TOAHC1l dimer concentration; from this
the equilibrium constant, Kn’ for dimer formation could be
calculated. These values are shown in Table V.

The curves drawn in Figures 6 and 7 represent the
calculated values of Al and A3 obtained from the constants

using equations (72) and (74).

Table VI

Equilibrium Constants for
TOAHCl—¢N02—¢H—Fe(III)—HCl (.97F) System

quiiiﬁ;igm 10°¢ 25°¢ 40°¢
K, /K, 907t138 1406%168  1751%130
K, 1.26%.26 0.871%.112 o.315%.131
Ry/K, 0.0177%.0032 0.0202%.0024 0.0126%.0047
K" 5.-42.
g 121 114 70

Table VII

Solvation Numbers for
TOAHC1-¢N02-¢H-Fe(III)—HCl (.97F) System

Solvation o o) fo)
olvats 10°¢ 25°¢ 40°¢

n 3.44t.24 2.95%.09 2.89%.78
p-q/2 -0.285%.376 0.918%.907 -0.018%.915

X 5.98-5.63




58

® - 40°% /
o - 25° D
o - 10°% A
...“
| 10°
-1
10
0
| 1072 ®
©)
€)
| 107 @
(&
@ 70,
) o
' o 1o|"3 1o|'2
(TORHCL)
Figure 8. Log-log Plot of E vs (TOAHCl) Corrected, for

Fe(III) in Pure Benzene at 10°C, 25°C, and 40°cC.
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10°¢ study:

This study was conducted in the same manner as that
at 25°C and the parameters (Ai) were calculated as before.
The experimental data are listed in Appendix VIII, the cal-
culated quantities in Appendix III. The log-log plots of
E vs TOAHCl are shown in Figures 9 and 10 where again it
can be seen that the three term equation fits the data
quite well. The determination of the various equilibrium
constants and solvation numbers were carried out using
equations (30), (55) and (58) and the results are shown
in Tables VI and VII. From Appendix III it can be seen
that 0.05 and 0.10 mole fraction nitrobenzene values for
A2 fall below what they should be, indicating dimerized
amine salt. Using the same method as above, an equilibrium
constant, Kn’ for the dimerization was calculated and is
listed in Table V.
40° study:

These studies were interpreted in the same manner
as above. The experimental data are listed in Appendix X,
the values of Ai are in Appendix V and the various equili-
brium constants and solvation numbers in Tables V, VI, and
ViI. The log-log plots of E vs (TOAHCl) are shown in
Figures 11 and 12. Log-log plots of A, vs [¢ﬁ5;] for both
10°Cc and 40°C are given in Figures 13 and 14. From these
the values of the solvation numbers (slopes) and equili-

brium constants (intercepts) were obtained.
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© - 0.10 mf ¢NO2
~ 0.05 mf ¢NO,

© - 0.00 nf @No,

(TOAHCL)

Figure 9. Log-log Plot of E vs (TORHC1l) for Fe(III) at
0.00, 0.05, and 0.10 Mole Fraction Nitrobenzene in
Benzene @ 10°cC.
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© - 0.40 mf @NO,

© - 0.35 mf ¢N02

© - 0.30 mf gno,, )
__1OHD - 0.20 mf ¢N02 ¥

10 10

(TOAHCL)

Figure 10. Log-log Plot of E vs (TOAHCl) for Fe(III) at
0.20, 0.30, 0.35, and 0.40 Mole Fraction Nitrobenzene in
Benzene @ 10°cC.
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(TOAHC1)

Figure 1l. Log-log Plot of E wvs (TOAHCl) for Fe(III) at
0.00, 0.05, 0.10, and 0.15 Mole Fraction Hitrobenzene in
Benzene @ 40°cC.
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~ 0.40 nf gNO,
~ 0.35 mf @NO,

- 0.30 nf gNO,

0 @ ¢ ©

| 10 - 0.20 mf CJNO2

(TOAHCL)

‘Figure 12. Log-log Plot of E vs (TOAHCL) for Fe(III) at
0.20, 0.30, 0.35, and 0.40 Mole Fraction Nitrobenzene in
' Benzene @ 40°C.
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Figure 13. Log-log Plot of Ay vs Nitrobenzene
Activity for TOAHC1l @ 10°C and 40°cC.
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Figure 14. Log-log Plot of A, vs Nitrobenzene
Activity for TOAHCLl @ 10°C and 40°C.
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Although Figures 9 and 1l show the extraction data
for benzene at 10°C and 40°C, these curves were obtained
before any amine salt concentration correction was made.
Using the estimated equilibrium constants for the dimer-
ization of TOAHCl at these two temperatures and applying
the correction to these data resulted in the curves shown

in Figure 8.
Determination of Thermodynamic Quantities

Using the distribution data for all three tempera-
tures, values for au® (the standard enthalpy of reaction)

were determined from the following relationship

9 logk _ _ aH®
3 ('1'%1') = < 37303R (78)

For Kl/Kx and K3/K4%, aH® represents basically a
difference of enthalpy for two reactions. Plots of log K
or 1000/T are shown in Figures 15-17. The values for AH°
obtained from these plots are given in Table VIII. It
should be emphasized that due to the large errors associat-
ed with the equilibrium constants, the reported values of
aH® are only approximate. Included in Table VIII are the

values of AGo and ASo

298 298

equilibrium constants and the following equations.

obtained using the appropriate

AG°

-RT1nkK (79)

o e]
50 = B2 - a6 (50)
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Plot of Log Kl/Ky vs 1000/T for TOAHCI.
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Table VIII

Thermodynamic Data from Equilibrium Studies at
10°c, 25°c, and 40°cC.

Thermodynamic . %
Function K1/Kx I‘2 KB/K4
AHggs (kcal/mole) 3.94 -7.35 ~1.53
AG298 (kcal/mole) -4.29 +0.082 2.31

o

Iron(III) Extraction by Tetra-n-heptylammonium Chloride

The results of the study of Fe(III) extraction
by THACl in nitrobenzene-benzene mixtures do not fit the
extraction model derived previously. As can be seen in
Figure 18 showing log-log plots of E vs (THACl), there is
little change in the distribution coefficient with chang-

ing nitrobenzene activity above 0.1 mole fraction:

9 log E ~ 0 (81)
3 log[@NOZ]

The experimental data for this study are given in Appendix

XI.
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Figure 18.
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Log-log Plot of E vs (THACL) for Fe(III) @
250cC.
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DISCUSSION AND CONCLUSIONS
Iron(III) Extraction by Tetra-n-heptylammonium Chloride

There are other methods by which ion transfer data
may be interpreted than the approach outlined in the intro-
duction. Perhaps one of the most popular is a sphere in

continuum model for the transfer of spherical ions from one

phase to another derived by Born62 and later modified and
used by many workers.63’64’65 It has been written in many

forms, however, the simplest is
AG = [Zze2/2r](l/e - 1/e_) (82)
org aq

which represents the electrostatic free energy of transfer
of a species of charge 2 and radius r from an agueous phase
of dielectric constant €aq to an organic phase of dielectric

constant eorg' For the transfer of a single ion from an
aqueous phase to an organic phase of lower dielectric con-
stant, the Born equation predicts an unfavorable free energy
exchange. As Diamond47 points out, using equation (82) for
the transfer of a pair of dissociated spherical ions of
equal charge from water to an organic phase results in a
positive electrostatic free energy of transfer. If the

ions associate to an ion-pair in the low dielectric constant
medium the AG of transfer is reduced by the energy of ion-

pairing (the most favorable case is that of two ions of

equal radii; AG of transfer of the ion pair is one half the
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value for the dissociated ions). Thus even for ion pairs
the Born equation predicts a positive free energy of trans-
fer whose magnitude depends on the dielectric constant of
the organic solvent system.

For the case of ion exchange between the two phases
(the present work may be thought of as an ion exchange extrac-
tion, FeClZ «> Cl7) a different picture emerges. 1In order
to calculate the overall free energy of transfer there must
be two calculations; one for the transfer of an anion from
the aqueous phase to the organic phase, and one for the
transfer of the other anion from the organic phase to the
aqueous phase. 1In addition, at least in the organic phase,
the energy to separate and form ion-pairs must also be in-
cluded.

The Born equation with these modifications has been
used successfully by various workers. Scibona, et al.63
used this approach with some success on ion exchange
extraction systems in which THAC1l, THABr, and THAClO4 were
used as the extractants in benzene. They made assumptions
as to the radii of the exchanged ions, calculated AG, AH,
TaS, and found the agreement between theory and experiment
was good.

Their calculations for AG were carried out accord-

ing to the following scheme.

X + ¥ = R + X (83)



Step I: The dissociation of the ion pair, RX,
at distance, dl, to free ions at an infinite

distance in medium of dielectric constant ¢ .

org
dl = radius of the cation, L + radius of the
anion, Tye
2 2
AG = +2Z ed (84)
€org-1

Step II: The transfer of the anion X~ from the
organic phase to the agueous phase of dielectric

constant ¢.

1 1
- 'é-) (85)

org

Step III: The transfer of anion, Y , with radius
ry, from the aqueous phase to the organic phase.

2 2
_de 1
AG = — ('i:—) (

1 1
= - 'é-) (86)

y org

Step IV: The association of the ion R" ana ¥~

from infinity to d3, the sum of r, and r__.

Z2 2
AG = - L e (87)

d3€org
Thus the overall free energy change can be written as the

sum of the four steps:

2 2
T R oI

org y X 1 3

@ |

1 1
(L - %)
r I.'y }

(88)

"
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Using the same procedure as Scibona, the AG and
K values were calculated for the Cl - FeCl; exchange in

the following system.

— - Ko -
THAC1 + FeCl4 = 'JZ‘HAFeCl4 + Cl (89)
(THAFeCly)
E = (90)
(EFeaq species)
Ty = '
(Fec14) = K (zFeaq) (91)
x = {THAFeCl4) (01_) - F (Cl) (92)
(THAC1) (FeCl4) (THACL)XK'

The radius for FeCl4 was estimated by the method of Scibona;
the radius used was 3.16 angstroms. The AG values and re-
sulting K values were calculated for various nitrobenzene-
benzene mixtures, the dielectric constants for these solu-
tions were obtained from data compiled by Timmermans.70
The experimental values of E can then be compared to the
calculated values of K by comparing ratios of E values at
fixed THAC1l concentrations but at organic phase dielectric
constants to the same ratios of K values. This eliminates
the quantity K' in equation (92) which is constant provided
the (Cl7) remains constant. Table IX shows the results of
these calculations with (THACI) = 10 °M. As can be seen

from the table the Born approach simply cannot explain these

extraction data. The ionic radii need change by only a small
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amount to change the free energy by a large amount, thus
a given set of radii may explain results at a given di-
electric constant, as did Scibona's work, but those same
radii will not explain the data as the organic phase

dielectric constant is varied.

Table IX

Comparison of Experimental and Calculated Distribution
Coefficients for THACl1l @ 25°cC.

X E K
Mole Fraction Eorg X Kx b4
Nitrobenzene EO.O KO.O
0.00 2.47 - 2.07(109) -
0.10 4.6 5.28 6.79(104) 3.29(107°)
0.30 9.3 12.98 1.60(10%)  7.75(10°%)
0.90 30.3 10.52 2.65 1.28(107°)

64 used a modified Born equation

Haugen and Friedman
to calculate free energies of transfer of some alkali
perrhenates and perchlorates from water to nitromethane.
Here again theory and experiment agreed quite well, pro-
vided the ionic radius was treated as a variable parameter.
They found the ionic radii were subject to various correc-
tion terms which appeared to be a characteristic of the

solvent. This variable radius is one way of accounting

for hydration and/or solvent effects.
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The Born approach suffers from its inability to
handle specific solvent effects. While it may give a semi-
quantitative picture of solvation, it does not allow any
interpretation in terms of species present, and gives no
clue whatsoever of any specific solvation processes that
may affect or control extraction.

The treatment used for the present work is a phe-
nomenological thermodynamic approach which has been called

by several workersGG'67

the law of mass action, L.M.A.,
approach. Its usefulness lies in the fact that it not only
adequately treats the systems in question, but can be
readily interpreted in terms of molecular interactions,
and leads naturally to the concept of ion solvation.

Another example of the L.M.A. approach to ion solva-

tion has been given by Glover®7:68

who studied the pk of
weak acids in dioxane-water mixtures. He included the

solvent in equilibrium expressions as follows:

K + _
nS + HA = =xSH + ySA (93)

(xSH') (ysa”)
(s)r (HA)

(94)

and k = k()™ = (&h (a7)/(ma) (95)

He points out that K is the true constant and has shown, in
addition, the values of K and n are applicable from solvent
to solvent if reasonable structures for the solvents are

assumed.
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Unfortunately the data collected for the extraction
of iron(III) by THACl in nitrobenzene-benzene mixtures do
not fit the L.M.A. model derived earlier. There is an
obvious explanation for this. From the aggregation studies
it is obvious that the THACl-benzene solutions are decidedly
non-ideal. Unless and until further work is done on the
degree and extent of aggregation, little can be said about
what chloride species exist in the organic diluent. Only
after these species have been identified and their forma-
tion constants evaluated can the data be examined in terms
of a quantitative extraction model.

Another problem with THACl was its unknown purity.
'As was demonstrated for the TOAHCl, the purity of the salt
may have a significant effect on its ability to extract
complex metal anions from an agueous phase. As was stated
earlier the THACl was received in the liquid state, probably
due to water. In addition to water, which accounted for
about 5% by weight, other impurities were contained in
the material to the extent of 2-3% by weight, which is
higher than the 1-2% found in the TOAHCl. Future work
might be most profitably performed using THACl produced
in the laboratory after purifying and drying the starting
materials.

In spite of the above difficulties there may be
some qualitative information to be gained from this system.

It appears that, except for the data in pure benzene, there
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is little change in the distribution coefficient with chang-
ing nitrobenzene activity. This suggests that little or no
solvation occurs in the extraction process using THACI.
Since the TOAHFeCl4 does exhibit nitrobenzene solvation,
it is possible that the proton on the ToAH" cation is
responsible for the increased solvation, and not the anion
when TOAHCl is converted to TOAHFeCl 4r @S suggested by

others. 32

Iron(III) Extraction by Tri-n—-octylamine Hydrochloride

This system is not easily treated by the Born ap-
proach; the hydrogen bonding between the TOAH' and the C1”
make it difficult to estimate the energy necessary to
separate the two ions. However the data for this extrac-
tion system do indeed appear to fit the proposed extrac-
tion model using the L.M.A. approach. Before proceeding,
it is necessary to discuss the extraction of Fe(III) by
TOAHC1 in benzene. This is basic to the undexrstanding of
the rest of the extraction study. The log-log plots of
E vs (TOAHCl) for pure benzene in Figures 1, 9, and 11 show
a slope of two, indicating the formation of a mixed dimer
of the form TOAHFeC14-TOAHCl (provided the anionic species
is FeClZ which was discussed earlier). In Figure 8, which
shows the same plots except the amine salt concentration
has been corrected for the TOAHCl dimer concentration, the

curves show a slope of three at the higher amine salt
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concentrations. This indicates the formation of a mixed
trimer of the composition TOAHFeCl4- (TOAHC1)2; in fact the
equilibrium constant, K"", has been estimated from Figure
8, and is shown in Table VI. The mixed dimer and mixed
trimer are in a very real sense a form of solvation by
which the TOAHFeCl4 satisfied its electrostatic needs.

The formation of mixed trimers has not been postulated pre-
viously to explain this type of extraction data. However,

as Diamond47

points out, it is puzzling that many amine
extraction systems show a second power dependence of the
distribution coefficient on the amine salt concentration
in solvents of low polarity; when it has been shown that
the amine salts themselves in these solvents range from
monomers to etramers, etc.Gl This work suggests that there
may be mixed n-mers formed at higher TOAHCl concentrations;
the number of TOAHC1l units in each being equal to the
number in the TOAHCl aggregate prevailing in the system.
The thermodynamic gquantities shown in Table VIII
which are associated with the extraction of iron(III) by

TOAHC1l in benzene (Kl/KX) are difficult to interpret. For

example the AH® associated with Kl/Kx is, in fact,

- AH (96)

~ O

where K, is a composite of the formation constants of the

various iron containing species in the agueous phase and
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depends on (Cl) (see equations (21) and (22)). The large
gain entropy (as® = 27.6 e.u.) may be a result of the loss
of waters of hydration when the iron(III) complex is
extracted from the agqueous phase. In the aqueous phase

219

Fe(III) is probably predominantly octahedral rec1t while

in the organic phase it is tetrahedral FeClZ.Zl

When nitrobenzene is added to the organic phase,
it causes the dimerized TOAHCl to dissociate to monomer
(see Table V), and the mixed dimer (and trimer) to form
a solvated tetrachloroferrate monomer, TOAHFeCl 4-n¢N02.
n is about three at all temperatures studied; it may de-

crease slightly with increasing temperature which is

reasonable from thermal arguments. The entropy change

o
298

port for solvation which will result in increased structure

for reaction (10) (AS = =24.9 e.u.) lends further sup-
of the organic phase. The change in enthalpy for reaction
(10) can be compared to approximate values for hydrogen
bonding. The average value for a hydrogen bond in amines
has been reported to be 3-5 kcal/mole/H—bond,7l thus,
forming three hydrogen bonds would result in AHC = -(9-15)
kcal/mole. Comparing this with the experimental value of
-7.3 kcal/mole leaves from 2 to 8 kcal/mole for the dis-
sociation of the mixed dimer. This seems reasonable
although no data are known to the author that can be used’
to verify this.

One of the avowed purposes of this work was an

attempt to observe anion solvation. It is indeed tempting
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to postulate the existence of anion solvation in the forma-
tion of TOAHFeC14'3¢N02, since the reaction can be thought
of as the exchange of an Feclz for a Cl” with the resulting
increase in solvation by nitrobenzene. In view of the limit-
ed results using THAC1l as an extractant, (see p. 78-79) it
is more plausible to postulate the increase in nitrobenzene
solvation to be due to solvation of the ion-pair as a whole
or to the cation, TORH .

If the nitrobenzene solvates the ion pair as a whole,
there are two possible general structures for this solvated
species: "contact" or "solvent-separated". A thorough
treatment of the differences between the two types of ion-
pairing is given by Szwarc,69 however, a brief discussion
of the differences is in order. A contact ion pair is one
in which the solvating molecules remain "outside" the ion
pair, while a solvent-separated ion pair is one in which a
solvent molecule is squeezed in between the two ions of
the pair. As Szwarc points out, the solvent-separated
ion pairs tend to exist only in those media in which at
least one of the ions, when free, is coordinated with
solvent molecules. He further states that if the system
under investigation contains free ions which are not sol-
vated or only weakly solvated, then association of these
ions usually leads to contact ion pairs; on the other
hand for strong solvation and for a sufficiently bulky

counterion, the possible gain in coulombic energy arising
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from the conversion of solvent-separated ion pair into a
contact ion pair may not be sufficient to permit the squeez-
ing out of solvent molecules. From this above discussion
it appears likely that a nitrobenzene solvated 'I'OAHFeCl4
ion-pair is solvent-separated. This does not rule out the
possibility that the nitrobenzene solvation of TOAHFeCl4
may be due to the cation alone.

As the nitrobenzene activity is further increased,
additional equilibria become important; the ionization of
TOAHC1 and TOAHFeC14~n¢N02, and the observable solvation
of TOAHCl by nitrobenzene. As is demonstrated in the
derivation of the extraction model and the experimental
data, there is no convenient way of separating the equili-
brium constants K3/K4%, or the solvation numbers, p-q/2,
for the two ionization reactions (equations (11) and (12)).

44

Nelson, Fasching and McDonald, from data in pure nitro-

benzene, placed an upper limit of about 10'-4 on K, at 25°¢.

Using this value, K, would be 2(10-4), or slightly larger

3
which is quite reasonable in view of the fact that the Cl1~

hydrogen bonds with ToAH' while the FeCl4 shows no evidence

of this.30r47

The value of p-g/2 appears to be approxi-
mately zero which neither adds to nor detracts from any
arguments thus far put forward. If, however, both p and g
were equal to zero, this might be a clue to the solvation

of the TOAHFeCl4 ion pair; for if there is no increase in

solvation when TOAHFeCl4-3¢NO2 dissociates, it may indicate
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that the solvated tetrachloroferrate salt is indeed a sol-
vent separated ion pair in which both anion and cation
already have satisfied their electrostatic solvation re-
quirements. From this work, unfortunately, there appears
to be no way of determining absolute values for either p
or q.

It is also necessary to introduce a nitrobenzene
solvated TOAHCl ion pair (see equation (13)) which is not
capable of extracting Fe(III) in order to account for the
experimental maximum in the distribution coefficient with
respect to nitrobenzene activity. This has the effect of
lowering the concentration of the TOAHCl extracting species
and allows the data to be fit quite well by the extraction
model. The values of K" and x, however, shown in Tables
VI and VII can only be regarded as order of magnitude re-
sults. While the solvation number appears to be consis-
tent (5.98 and 5.63), there is quite a discrepancy between
the two values of K" (5 and 42) calculated using the two
sets of Ai's. There appears to be no clear cut explana-
tion for this discrepancy, however, it may be due, at least
in part, to the fact that the data at high nitrobenzene
activity is somewhat scattered (see Figures 6 and 7).

In connection with the solvation of TOAHCl, an
interesting problem has developed. As nitrobenzene is
added, in small amounts, to solutions of TOAHCl in benzene,

the amount of dimer decreases (see equilibrium constants,
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Kn’ in Table V) until at approximately 0.20 mole fraction
nitrobenzene virtually all of the TOAHCl exists as monomer.
Use of the L.M.A. approach necessitates the interaction
of nitrobenzene with dimerized TOAHCl to produce a solvated
monomer which apparently is a different solvate from the
one postulated at high nitrobenzene activity. The TOAHCl-
solvate at low nitrobenzene activity does not appear to
affect the apparent concentration (activity) of TOAHC1l and
thus must be capable of extracting the complex metal anion.
This is supported by the relatively constant value of
Kl/Kx (A2 values) over a large range of nitrobenzene acti-
vity (see Appendices III, IV, and V). This means that
there must be at least two distinct nitrobenzene solvates
of TOAHCl1l, depending upon the nitrobenzene activity. While
this is not unreasonable, the data collected in this work
are not sufficient to make any predictions as to thegross
composition of these species. This remains an area where
further extraction studies on this system, particularly at
very low nitrobenzene activity, might be fruitful.

In conclusion, it is felt that this work again demon-
strates that a phenomenological approach can successfully
be used to explain extraction data in terms of molecular
interactions and ion solvation. It is hoped that with
the contributions to extraction and solvation processes
this work represents, the reader will gain a greater in-

sight into these processes.
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In this work, as is usually the case, the comple-
tion of a particular project always leads to further
problems which must be solved before a complete explana-

tion and, finally, the prediction of events can occur.
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THREE PARAMETER LINEAR LEAST SQUARES

Y

By

APPENDIX I

2 %
X + B X" + A,X

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION WGTRES (53)

DIMENSION

ACNO2 (50)

DIMENSION XM(3, 3)

1X(50) ,

SIGMA(3, 3)

+ C(3)

» A(3)

, COFX(3,3)

» Y(50)

, WEIGHT (50)

2DELTA(3,3)
READ (5,1)

» E(50)

, AID(80) ,

, COFE(3,3), RESID(50), AI(3,3)

(AID(I)

» I =1,80)

FORMAT (80Al)

I=0.0

CONTINUE
I=I+1
READ(5, 3)

FORMAT (3F10.5

(X(x), Y(I), ACNO2(I), ISTOP)

'4

9%X,Il)

IF (ISTOP.EQ.O) GO TO 5

N=1TI

SUMA = 0.0

XM(I1I,J) =
CONTINUE

o
-
w

CALCULATION OF MATRIX ELEMENTS

DO 20 I =
WEIGHT (I)

<10*Y(1))) **2

X2
X3
X4
X12 =
X32 =
X52 =

(1./¢
X(I)**2

X2 * X(I)

X2*%%2

DSQRT (X (I))
X12 *X(I)
X32 *X(I)

C(1)
C(2)
C(3) =
XM(1,1)
XM(1,2)
xM(2,2)
XM(3,3)
XM(1,3)
XM(2,3)
XM(2,1)
XM(3,1)
XM(3,2)
CONTINUE

XM(1,1)
XM(1,2)
- XM(2,2)
XM(3,3)
XM(1,3)
XM(2,3)
XM(1,2)
XM(1,3)
XM(2,3)

C(l) + Y(I)*X(I)*WEIGHT(I)
C(2) + Y(I)*X2*WEIGHT(I)
C(3) + Y(I)*X12*WEIGHT (I)

+

X2*WEIGHT (I)
X3*WEIGHT (I)
X4*WEIGHT (I)
X(I)*WEIGHT(I)
X32*WEIGHT (I)

+
+
+
+
+ X52*WEIGHT(I)

CALCULATION OF COFACTORS

’
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COFE(1l,1) = (XM(2,2)*XM(3,3))~(XM(2,3)**2)
COFE(2,2) = (XM(1,1)*XM(3,3))-(XM(1,3)**2)
COFE(3,3) = (XM(1,1)*XM(2,2))~-(XM(1,2)**2)
COFE(1,2) =-(XM(2,1)*XM(3,3))+(SM(2,3)*xXM(3,1))
COFE(2,1) = COFE(1,2)

COFE(1,3) = (XM(2,1)*XM(3,2))-(XM(2,2)*XM(3,1))
COFE(3,1) = COFE(1,3)

COFE(2,3) =-(XM(1,1)*xXM(3,2))+(XM(1,2)*xM(3,1))
COFE(3,2) = COFE(2,3)

DETM = (XM(1,1)*COFE(1,1))+(XM(2,1)*COFE(2,1))+ (XM
1(3,1)*COFE (3,1))
CALCULATION OF INVERSE MATRIX ELEMENTS
DO 30 I = 1,3
DO 30 J = 1,3
COFX(I,J) = COFE(I.J)/DETM
30 CONTINUE
CALCULATION OF IDENTITY MATRIX
DO 35 = 1,3
DO 35 J
AI(I,J)
DO 35 L
AI(I,J)
35 CONTINUE
DO 40 I
DO 40 J
A(I) = A(T
40 CONTINUE
DO 50 I = 1,N
SUMA=SUMA+WEIGHT (I) * ( ((A(I)*X(I))+(A(2)*(X(I)**2))
1+ (A (3) *(DSQRT (X (I))))-Y(I))**2)
50 CONTINUE
DO 60 I = 1,3
DO 60 J = 1,3
SIGMA(I,J) = COFX(I,J)*SUMA/(N-3)
60 CONTINUE
DO 70 I
DO 70 J
DELTA(I,J)
1(SIGMA(J,J
70 CONTINUE
DO 80 I = 1,N
E(I) =(A(1)*X(I))+(A(2)*(X(I)**2))+ (A(3)*DSQRT(X(I)))
RESID(I) = Y(I) -E(I)
WGTRES (I) = WEIGHT (I)*(RESID(I)**2)
80 CONTINUE
WRITE (6,99) (AID(I),I = 1,80)
99 FORMAT ('O', 8OAl)
WRITE (6,100) (A(1),A(2),A(3))
100 FORMAT ('0',//°® A(l)= ',G15.5,' A(2)= ',G15.5,"
1a(3)= ',G15.5)

3
o)
3
(

’
’
I

I,J)+SM(I,L)*COFX(L,J)

1
o
1
A
1l
1
)

.3
r3
+ COFX(I,J)*C(J)

1,3
1,3
=SIGMA (I,J)/(DSQRT (SIGMA(I,I)) *DSQRT
)))
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WRITE (6,101) (SIGMA(1,1), SIGMA(2,2), SIGMA (3,3))
101 FORMAT ('0',// ' SIGMA(1l,1)= ',G15.5,' SIGMA(2,2)=
1',G615.5,' SIGMA(3,3)= ',G15.5)
WRITE (6,102) DELTA(1,2), DELTA(1,3), DELTA(2,3)
102 FORMAT('0O',//' DELTA(1,2)= ',G15.5,' DELTA(1l,3)=
1',G15.5,' DELTA(2,3)= ',G15.5)
WRITE (6,103)
103 FORMAT('0‘,///,6X'X(I)"',10X'Y(I)',10X'E(I)"',8X"
1RESID(I)"',12X"'WGTRES (I)"')
WRITE (6,104) (X(I), Y(I), E(I), RESID(I), WGTRES(I),
1I = 1,N)
104 FORMAT (5G15.5)
WRITE (6, 106)
106 FORMAT ('0',///, ' FOLLOWS IS THE INVERSE MATRIX ')
WRITE (6,107) ((COFX(I,J),J=1,3), I=1,3)
107 FORMAT (3G16.6)
WRITE (6,108)
108 FORMAT ('0‘,///,' FOLLOWS IS THE IDENTITY MATRIX ')
WRITE(6,105) ((AI(X,J),J=1,3), I=1,3)
105 FORMAT (3Gl6.6)
GO TO 999
END



APPENDIX II
Two Parameter Linear Least Squares

log Y = log Al + A2

log X
IMPLICIT REAL*8(A-H,0-2)
DIMENSION XM (3,3) , C(3) , A(3) , COFX(3,3) , Y(50) ,
1X(50) , SIGMA(3,3) , WEIGHT(50) , E(50) , AID(80) ,
2DELTA(3,3) , COFE(3,3), RESID(50), AI(3,3)
DIMENSION XSIGMA (25), ACNO2(25), XA(25), YSIGMA(25)
999 READ (5,1) (AID(I) , I = 1,80)
1 FORMAT (80A1l)
READ (5,2) N
2 FORMAT (I10)
READ(5,3) (XA(I),ACNO2(I),YSIGMA(I), I=1,N)
3 FORMAT (3F10.5)
DO5I=1,N

Y(I) = DLOGLO(XA(I))

X(I) = DLOGLO(ACNO2(I))

WEIGHT (I) = (XA(I)**2)/YSIGMA(I)
5 CONTINUE

SUMA = 0.0

DO I=1,2

A(I) = 0.0

C(I) = 0.0

D010 J=1,2

xM(1,J) = 0.0
10 CONTINUE
CALCULATION OF MATRIX ELEMENTS
DO 20 I = 1,N
X2 = X(I)**2

C(l) = C(1) + Y(I)*WEIGHT (I)

C(2) = C(2) + Y(I)*X(I)*WEIGHT(I)
XM(1,1) = XM(1,1) + WEIGHT (I)
XM(2,2) = XM(2,2) + X2*WEIGHT(I)
XM(1,2) = XM(1,2) + X(I)*WEIGHT(I)
XM(zll) = XM(1,2)

20 CONTINUE
CALCULATION OF COFACTORS

COFE(1l,1) = XM(2,2)
COFE(2,2) = xM(1,1)
COFE(1,2) = -XM(2,1)
COFE(2,1) = -XM(1,2)

DETM = (XM(1,1)*COFE(1l,1)) + (XM(1l,2)*COFE(1,2))
CALCULATION OF INVERSE MATRIX ELEMENTS
DO30I=1,2
DO 30T = 1,2
COFX(I,J) = COFE(1,J)/DETM

30 CONTINUE )
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40
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60

70

80
99
100

1ol

102

103

104

105
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CALCULATION OF IDENTITY MATRIX
DO 35 I 1,2
DO 35 J
AI(I,J)
DO 35 L
AI(I,J)
CONTINUE
DO 40 I =
DO 40 J =
A(I) = A(T
CONTINUE
DO 50 I 1
SUMA = SUMA
1
1

I,J)+XM(I,L)*COFX(L,J)

COFX(I,J) *C(J)

WEIGHT (I)* ((A(1) + (A(2)*X(I))-Y(I))**2)
CONTINUE
DO 60 I
DO 60 J
SIGMA(I,J) = COFX(I,J)*SUMA/(N-2)

CONTINUE

DO 70 I = 1,2

DO 70 J = 1,2

DELTA(I,J)=SIGMA (I,J)/(DSQRT (SIGMA (I, I))*DSQRT
1(SIGMA(J,J)))

CONTINUE

DO 80 I = i,N

E(I) = A(1l) + A(2)*X(I)

RESID(I) = Y(I) -E(I)

CONTINUE

WRITE (6,99) (AID(I), I = 1,80)

FORMAT ('O', 8OAl)

WRITE (6,100) (A(1),A(2))

FORMAT ('0O',//' A(l)= ',G15.5,' A(2)= ',G15.5)
WRITE (6,101) (SIGMA(1,1), SIGMA(2,2))

FORMAT ('0',// ' SIGMA(l,l)= ',Gl5.5,' SIGMA (2,2)=

1 ',G15.5)

WRITE (6,102) DELTA(1,2)

FORMAT ('O',//' DELTA(1,2)= ',G15.5)
WRITE(6,103)

FORMAT ('0O',///,6X'X(I)"',10X'Y(I)"',10X'E(I) ", 8X"
1RESID(I) ')

WRITE (6,104) (X(I), &(I), E(I), RESID(I), I=1,N)
FORMAT (4G15.5)

WRITE (6, 105) ( (AI(I,J),J=1,2), I=1,2)

FORMAT (2G13.6)

GO TO 999

END



APPENDIX III

USING LEAST SQUARES ANALYSIS

VALUES OF THE PARAMETERS FOR TOAHCl - ¢@NO, - @H - AQUEOUS HC1l SYSTEM AT 10°¢

gNO) 2 2 2
ExpE. Frggéfon A1 °ny "2 °a, #3 °a,
80 0.00 ~0.597 . 0.0526 907. 1.90(10%)  o.o118 9.5(10”%)
81 0.05 ~0.288 0.0128 451. 2.93(10%)  0.00587  3.07(10”%)
82 0.10 1.62 0.0147 544, 3.54(10%) -0.00381  2.95(10°°%)
83 0.20 21.8 9.26 867. 1.48(10%)  0.0513 0.00401
84 0.30 66.8 76.4 858. 3.99(10%)  0.715 0.0536
85 0.35 98.4 98.1 473. a.10010Y)  0.367 0.0539

0. 40 90.1 53.8 822. 2.19(10%)  1.78 0.0475

86

*
Variance



APPENDIX IV

VALUES OF THE PARAMETERS FOR TOAHCl - @NO, - @H - HCl (AQUEOUS) AT 25°C
USING LEAST SQUARES ANALYSIS

Expt g.{N 12 A 2" A 2" 2"
xpt. ole o o A o

Fraction 1 Al 2 AZ 3 A3
60 0.00 ~1.18 0.093 1406. 2.82(10;)  0.0241  2.24(1007)
59 0.05 0.803 0.0692 769. 7.75(105)  -0.0159 _, 4.54(10_2)
58 0.10 2.29 0.0293 885. 8.03(103)  1.81(10]) 7.16(10_%)
57 0.15 13.9 0.658 941, 2.75(103)  2.00(1073) 2.40(10™%)
56 0.20 33.1 3.17 1400. 6.48(103)  0.172 0.00165
55 0.25 48.2 19.2 1390. 2.07(10;)  0.715 0.0146
54 0.30 90. 2 219, 1880. 2.00(103)  0.411 0.139
53 0.35  126. 158. 1400. 8.83(10;)  1.77 0.133
51 0.40  139. 498. 1320. 2.49(10;)  1.60 0. 409
52 0.45  238. 224. 965. 8.50(10;)  4.43 0.221
50 0.50  113. 647. 1130. 2.18(107)  4.63 0.877
49 0.55  125. 627. 1330. 1.89(10%)  7.55 1.02
47 0.60  119. 380. 1740. 1.32(103)  8.04 0.622
46 0.65 56.0 700. 2510. 2.91(103)  9.62 1.39
45 0.70 718 347. 3490. 3.27(107)  3.66 0. 404
44 0.75 8.4 202. 852. 5.30(lod)  7.17 0.444
43 0.80  146. 580. 442. 1.11(103)  12.4 1.24
42 0.85 28.3 647. 228. 7.96(lof)  15.8 2.36
41 0.90 42.6 653. 494. 1.17(107)  12.0 1.88
40 0.95 13.5 635. 877. 1.04(107)  18.4 2.18
39 1.00 66.5 1328. 198. 2.68(10%) 11.4 3.14

*
Variance



APPENDIX V

VALUES OF THE PARAMETERS FOR TOAHCl - @NO

USING LEAST SQUARES ANALYSIS

- gH - HC1l (AQUEOUS) AT 40°c

Expt. gggg Al ai* A2 oi* A3 oi*
Fraction 1 2 3

73 0.00 ~1.11 0.113 1751. 1.7(10%)  o0.0395 2.88(107°)

74 0.05 0.099 0.704 809. 1.66(10%) o0.0321 2.89 (1074

75 0.10 0.236 0.057 1150. 2.11(103)  0.0269 1.75(107°)

87 0.15 3.89 0.498 2040. 1.19(10%  o0.0202 1.33(10™%)

76 0.20 20. 8 4.86 1830. 2.62(10%) -0.0226 0.00131

77 0.30 40.4 65.5 2330. 1.25(10%)  0.287 0.0332

78 0.35 30.9 251, 2670. 3.22(10°) 1.20 0.224

79 0.40 47.7 146. 2170. 1.40(10°) 1.30 0.122

*

Variance



0.10 MOLAR TOAHC1

APPENDIX VI

EQUILIBRATION STUDY

0.30 MF @¢NO, IN @H

0.965F HC1 TEMPERATURE = 250(C
Fe (I1I) Shaking Time
Expt. (Moles/1) (Hours) E Ave. E
8-1-a 1077 X% 7.22 7.11
b 6.99
2-a % 7.26 7.38
b 7.50
3-a 1 8.18 8.18
b -
4-a 2 10.7 10.3
b 9.80
5-a 4 6.14 6.10
b 6.06
6-a 8 8.39 8.51
b 8.23
7-a 24 27.8 27.7
b 27.5
8-a 48 16.3 17.3
b 18.3
9-a 72 28.5 28.8
b 29.1
10-a 96 27.4 27.0
b 26.7
9-1-a  1.03(10" % 3 19.4 19.1
b 18.9
2-a 1 19.5 19.0
b 18.5
3-a 2 16.5 17.2
b 17.8
4-a 4 16.7 16.8
b 16.9
5-a 8 15.4 15.6
b 15.7
6-a 20 18.8 19.3
b 19.8
7-a 24 17.4 17.2
b 16.9
8-a 48 18.5 18.4
b 18.4
9-a 72 21.2 20.9
b 20.6



Fe(III)

Shaking Time

Expt. (Moles/1) (Hours) E Ave. E
9-10-a  1.03(10” %) 96 25,7 24.3
b 22.9
10-1-a =10~/ % 5.54 5.31
b 5.08
2-a 1 5.95 5.77
b 5.60
3-a 2 5.99 5.86
b 5.74
4-a 4 6.81 6.55
b 6.28
5-a 8 9.65 10.4
b 11.1
6-a 24 18.2 18.0
b 17.8
y 48 17.7 17.4
b 17.1
8-a 72 22.9 21.2
b 19.5
9-a 96 20.9 21.4
b 21.8
11-1-a  1.03(10°% % 17.9 17.7
b 17.6
2-a 1 18.0 17.6
b 17.1
3-2 2 17.1 17.4
b 17.7
4-a 4 16.9 16.8
b 16.7
5-a 8 13.1 13.8
b 14.6
6-a 24 18.4 19.6
b 20.8
7-a 48 19.9 19.3
b 18.6
8-a 72 19.7 21.8
b 23.9
9-a 96 22.7 22.7
b 22.7

96



APPENDIX VII

METAL DEPENDENCE STUDY

0.96F HC1 TEMPERATURE = 25°C
TOAHC1 @NO Fe (III)
Expt. Moles/1l (Mole Frgction) Moles/1 E Ave. E
12-1-a 0.10 0.30 1.8(1071) 0.351 0.354
b 0.363
c 3 0.348
2-a 1.8(10 ) 13.3 13.5
b 13.6
c s 13.6
3-a 1.8(10 7) 18.2 17.9
b 17.8
c -7 17.8
4-a 4(10 %) 14.8 15.2
b 15.1
c 15.7
13-1-a 0.01 0.30 1.8(107%) 0.027 0.027
b 0.028
c -3 0.026
2-a 1.8(10 °) 0.245 0.248
b 0.246
c ' -5 0.252
3-a 1.8(10 ) 1.10 1.12
b 1.12
c -7 1.13
4-a 3.8(10 ') 1.03 1.03
b 1.04
c 1.01



I

TOAHC1 #NO, Fe (IIT)
Expt. Moles/1l (Mole Fraction) Moles/1l E Ave. E
15a-1-a 0.05 0.30 1.8(10° % 4.70 4.56
b 4.41
2-a 1.8(1077) 4.26 4.18
b e 4.09
3-a 2(1079) 5.80 5.69
b 5.59
4-a 2.5(10" ) 5.64 5.56
b 5.48
15B-1-a 0.03 0.30 1.8(107% 2.52 2.49
b 2.45
2-a 1.8(10°3) - 2.94
b e 2.94
3-a 2(10°%) 3.32 3.25
b 3.17
4-a 2.5(10"7) 3.46 3.51
b 3.56
15C-1-a 0.009 0.30 1.8(10°% 0.505 0.500
b 0.495
2-a 1.8(1072) 0.905 0.886
b 0. 866
3-a 2(1079) 0.903 0.920
b 0.937
4-a 2.5(10" ") 1.05 0.965
b 0.88
15D-1-a 0.006 0.30 1.8(10° % 0.320 0.313
b s 0.307
2-a 1.8(10°2) 0.611 0.630
b 0.648

86



Moles/1l (Mole Fraction)

Fe(III)
Moles/1

E

6y

2.5(10

2(10°
7y
1.8(10”%

1.8(107°
6

2.5(10"

)

2(10°

7y

4

1.8(10 7)

3)

1.8(10°
6y

2.5(10°

2(10°

7y

0.612
0.638
0.616
0.568

0.122
0.129
0.280
0.278
0.361
0.332
0.336
0.286

0.0430
0.0498
0.106
0.114
0.112
0.110
0.0959
0.0647

66



APPENDIX VIII

DISTRIBUTION OF Fe(III) BETWEEN TOAHC1l - NITROBENZENE - BENZENE AND 0.97F AQUEOUS HC1

+

(Fe (III)) TEMPERATURE = 10 = .1°%
x + L]
Expt. @NO > ) TOAHC1l E Ave. Corr. Calculated
(Mole Fraction) Moles/1 E E
80-1-a 0.0 0.1 2.90 2.83 3.28
b : 2.68
c 2.91
2-a 0.06 .999 0.993 1.19
b .987
c .993
3-a 0.03 .284 0.295 0.298
b .292
c .308
4-a 0.01 .0459 0.0462 0.0338
b .0453
c .0474
5-a 0.006 .0162 0.0167 0.0125
b .0173
o] .0166
6—a 0.003 .00448 0.00446 0.00339
b .00447
c .00443
7-a 0.001 .0006 39 0.000474 0.000536
b .000447
c .000336
8-a 0.0006 .000216 0.000269 0.000269
b .000322
c



*
Expt. gno, TOAHC1 . Ave. Corr.' calculated?
(Mole Fraction) Moles/1 E E
80-9-a 0.0 0.0003 .000128 0.000123 0.000129
b -
c -—
10-a 0.0001 . 0000608 0.0000608 0.0000565
b —
C —
ll-a none .0 0.0 0.0
b .0
g8l-1-a 0.05 0.1 3.72 3.86 4,49
b 3.91
c 3.93
2-a 0.06 1.44 1.43 1.61
b 1.43
c 1.41
3-a 0.03 .403 0.399 0.398
b . 406
c «390
4-a 0.01 .0525 0.0523 0.0428
b .0536
c .0507
5-a 0.006 .0151 0.0168 0.0150
b .0183
c 0171
6—~a 0.003 .00441 0.00421 0.00352
b .00408
c .00414
7-a 0.001 000538 0.000461 0.000348
b .000384
c

10T



3
TOAHC1

o

@NO Ave. Corr. Calculated
Expt. (Mole Frgction) Moles/1 E E E
81-8-a 0.05 0.0006 .0000855 0.000102 0.000133
b -
c .000118
9-a 0.0003 - 0.000115 0.0000557
b .000115
c -
10-a 0.0001 - 0.000032 0.0000343
b .000032
c -— -
11l-a none .0 0.0 6.0
b .0
82~1-a 0.10 0.1 5.40 5.29 5.60
b 5.17
c 5.31
2-a 0.06 1.92 1.92 2.05
b 1.91
c 1.91
3-a 0.03 .556 0.555 0.537
b .545
c .563
4-a 0.01 .0799 0.0774 0.0702
b .0765
c .0757
5-a 0.006 0305 0.0312 0.0290
b .0314
c .G3516
6-a 0.003 .C0926 0.00961 0.00955
b .00963
c .00994

20T



@NO >

(Mole Fraction)

x
TOAHC1
Moles/1

E

Ave. Corr.

E

Calculated¢

E

Y]
!

-
?

11-

T Y
QU QTP QUQOQU

[84]
!

0.10

0.20

0.001

0.0006

0.0003

0.0001

none

0.1l

.00193
.00221
.00208
.000893
.000955
.00122
.000597
.000416
.000351
.000161
.000104

.0

10.2
10.4
10.2

4.37
4.25
4.52
1.56
1.57
1.52
. 366
.385
. 370
.190
.204
.179

0.00207

0.00102

0.000455

0.000133

0.0

10.3

0.00205

0.00108

0.000470

0.000130

0.0

11.1

€0t



Expt.

(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.

E

Calculated

%
)

83-6-

(o0
-9
1 - bt
R T S S
i
abpaUsabpabY TPQTNOTNQTNQTRQUDY

>
1

0.003

0.001

0.0006

0.0003

0.0001

none

.0838
.0853
.0827
.0237
.0245
.0222
.0124
.0133
.0114
.00675
.00742
.00894
.00344
.00381
.00428

.000531

. 000566

14.0
14.0
14.2

7.44
8.34
7.34
3.20
3.33
3.34
.940
.930
.924

0.0834

0.0229

0.0118

0.00716

0.00329

5.49 (10

14.1

0.0762

0.0243

0.0147

0.00751

0.00270

vOoT



Expt.

@NO 2
(Mole Fraction)

*
TOAHC1
Moles/1l

E

Ave., Corr.

E

Calculated

E

]

84-5-

00]
m
] - b
O O O
ATRPATPQAUTY TpaUTRNOTRQORDQUTEQDTRQUD

w
1

0.30

0.006

0.003

0.001

0.0006

0.0003

0.0001

none

.524
.544
.535
. 245
.249
.234
.0843
.0752
.0785
.0521
.0480
.0505
.0388
.0353
.0340
.0175
.0177
.0172

.000945

.00125

14.0

14.5

14.6
7.43
7.20
8.31
3.49
3.72
3.33

0.533

0.242

0.0491

0.0349

0.0164

1.10(10°

0.487

0.247

0.0903

0.0579

0.0325

0.0139

14.7

7.69

SoT



*
Expt @No, TOAHC1 : Ave. Corr.' calculated®
‘ (Mole Fraction) Moles/1 E E
85-4-~-a 0.35 0.01 1.13 1.15 1.08
b 1.11
c 1.21
5-a 0.006 .678 0.727 0.636
b .791
c .714
6-a 0.003 .352 0.365 0.319
b . 350
c . 396
7-a 0.001 .0956 0.0958 0.110
b .0982
c .0947
8-a 0.0006 .0495 0.0572 0.0682
b .0698
(o] .0555
9-~-a 0.0003 .0346 0.0361 0.0359
b .0389
c .0378
10~a 0.0001 .0192 0.0158 0.0135
b .0151
c .01l61 -4
1ll-a none .00105 9.94(10 ) -
b .000935
86-1-a 0. 40 0.1 17.1 17.1 17.8

b 17.4
c 16.9
2-a 0.06 9.52 8.95 8.80
b 8.47
c 8.88

90T



x
¢N02 TOAHC1 E Ave. Corr.f CalculatedQ

(Mole Fraction) Moles/1 E E

86—-3-a 0.40 0.03 3.91 3.93 3.75
3.98
3.90
0.01 1.29 1.21 l.16
1.18
1.17
0.006 . 806 0.729 0.708
.636
. 750
0.003 .423 0.385 0.375
.338
.399
0.001 .138 0.134 0.147
.140
.127
0.0006 .0886 0.0883 0.0980
.0969
.0828
0.0003 .0586 0.0587 0.0579
.0612
.0599
0.0001 .0299 0.0304 0.0268
.0328
.0318 _
none .000822 1.16 (10
. 00150

5N
i

2}
1

N
i

~J
i

o]
{

(e}
!

[
o
i

3

-
T
Taoqovsaopaoosaq0O pabpabbpalboT

) -

*The amine salt concentrations are accurate to three significant figures.
+Represents the average E minus the E for the organic solvent.
®The computor least squares value of E.

LOT



APPENDIX IX

DISTRIBUTION OF Fe(III) BETWEEN TOAHCl - NITROBENZENE - BENZENE AND 0.97F AQUEOUS HC1

-7 + L0

MOLAR TEMPERATURE = 25 - ,2°C

(Fe (III)) 10

. *
@NOo TOAHC1 Ave. Corr. Calculated®

Expt. (Mole Fraction) Moles/1 E E

60~-1-a 0.00 0.1 4.63 4,22 5.44
3.65

4.37

0.06 1.49 1.62 1.96
1.69

1.68

0.03 .485 0.498 0.489
.520

.490

0.01 .073 0.0735 0.0546
.0733

.0740

.0480 0.0456 0.0351
.0434

.0453

0.006 .0278 0.0273 0.0199
.0269

.0272

0.003 .00748 0.00733 0.00524
.00735

.00716

0.001 .000895 0.000869 0.000822
.000866

.000846

W [\
i 1

i-N
|

~J [=)]
I |

[oo] [$4]

| U
aopoaUpQUTwaUO0IQU0Q0Y Q0

(@)

o

o

[=0)



Expt.

@NO»,
(Mole Fraction)

*
TOAHC1l
Moles/1

E

Ave. Corr.f

E

CalculatedQ

E

60-9~-a

- = et
Y v 9
s Q0P QTCTEPQTEPQU

=
w
i

59-1-a

R
oo QqTogbrU

wn
1

0.00

0.0008

0.0006

0.0003

0.0001

none

.000566
.000413
.000565
.000363
.000335
.000394
.000308
.000321
.000341
.000119
.000126
.000112
.0

.0

7.48
7.42
7.39
2.65
2.62
2.63
. 700
.710
.717
.0886
.0890
.0881
.0574
.0604
.0591

0.000515

0.000364

0.000323

0.000119

0.709

0.0886

0.0590

0.000607

0.000431

0.000229

0.000118

0.713

0.0833

0.0542

60T



Expt.

@#NO o
(Mole Fraction)

x
TOAHC1
Moles/1

Ave. Corr.

E

-'.

CalculatedQ

E

59-6-

loo] ~
i |

(X}
i
QooQUPQU0OOPQTOQUDY

10-

~ b
N ot
) )

)

o
¥
o0 Q0T

58-1-a

N
)
QaosQUT

0.05

0.006

0.003

0.001

0.0008

0.0006

0.0003

0.0001

none

.0314
.0346
.0304
.00790
.00875
.00920
.00109
.000925
.00115
.000574
.000750
.000556
.000455
.000421
.000306
.000105
.000167
.000103
. 000004

.000032
. 000048
. 000047

9.27

8.91
8.88
3.29
3.06
3.16

0.0321

0.00862

0.00106

0.000627

0.000394

0.000125

0.0313

0.00846
0.00107
0.000684

0.000368

o1t



@NO,

(Mole Fraction)

*
TOAHC1
Moles/1

Ave.

E

Corr.

CalculatedQ

E

- s
O ST S S
oo QUORPQATRQUDQETRQADTIQTRPQTQUD

[
N
1

0.10

0.008

0.006

0.003

0.001

0.0008

0.0006

0.0003

0.0001

.811
.842

. 896
.115
.115
.115
.0804
.0811
.0755
.0468
.0445
.0446
.0181
.0147
.0154
.00283
.00343
.00338
.00223
. 00207
.00235
.00177
.00168
.00133
.000809
.000875
.000876
.000241
.000239
.000231

0.850

0.115

0.079

0.0453

0.0161

0.00321

0.00222

0.00159

0.000853

0.000237

0.865

0.111

0.0749

0.0456

0.0148

0.00318

0.00240

0.00169

0.000769

0.000239

T1T



£ 3
@NO TOAHC1 Ave. Corr.T Calculated?

2 .
Expt. (Mole Fraction) Moles/1l E E

58-13-a 0.10 none .000165 1.58 (10”4

b .000151

) -

0.15 0.1 9.54 10.2 10.8
10.3
10.7
0.06 4.26 4.20 4,22
4.03
4,32
0.03 1.26 1.27 1.26
1.27
1.29
0.01 .232 0.246 0.233
.247
.260
0.008 .187 0.181 0.171
.174
.182
0.006 .126 0.127 0.117
127
.129
0.003 .0535 0.0524 0.0502
.0491
.0546
0.001 .0137 0.0136 0.0149
.0151
.0121
0.0008 .0108 0.0104 0.0118
.0102
.0101

(93]

)

T T T T e ]

NP QURQATRQURATRNQTNQTBQTNAQU

[o2]
1

\O
!

[ANS



*
@NO, TOAHC1 Ave. Corr.+ Calculated¢

(Mole Fraction) Moles/1 E E

57-10-a 0.15 0.0006 .00917 0.00921 0.00871
b .00854
c .00992
l11l-a 0.0003 .00420 0.00433 0.00428
b .00424
o] .00424
12-a 0.0001 .00153 0.00147 0.00142
b .00167
c .00122 _
13-a none .00067 5.6(10
b . 00046

4, .

56-1-a 0.20 0.1l 17.9 17.8 17.4
17.7
17.7
0.06 6.96 6.54 7.07
6.37
6.31
0.03 2.36 2.33 2.28
2.32
2.31
.515 0.510 0.488
.515
. 500
0.008 . 384 0.389 0.370
371
411
0.006 .281 0.277 0.262
.267
.282

N
i

T T
aupadpabbsadraUuaU
o
o]
=

w
i

)]
I

€TT



Expt.

@NO,
(Mole Fraction)

*
TOAHC1
Moles/1

BE

Ave. Corr.+

E

Calculated¢

E

56-7-a

=
O o (o0}
§ U §

-
YO

}—l
¥
CpaqUplfToaqUboaUpQUOVMQUD

55-1-a

v
aopaowao

w
1

0.20

0.003

0.001

0.0008

0.0006

0.0003

0,0001

none

.129
127
.128
.0384
.0378
.0374
.0300
.0304
.0303
.0226
.0244
.0232
.0115
.0138
.00572
.00534
.00542
.000516
.000754

16.8

19.2

18.9
8.50
7.45
7.98
2.84
2.83
2.84

0.128

0.0378

0.0302

0.0234

0.0127

0.00549

4

6.35(10 )

18.3

0.121

0.040

0.0323

0.0246

0.0130

0.00505

1t



*
@NOH TOAHC1 Ave. Corr.+ CalculatedQ

Expt. (Mole Fraction) Moles/1l E E

55-4-a 0.25 0.01 .912 0.821 0.692
.782
.170

0.008 .478 0.528 0.538
.592
.515

0.006 .422 0.434 0.394
.385
.495

0.003 .202 0.194 0.196
. 200
.181

0.001 .0627 0.0626 0.0722
. 0659
.0594

0.0008 .0579 0.0547 0.0596
.0538
.0524

0.0006 .0508 0.0468 0.0469
.0438
.0459

0.0003 .0311 0.0286 0.0270
.0277
.0270

0.0001 .0148 0.0130 0.0120
.0133
.0110

none . 00066 0.00054 -
.00042

~J [e)] wn
[ 1 1

[o0]
|

- - =
LR
UpavwQUTQTNQOTNQTMATNQTNOTNOQUT

=
w
1

STT



Expt.

PNO,
(Mole Fraction)

TOAHC1
Moles/1

Ave. Corr.

E

-i.

Calculated°

E

54~1~a

S S SO L O S S
1
apaUpaveQlbsQaUoealbC a0 RPQUT

o)
(e
|

0.30

0.008

0.006

0.003

0.001

0.0008

0.0006

26.4
25.8
27.7
12.2
11.4
11.8
5.28
4.39
4.59
1.22
l.10
1.14
1.14
1.16
1.07
.716
. 725
.896
. 387
.298
.354
.0792
.0838
.0842
.0849
.0801
.0808
.0636
.0549
.0703

26.6

11.8

4.75

0.789

0.346

0.0824

0.0819

0.0629

28.0

12.3

4.47

1.13

0.879

0.641

0.310

0.105

0.085

0.0649

91T



Expt.

gNO,
(Mole Fraction)

TOAHCl*
Moles/1

Ave. Corr.

E

Calculated<p

BE

o

P

R R N )
QUQUTRQ0YQTMQTPQDPQTP

~J
i

0-30

0.35

0.0003

0.0001

none

.0258
.0335
.0292
.0178
.0190
.0243
.0003
.00073

26,7
28.0
25.8
11.9
13.9
12.5
6.30
4,71
5.06
2.57
1.67
1.55
1.14
1.57
1.34
.971
.870
. 809
.484
.554
.528

0.0295

0.0203

0.0005

26.8

0.0343

0.0131

27.1

LTT



Expt.

@NO,
(Mole Fraction)

*x
TOAHCL1
Moles/1

Ave. Corr.
E

.i-

Calculated¢

E

53-8-a

i =
Vo9 F
UpabwabpabmMQUTaT

[
N
i

[
w
i

51-1-a

¢ oy
QoDoaQU0MQOEQU

S
|

0.35

0.001

0.0008

0.0006

0.0003

0.0001

none

.174
.175
.194
.140
.121
.119
.104
.126
117
.0732
.0820
.0585
.0346
.03717
.0365
.000847
.001554

22.6
30.3
23.6
14.5
12.6
15.6
5.36
6.51
6.07
1.74
l1.60
1.78

0.180

0.125

0.115

0.0700

0.035

0.0012

25.5

14.2

0.183

0.151

0.119

0.0684

0.0302

27.6

13.5

81T



Expt.

@NOp
(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.

+ ¢

Calculated
E

51-5-

N
I

= =
R O R
TpoaTRMQTRNQOQTRQADTRNQTRNQTRNQUTRQD

[
N
1

=
w
1

OQ4O

0.008

0.006

0.003

0.001

0.0008

0.0006

0.0003

0.0001

none

1.78
1.41
1.74
1.65
1.49
1.41
. 348
.393
.495
.208
. 206
.186
.147
. 149
.162
.120
.0982
. 117
.0515
.0716
.0737
.0468
.0389
.0350
.00148
.00197

00403

0.197

0.151

0.110

0.0639

0.0385

0.0017

1.34

1.00

0.515

0.190

0.157

0.123

0.0694

0.0298

6TT



Expt.

@#NO 2
(Mole Fraction)

TOAHCl*
Moles/1

Ave. Corr.

E

1-

Calculated¢
E

52-1-a

S O S W S S S
!
auvpaobpQQUTpoaDQpaDATMQTDPQATYQUD

=
?

0.45

0.008

0.006

0.003

0.001

0.0008

0.0006

35.5
33.9
32.4
19.2
19.9
19.4
10.2
8.95
8.59
2.38
2.58
2.60
2.68
2.17
2.35
1.86
1.67
2.19
1.11
1.07
1.05
.361
.401
.376
.338
.317
.322
.241
.253
.243

33.9

19.5

0.327

0.244

34.9

18.8

0.316

0.251

ozt



Expt.

¢N02
(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.

E

Calculated¢

E

52-11-a

Ul
?
ul > W N = = =
| | ! | | W ()
aQuUesabrsaoeadusabpadopaqoe | J
TpoTaqQU

o)
I

~
1

0.45

0.50

0.0003

0.0001

none

-134
.146

.143

.0720
.0690
.0769
.0018
.0018

23.8
22.5
23.0
12.2
11.9
11.0
5.86
4.74
6.11
2.41
2.48
2.03
1.61
1.58
1.61
1.29
1.07
.970
.525
.449
.487

0.139

0.0708

0.0018

23.1

1.60

0.148

0.0680

Tt



Expt.

@NO o

{(Mole Fraction)

TOAHCl*
Moles/1

Ave. Corr.
E

1.

Calculated
B

50-8-

- - =
L
Y Q0pQU0YP Q0 QUTMQQDW

[
Iy
(o

49~1-a

N
1

T
NoTpaQTQUOYYQU

0.50

0.001

0.0008
0.0006
0.0003

0.0001

none

.233
.283
.235
.194
.243
.204
.141
.150
.168
.133
.118
.l61
.0829
.0647
.0867
.0022
.0022

27.0
27.1
22.6
14.6
14.3
17.0
7.52
8.31
6.53
2.36
1.99
2.26

0.248

0.212

0.151

0.135

0.0759

0.0022

25.6

15.3

0.260

0.222

0.181

0.114

0.0576

28.1

14.1

¢cl



Expt.

@NO2
(Mole Fraction)

*%
TOAHC1
Moles/1

Ave. Corr.

E

.f-

CalculatedQ

49-5=-3

N
[

~J
1

P
|
pPoabosaqboopwabear

|
?

=
-
i

- -
v v
UCpadpabyab

47-1-a

0.55

0.008

0.006

0.003

0.001

0.0008

0.0006

0.0003

0.0001

none

1.84
1.62
2.22
1.29
1.28
l.81
.485
.820
.358
.467
.268
.243
.292
.268
.241
.268
.320
.191
. 222
.192
.0950
.0789
.136
.0030
.0034

29.9
30.1
27.8

1.89

1.46

0.653

0.362

0.268

0.276

0.201

0.103

0.0032

29.3

0.799

0.365

0.314

0.260

0.168

0.0880

31.9

€CT



@NO2

Expt. (Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.
E

1-

Calculated(I>
E

47-2- 0.60

S D A N A |
P a0 ATYPATLDQUYQEAUTY

-
(@]
i

=
v
(o BRenN TN o REouN TINo R 2 o T o 2 TR o 3K 03

0.008

0.006

0.003

0.001

0.0008

0.0006

0.0003

17.8
l6.4
15.9
5.62
8.04
8.13
1.93
2.18
2.26
1.87
1.89
1.86
1.39
1.29
1.63
.905
.907
.536
.164
.330
.485
. 355
.266
.365
.363
.247
.249
.168
.209
.226

16.7

1.88

1.43

0.783

0.326

0.329

0.248

0.201

0.813

0.375

0.324

0.269

0.175

vet



*
Expt PNO, . TOAHC1 E Ave. Corr. Calculated¢
y (Mole Fraction) Moles/1 E E
47-12~-a 0.60 0.0001 .102 0.113 0.0923
b .119
c .116
13-a none .0024 0.004 -
.0058
46-1-a 0.65 0.1l 34.7 31.0 33.7
b 27.9
c 30.5
2-a 0.06 13.0 15.6 14.7
b 17.0
c 16.8
3-a 0.03 6.13 6.10 5.60
b 6.57
c 5.61
4-a 0.01 2.11 2,07 1.77
b 2.68
c 1.42
5-a 0.008 1.93 1.93 1.47
b 1.92
c -
6—-a 0.006 -— 0.956 1.17
b .438
c .870
7-a 0.003 .519 0.592 0.717
b .509
c .747
8—-a 0.001 - 0.442 0.363
b . 346
c .539

YA



Expt.

@NOoy
(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.

E

.l-

Calculated¢
E

46-9-a

10-a

11-

>

Ut

! = -~
O R

opQUTEQUNQUD

>
1

Ul
i
QUYsQDooQUOPQUOPQTE

0.65

0.70

0.0008

0.0006

0.0003

0.0001

none

.228
.395
.325
.248
.238
.436
.116
.213
.216
.0942
.155
.0691
.00249
.00319

41.4
37.2
40.6
16.2
19.0
19.0
6.60
5.83
8.25
1.46
1.43
1.41
1.02
1.02
1.30

0.316

0.307

0.182

O. 106

0.0029

39.7

18.1

6.89

1.43

1.11

0.318

0.270

0.184

0.102

43.2

9¢1



Expt.

@NO2
(Mole Fraction)

TOAHCl*
Moles/1

Ave.

E

Corr.

1.

Calculated(1>

E

45-6-

= g
s (@] O (o] ~]
i | | i |

CpaTpQCNQDNQATRQDRNQUTD QO

-
N
1

QU QU

0.70

0.75

0.006

0.003

0.001

0.0008

0.0006

0.0003

0.0001

none

l1.01
772
. 805
.521
.567
.461
.252
.156
.254
.158
.123
.168
114
.110
.118
.105
.132

.0554
.0690
.0584
.00901
.00825

17.0

13.4

14.9
7.13
8.72
7.01

0.863

0.516

0.221

0.150

0.114

0.119

0.0606

0.0087

15.1

7.62

0.840

0.447

0.191

0.163

0.134

0.0852

0.0438

Lzt



Expt.

@NO-

(Mole Fraction)

TOAHCl*
Moles/1

Ave. Corr.

T 9

Calculated

44-3-a

l—-l
o O (e o) ~ N Ut o>
i { i ! 1 } 1

[ mad
v
Ao UORQUMQDOYODRRQDOMQU

0.75

0.008

0.006

0.003

0.001

0.0008

0.0006

0.0003

4.09
4.31
3.82
.961
1.42
1.34
.842
1.39
1.28
.752
.931
.833
.521
.636
.479
. 349
.258
.231
.171
.257
.264
.188
179
167
.112
161

1.17

0.839

0.545

0.279

0.231

0.184

0.147

1.08

0.877

0.546

0.276

0.242

0.205

0.139

8¢C1T



Expt.

@NO2

(Mole Fraction)

TOAHCl*
Moles/1

Ave. Corr.
E

-'.

Calculated¢

E

44-12-a

43~-1-a

Toowopo e ®
aUesaopaTesQboaTPOTPODTY QD

~J
I

[e2]
1

0.75

0.80

0.0001

none

0.003

0.001

.124
.0841
.123
.00536
.00551

21.9
22.2
24.7
l6.3
13.6
15.5
7.57
8.37
6.79
3.04
2.85
2.17
2.27
2.24
2.55
1.88
1.71
1.93
1.23
1.31
1.14
.668
.511
.539

0.110

0.0054

22.9

1.23

0.573

0.0766

24.0

1.16

0.555

6CT



Expt.

¢N02
(Mole Fraction)

*
TOAHC1
Moles/1l

Ave. Corr.

CalculatedQ

E

43-9-a

- s
Vo9
ocpaQUNOTNQTNQD

[
N
i

=
W
i

42-1-a

¢ Y
paUtpU

v
aTPaTYay

9]
i

0.80

0.0008

0.0006

0.0003

0.0001

none

.544
.471
.456
.356
.493
.492
.282
.221
.139
.159
.189
175
.00102
.000753

9.12
9.18
7.04
8.94
5.49
4.21
4.64
1.67
1.54
2.12
1.56
1.29
1.15

0.490

0.447

0.217

0.174

0.00089

0.482

0.403

0.266

0.142

OET



*
Exot TOAHC1 E Ave. Corr.+ Calculated¢
pt. (Mole Fraction) Moles/1 E E
42-6-a 0.85 0.006 1.25 1.30 1.40
b 1.37
o] 1.28
7-a 0.103 1.13 1.03 0.951
b .993
(o] .962
8-a 0.001 .604 0.497 0.527
b .493
c « 395
9-a 0.0008 .556 0.481 0.469
b .457
c .429
10-a 0.0006 .466 0.476 0.403
b R
c .486
ll1-a 0.0003 .298 0.334 0.282
b .403
c .301
12-a 0.0001 .136 0.152 0.1l61
b .211
c .108
13-a none .00124 0.0018 -
b .00236
41-1-a 0.90 0.1 14.2 12.8 13.0
b 12.5
c 11.7
2-a 0.06 6.17 7.47 7.28
b 6.19
c 10.1

TET



Expt.

(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.+

Calcula’r:.ed(l>

41-3-

=
@] 0 0 ~ (o)) Ui 1N
1 | I i i 1 |

)

=
i
nopaTooaTPAQTIPQTIQTDQDDPQTMPOT

0.008

0.006

0.003

0.001

0.0008

0.0006

0.0003

4.77
3.30
3.15
2.14
1.86
1.85
1.72
.987
1.35
1.50
1.49
. 877
.844
.719
.739
.314
.473
.358
.425
.483
.432
.269
.244
.224
177
.316
. 257

1.95

1.35

1.29

0.767

0.382

0.447

0.246

0.250

0.790

0.423

0.374

0.320

0.221

CET



@NO2

Expt. (Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.
E

1.

Calculatedq>

E

41-12-a 0.90

40-1-a 0.95

ToF T oy
1 !
aQopabpadpaldpadtUipaboqbeyanb

)
i

[se]
!

0.0001

none

0.003

0.001

127 0.176
.210

.193

.0022 0.0022
.00221

16.9 15.2
12.9
15.9
7.17 8.61
9.37
9.28
7.11 5.27
5.00
3.69
2.30 2.08
2.33
1.62
1.98 1.78
1.82
1.55
1.61 1.30
1.22
1.07
1.20 1.17
1.27
1.02
.534 0.530
.548
.508

0.124

0.596

€ET



Expt.

gNo.,
(Mole Fraction)

TOAHC1
Moles/1

Ave. Corr.

E

Calculated°
E

40-9-a

=
(®]
1

- -
YT
aboqqUwaowQUT

=
w

39-1-a

vy v
npaaUbpaOMPQTEWQUT

S,
J

0.95

0.0008
0.0006
0.0003
0.0001

none

o‘l

.483
.609
.631
.376
.461
.383
.332
.419
.399
.229
. 206
. 207

16.6

16.6
9.81
9.10
5.37
5.51
3.19
3.39
3.61
1.96
2.33
2.43
2.56
2.19
1.60

0.574

0.407

0.383

0.214

0.532

0.459

0.323

0.185

1.82

1.56

PET



x
Expt @NO 5 TOAHC1 B Ave. Corr."f Calculatedq>
* (Mole Fraction) Moles/1 E E
39-6-a 1.0 0.006 1.75 1.97 1.29
b 1.74
c 2.44
7-a 0.003 .695 0.731 0.824
b .854
c .644
8-a 0.001 .685 0.519 0.426
b .490
c .381
9-a 0.0008 .223 0.325 0.375
b .419
c .332
10-a 0.0006 .260 0.286 0.318
b . 345
c .255
ll-a 0.0003 .210 0.187 0.217
b .170
c .181
l2-a 0.0001 .141 0.160 0.120
b .204
c .135
13 none - - -

* .
TThe amine salt concentrations are accurate to three significant figures.
QRepresents the average E minus the E for the organic solvent.

The computor least squares value of E.

GET



APPENDIX X

DISTRIBUTION OF Fe(III) BETWEEN TOAHCl - NITROBENZENE - BENZENE AND 0.97F AQUEOUS HCl

(Fe (III)) 10-7 MOLAR TEMPERATURE = 40 h .ZOC

3
@NO» TOAHBC1 Ave. Corr.' calculated?

Expt. (Mole Fraction) Moles/1 E E

73-1-a 0.0 0.1 3.96 3.87 5.34
4.12
3.54
0.06 1.95 1.85 1.95
1.77
1.83
0.03 . 737 0.699 0.504
.674
- .686 '
0.01 .108 0.107 0.0638
.109
.103
0.006 .0393 0.0376 0.0259
' . 0401
.0339
0.003 .0110 0.0110 0.00846
.0115
.0110
0.001 .00188 0.00168 0.00194
.00166
.00195
0.0006 .00125 0.00100 0.00111

T T T T 1
abwalpoobaa0OCpoaorpQOUIIQTRRQUD

o]
|

.00105



*
@NO TOAHC1 Ave. Corr.+ CalculatedQ

2
Expt. (Mole Fraction) Moles/1 E E

73-9~a 0.0 0.0003 . 000699 0.000510 0.000569
b . 000558

c .000713

a 0.0001 .000553 0.000294 0.000232
b . 000389

C . 000382 _
a none 1.57(10‘3) 1.47(10

1.38(10™%)

4, _

74-1-a 0.05 0.1 11.4 10.8 8.11
10.2
10.6
0,06 1.94 1.93 2,93
1.99
1.86
0.03 1.08 1.07 0.737
1.07
1.05
0.01 .125 0.119 0.0851
111
.122
0.006 .0450 0.0432 0.0322
.0381
.0467
0.003 .0114 0.0112 0.00934
.0113
0111
0.001 .00177 0.00167 0.00192
.00176
.00181 P

T v v v N
aopaoQbDea0saT0TpQO0RPQU0

~
!



Expt.

@NO3
(Mole Fraction)

*
TOAHCLl
Moles/1

Ave., Corr.
BE

CalculatedQ

E

74-8-a

(e}
1

= b
o9
oCaQqUPOQUTNQD

75-1-a

N
i

w
|

7]
|

T g
auresadpabrsabbCpabesabU

0.05

0.0006

0.0003

0.0001

none

.00152
.00139
.000819
.000723
.000794
.000692
.000469
.000313
.000773
.000227
0000864

11.2
10.6
13.2
4,23
4.32
3.90
1.04
1.03
1.01
.107
.120
.133
.0389
.0403
.0443
.0211
.0130
.0125

0.00113
0.000606
0.000405

1.14 (10”4

11.6

0.120
0.0408

0.0152

0.00114

0.000658

0.000339

0.120

0.0448

0.0125

8ET



Expt.

@O,

(Mole Fraction)

x
TOAHC1
Moles/1

Ave. Corr.
E

CalculatedQ

E

75=T7-

o]
1

\0
1
foJRoaN Mo R o a1 o Bk o 2 TINo Bk o 2 !

10~

1ll--a

87-1-a

v Y
aUPQUTYTQTPQUTEPAAT

(8]
!

0.10

0.001

0.0006

0.0003

0.0001

none

.00244
.00272
.00230
.00151
.00158
.00164
.000875
.000981
.000915
. 000536
.000661
.000770
.000378
. 000307

18.9
19.5
18.6
6.89
7.31
6.93
2.08
1.96
1.85
.282
.283
. 247
.120
L ] 105
.116

0.00215
0.00023
0.000616
0.000313
4

3.43(10

19.0

0.00223

0.00121

0.000640

0.000304

0.245

0.0983

6€T



@NO»
(Mole Fraction)

*
TOAHC1
Moles /1

Ave. Corr.
E

Calculated¢

E

~J
U

[se]
I

=
7

=
v ¥
TpabUpalbooosQqbpnb

76-1-a

N
I

w
i
Qoo b

RS
!

0.15

0.003

0.001

0.0006

0.0003

0.0001

none

.0331
.0307
.0394
.00785
.00644
.00671
.00348
.00369
.00325
.00214
.00189
.00218
.00122
.000906
.000858
.000417
.000292

19.7
18.3
19.3

7.20
7.63
7.28
2.68
4.05
2.52
.366
.454
.418

0.0341
0.00665
0.00312
0.00171
0.000641

3.54(10'4

0.0311

0.00657

0.00356

0.00170

0.000612

ovtT



Expt.

@NO 5

(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.+

E

Calculated°

E

76-5=-a

T 7T 3T 9
]
cpQUpQTPQUENQTRQOTRQU

=
O
4

=
]
|

77=1-a

[\]
1
Aoy U

W
1

0.20

0.006

0.003

0.001

0.0006

0.0003

0.0001

none

.166
.1l44
-.197
.0613
.l1o08
.0704
.0241
.0218
.0198
.0152
.0167
.0l01
.00770
. 00707
.00561
.00244
.00333
.00191
.000383
.00102

22.6
26.1
21.0
12.3
9.93
11.0
5.55
3.99
3.92

0.168

0.0793

0.0212
0.0133
0.00609

0.00186

7.02(10" %

)
23.2

11.1

0.189

0.0778

0.0219
0.0126
0.00603

0.00188

27.4

10.9

vt



@NO,

(Mole Fraction)

*
TOAHC1
Moles/1

Ave. Corr.

E

T %

Calculated
E

O s} ~J [2)}
1 1 1 !

=
7
acpQUosabTpaloeqlbprabUaqQU

ll-a

78=1-a

i}
auvpaU

0.30

0.01

0.006

0.003

0.001

0.0006

0.0003

0.0001

none

.697

. 726

. 842

. 317
-419
.388
.165
.184
.156
.0429
.0478
.0638
.0256
.0231
.0280
.0209
.0206
.0154
.00884
.00938

.00880
6.77(107})
7.80(10 °)

21.2
27.17
29.3
13.7
10.9
11.1

0.754

0.374

0.168

0.0508

0.0248

0.0182

0.00829

7.28(10

26.1

11.9

4

0.666

0.348

0.158

0.0518

0.0321

0.0173

0.00693

) -

30.2

11.8

A AN



#NO2

*
TOAHC1

Ave. Corr.

Calculated

¢

Expt. (Mole Fraction) Moles/1 E E E
78-3-a 0.35 0.03 4,18 4,35 3.54
b 4.36
c 4.54
4~a 0.01 .921 0.833 0.696
b .744
c . 840
5-a 0.006 .333 0. 368 0.374
b .449
c .330
6-a 0.003 .194 0.193 0.182
b .172
c .220
7-a 0.001 .0678 0.0763 0.0715
b .115
c .0528
8-a 0.0006 .0327 0.0357 0.0489
b .0454
Cc .0357
9-a 0.0003 .0329 0.0318 0.0303
b .0386
c .0305
10-a 0.0001 .0403 0.0283 0.0151
b .0262
c .0251
l11-a none .00201 0.00226 -
b . 00252
79-1-a 0.40 0.1 23.7 24.2 26.9
b 23.7

25.2

EVI



x
@NO TOAHC1 E Ave. Corr.t Calculated?
(Mole Fraction) Moles /1 E E

79-2-a 0.40 0.06 12.2 11.1 11.0

Expt.

N T A
PaUp QTR QL

o
i

O
1
QUpQToQUsQOsQUD

10~

ll-a
b

3 ) o . . X
The amine salt concentrations are accurate to three significant figures.

0.006

0.003
0.001
0.0006
0.0003
0.0001

none

10.7
lo.4
3.90
4.52
4.38
.881
l.01
.746
.448
.531
.491
.226
.287
.292
.0841
.0648
.0795
.0527
.0579
.0472
.0433
.0686
.0344
.0328
.0214
.0129
.00150
.00173

4.26

0.876

0.488

0.267

0.0745

0.0510

0.0471

0.0208

0.00161

3.61

0.824

0.465

0.234

0.0910

0.0613

0.0371

0.0178

TRepresents the average E minus the E for the organic solvent.
The computor least squaresvalue of E.

A"



APPENDIX XI

DISTRIBUTION OF Fe(III) BETWEEN THAC1l - NITROBENZENE -
BENZENE AND 0.97F AQUEOUS HC1l

7 t

(Fe(III)) 10 ' MOLAR TEMPERATURE = 25 ©

.2°C

*
gNO, THAC1

Expt. (Mole Fraction) Moles/1

E Ave. E

64-1-a 0.00 0.05 38.9 41.6
42.9
43.1
0.03 1l6.1 16.0
l6.1
15.7
0.01 2.49 2.37
2.30
2.31
0.006 2.26 2.00
1.84
1.89
0.003 1.01 1.06
1.09
1.07
0.001 0.282 0.252
0.219
0.254
0.0006 0.573 0.521
0.512
0.478
0.0003 0.493 0.485
0.455
0.508
0.0001 0.163 0.168
0.177
0.163

N
1

T T T L
Toaqbsadosadesaoceb

@
!

\te)
1
QU Q0T UMQO

71-1-a 0.00 0.05 39.7 39.1
38.4
39.1
15.3 15.1
15.2
14.9
0.01 3.08 3.08
3.10
3.07
0.006 1.72 1.72
1.76
1.68

v oy
TCopaU
1]
L]
]
w

0
QUM QU QO
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Expt.

@NO2
(Mole Fraction)

*
THAC1
Moles/1

Ave. E

71-5-

T 3 9
QU QUONQUOPAUTY QU

Xo]
!

66-1-a

I A T S LY
QU QTN QUTPATDTSQDIQU0OPQOTDPQDOWOQU

o]
)

o
i

0.00

0.003

0.001

0.0006

0.0003

0.0001

0.006

0.003

0.001

0.0006

0.0003

0.0001

0.909
0.899
0.909
0.371
0.353
0.501
0.374
0.384
0.338
0.358
0.377
0.513
0. 206
0.209
0.209

49.5
48.8
49.6
30.4
27.5
29.6
9.81
8.81
9.62
5.76
5.37
5.20
3.04
3.06
2.81
1.27
1.44
1.27
1.27
0.852
0.773
0.455
0.610
0.544
0.215
0.235
0.197

0.905

0.408

0.364

0.416

0.208

49.3

29.2

5.45

2.97

1.33

0.965

0.536

0.216
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Expt.

@NO,

(Mole Fraction)

x
THAC1
Moles/1

Ave., E

67-1-a

A T S S 1
QU QU0MPOQUDMQAQAUDMPOATTPOAOPQUOMPQTT QU

o]
1

O
1

68-1-

T T
QUOpPQU0LQU0TPQUONQUTODQT W

()]
1

0.20

0.006

0.003

0.001

0.0006

0.0003

0.0001

0.003

0.001

68.9
64.2
68.7
40.9
41.5
40.7
l6.2
14,1
14.9
9.78
9.71
10.4
5.92
5.70

2.94
2.47
3.06
1.80
2.93
2.66
2.29
2.07
1.81
0.776
0.696
0.565

59.0
66.6
68.3
48.8
45.5
44.4
16.4
15.7
15.8
10.9
9.59
9.91
6.39
6.47
6.41
3.11
3.38
3.32

67.3

41.0

15.0

64.6

46.2

16.0

10.1

6.42

3.27
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*®
gNO, THACL

Expt. (Mole Fraction) Moles/1

E Ave, E

68-7- 0.30 0. 0006 2.57 2.60
2.80
2.62
0.0003 1.70 1.88
1.87
2.07
0.0001 0.779 0.679
0.709
0.550

7
QoMU QU0

0
1

0.35 0.05 86.7 90.1

90.9
92.8

0.03 60.8 59.6
59.1
58.8

0.01 19.2 19.2
19.0
19.4

0.006 10.4 9.76
9.65
9.17

0.003 5.92 5.85
5.40
6.22

0.001 3.57 3.55
3.34
3.73

0.0006 3.57 3.40
4.07
2.55

0.0003 2.85 3.25
3.06
3.83

0.0001 1.41 1.38
1.36
1.37

TR S O W S
|
QUPAQUTPQAUTDNAUDTN QTN QQDPQUTIQUOY QU0

No]
i

1=

[o-)
|

)
1

0.50 0.05 92.2 111.0
110.0

131.0

32.6 40.1
41.8

45.8

v
QU MQUOw
o
o
=
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@NO2
Expt. (Mole Fraction)

*
THAC1
Moles/1

Ave. E

48-3- 0.50

G
QUpPQUTPQOTPQUTE

o
|

T S S
i 1
QUpaOTpaUOQAP QTP QDM QTPQUTPMQUTY

O
i

0.005

0.001

0.0005

0.0001

0.006

0.003

0.001

0.0006

0.0003

0.0001

28.9

35.4
4.98
3.69
3.96
3.48
1.40
2.04
0.724
0.611

0.771

68.8
69.4
66.0
47.9
47.6
45.5
18.1
17.9
18.2
12.9
13.8
11.8
8.18
7.40
7.68
2.26
3.06
2.62
1.98
2.08
2.00
1.12
1.06
1.19
0.357
0.294
0.394

32.1

4.21

2.31

0.702

68.1

47.0

18.0

12.8

7.75

0.348

*
The amine salt concentrations are accurate to three sig-

nificant figures.
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