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The real constitution of things, 
is accustomed to hide itself 

Heraclitus 

[G.K. Kirk, "Heraclitus: The Cosmic 
Fragments", Cambridge 1954, p.227] 



ABSTRACT 

A study has been carried out on the solvent 
extraction of iron(lll) from aluminium nitrate solutions 
using Versatic 10 extractant in Escaid 110 diluent. 

Factorial experiments were performed for the evalu-
ation of the effect of variables such as, temperature, 
extractant and aqueous iron(IIl) concentration, pH and 
aqueous aluminium concentration. 

Extraction isotherms of iron(III) were derived using 
the AKUFVE 110 apparatus coupled with a pH-stat deVice. 
Equilibrium data were evaluated by classical slope analysis 
and by the use of statistical techniques. Statistical 
determination of the most probable complexes in the organic 
phase was carried out by a computer program. Infrared 
analysis of the extracts was also performed and the results 
were found to be in good agreement with the aforementioned 
methods. 

Equilibrium constant values derived by the 
statistical analysis of equilibrium data were used for the 
formulation of a chemically-based model for the prediction 
of equilibrium composition profile of a countercurrent 
cascade. A computer program was written to perform the 
stagewise calculations and the agreement between experi-
mental and predicted values was found to be 

It seems that iron purification of aluminium leach 
liquors arising from acid treatment of non-bauxite 
aluminium-bearing materials for the production of aluminium 
is technically feasible by solvent extraction with 
Versatic 10 acid. 



V 

CONTENTS 

Abstract 1 V 

Contents v 

List of symbols x 
Chapter 1 INTRODUCTION 1 

Chapter 2 ACIDIC METHODS FOR PRODUCING 
ALUMINA FROM NON-BAUXITIC ALUMINIUM 
BEARING MATERIALS 4 

• Chapter 3 CARBOXYLIC ACIDS AS METAL EXTRACTANTS 13 

3.1 Applications 13 

3.2 Distribution of carboxylic acids 
between the aqueous and organic 
phases l4 

3.3 Equilibrium data treatment 18 

3.4 Mechanism of iron extraction 24 

3.5 Mechanism of Aluminium extraction 33 

3.6 Modelling of equilibrium data 34 

Chapter 4 EXPERIMENTAL PROCEDURE AND MATERIALS 39 

4.1 Materials and their specifications 39 

4.2 Analytical methods 4l 

4.2.1 Iron 41 

4.2.2 Aluminium 45 

4.2.3 pH 45 

4.3 Experimental procedure 48 

Chapter 5 PRELIMINARY EXPERIMENTS 55 

5.1 Initial observations 55 

5.2 Loading of Versatic 10 with Fe(lll) 
and AI(III) 57 

5.2.1 Experimental 57 

» 



vi 

Page 

5.2.2 Results 57 

5.2.3 Discussion 60 

5 . 3 Phase separation studies 6 l 

Chapter 6 2 k _ 1 FACTORIAL EXPERIMENTS 63 

6.1 Introduction 63 

6.2.1 Experimental 

6.2.2 Results 

6.2.3 Discussion 76 

6.3 Coextraction of Al(IIl) 79 

6.4 Conclusions 79 

Chapter 7 EQUILIBRIUM EXTRACTION ISOTHERMS 

OF Fe(lll) 81 

7-1 Introduction 8l 

7.2.1 Experimental 82 

7-2.2 Results and Discussion 82 
7.3 Characteristics of Al(lll) extraction -

Coextraction of Al(lll) with Fe(IIl) 1 0 8 

7.4 Conclusions 109 

Chapter 8 HYDRATION IN THE ORGANIC PHASE m 

8.1 Introduction 111 

8.2 Experimental procedure Hi 

8.2.1 Standardization of Karl Fischer 
reagent with water-methanol solution 112 

8.2.2 Standardization of Karl Fischer 
reagent with water 112 

8.2.3 Determination of water in the 
organic phase 112 

8.3 Results 113 

8.4 Discussion H 3 

8.5 Conclusions H 5 



vii 
Page 

Chapter 9 STATISTICAL EVALUATION OF 
EQUILIBRIUM DATA FOR THE 
DETERMINATION OF Fe(lll) 
COMPLEXES IN THE ORGANIC PHASE 117 

9.1 Introduction 117 

9.2 Derivation of extraction equation 
and limitations 117 

9.3 Results and Discussion 121 

9.3-1 Computational method and 

discussion 121 

9.3-2 Equilibrium data analysis 124 

9.4 Conclusions 153 

Chapter 10 INFRARED ANALYSIS OF Fe(IIl)-HV 

COMPLEXES 155 

10.1 Introduction 155 

10.2 Experimental procedure 162 

10.3 Results atd Discussion 1 6 3 

10.4 Conclusions 176 

Chapter 11 CHEMICAL MODELLING OF COUNTER-

CURRENT EQUILIBRIUM DATA 177 

11.1 Introduction 177 

11.2 Computer-aided solution of 

solvent-extraction cascade 180 

11.3 Experimental 184 

11.4 Results and Discussion 186 

11.4.1 Relationship between Fe(IIl) 
extracted into the organic phase 
and pH change of the aqueous phase 1 8 6 

11.4.2 Batch simulation of countercurrent 
extraction and modelling of the 
equilibrium data of the cascade 1 9 0 

11.5 Conclusions 1 9 6 



viii 
Page 

Chapter 12 FURTHER DISCUSSION AND CONCLUSIONS 197 

Appendices 

6.1 

6.2 

6.3 
6.4 

7.1 
7.2 

7.3 
7.4 

7.5 

9.1 

9.2 

9-3 

Calculation of Standard error of 
effects and analysis of variance 205 

Calculation of Standard error of 
effects using high order 
interactions 207 

Factorial experimentation data 208 

Data of combined effect of ionic 
strength and temperature on 
Fe(lll) extraction 210 

Data for extraction isotherms 211 

Computer regression program "REG" 
and output Surface data generation 
computer program "SURFGEN" for 
MATMAP three-dimensional plotting 217 

Slope analysis calculations 22 5 

Calculations relating alkali 
consumption with Fe(IIl) extraction 23 3 

Data on the loading-stripping cycle 
of Fe(lll) 2 3 8 

Computer programs "KSTAT" for the 
statistical evaluation of equilibrium 
data and "KPREDG" for prediction and 
correlation with the experimental data 239 

Details of the subroutine G02CCF 
for correlation and regression 
analysis 244 
Correlation tables of predicted and 
experimental data representing the 
most probable Fe(lIl)-HV complexes 
in the organic phase 247 



1 X 

Page 

10.1 Infrared evaluated data and 
calculation of the sum of 
association and solvation numbers 253 

11.1 Equilibrium data obtained with 
the CRODA reactor 256 

11.2 Computer program "MIXSETl" for 
the solution of a countercurrent 
cascade, sample output and 
modifications required with 

preset pH(N) 257 

References 262 

Acknowledgements 271 

> 



X 

List of symbols 

AG free energy change 
HL carboxylic acid 
HV Versatic 10 acid 
K' thermodynamic equilibrium constant 
K apparent equilibrium constant or stage number 
P partition constant 

I_> 

K _ dimerization constant dm 
K acid dissociation constant a 
D distribution coefficient 

concentration 
M moles/litre 
Y mean activity coefficient 
x polymerization number 
s solvation number 
n,n-m association number 
m,r hydroxylation number 
h hydration number 
I ionic strength or generator in factorial designs 
B activity coefficient product of the 

equilibrium constant expression 
t student's t-value 
a significance level 
$ degrees of freedom 
x mean x value 
RC regression coefficient 
CC correlation coefficient 
s standard deviation 
cr standard deviation of the population 
A difference 
Y frequency 
pH pH of 30% extraction 

0 . 5 

O.D. optical density 
L ligand or aqueous flow rate 
X ligand 
G organic flow rate 
Y metal concentration in the organic phase 
X metal concentration in the aqueous phase 



xi 

YO metal concentration of the solvent feed 
XF metal concentration of the aqueous feed 
X(K),Y(K) aqueous and organic metal concentrations 

of the Kth stage of a countercurrent cascade 
pH(K) pH of the Kth stage 
A(K) coefficient of an empirical regression equation 
g proportionality factor between acid 

concentration change and metal extracted or 
number of replicated runs 

df dilution factor 

sum 

KFR Karl Fischer reagent 
It litre 

t 



1 

CHAPTER 1 

INTRODUCTION 

Aluminium is the most abundant metal in the earth's 
crust, having an average concentration 15-6%, almost twice 
the value for iron in the continental areas. At present, 
in the western world, aluminium is produced almost 
exclusively from bauxite ore by a combination of the Bayer 
and Hall-Heroult processes. 

Bauxite is a rich aluminium ore containing 45-60% 
Al 0 . Alternative processes developed during the war for 
the production of alumina from aluminium bearing non-bauxitic 
resources, were abandoned after the war, because bauxite 
was cheap and abundant and could be economically treated 
by the Bayer process. However, the formation of the Inter-
national Bauxite Association (IBA) by the major bauxite 
producing countries has resulted in increases in the bauxite 
price. This triggered interest in the economic reevaluation 
of alternative processes for alumina production from 
indigenous non-bauxite aluminium materials. 

Such materials include by-products of other 
operations, for example, fly ash from power stations and 
colliery spoil and coal ash, and utilization of these 
materials would have the advantage of producing a cleaner 
environment. The strategic importance of utilizing 
indigenous aluminium materials is also a stimulating factor 
in those countries which lack bauxite deposits. 

Of the various process routes available for 
recovery of alumina from non-bauxite materials, acid 
dissolution methods appear to be the most economically 
attractive. Among the most promising of these are the 
Pechiney H+ process, hydrochloric acid leaching followed 
by HC1 injection to precipitate A1C1 '6Ho0, and nitric acid 

3 ^ 

leaching followed by solvent extraction for iron removal. 
None of these, however, can compete economically at the 
present time with the production of aluminium from bauxite 
ore by the Bayer process. Nevertheless, research into 
acid routes still continues. 

k 
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Acid leach routes apart from the desired dissolution 
3 + 

of aluminium succeed in bringing Fe ions into the 
solution which have to be removed or bypassed in order to 
precipitate alumina to meet the target impurity levels of 

of 
the aluminium industry. One of the means achieving that 
goal is the solvent extraction technique. 

Past experience had shown that di-02 ethylhexyl) 
phosphoric acid (D2EHPA) alone or in a mixture with tri-
butyl phosphate (TBP) were successful in removing the iron. 
A class of solvent extraction reagents behaving similarly 
to D2EHPA - cationic extractants - is carboxylic acids. 
Carboxylic acids are 5-6 times cheaper than D2EHPA, so it 
was thought reasonable to study whether or not they are 
competitive for the solvent extraction of iron. D2EHPA 
is a stronger acid than carboxylic acids which means that 
it can extract iron from lower pH aqueous solutions than 
carboxylic acids do, which further means considerable 
savings on alkali consumption, an important cost factor of 
this particular solvent extraction process. On the other 
hand, the stripping process would be more difficult with 
D2EHPA. However, stripping is technically an easier 
operation than metal loading since crud formation can arise 
in the latter case. 

Still after stripping, one is left with an iron 
salt in a very acidic solution which can not be disposed 
as such. Four options are available for the treatment of 
the strip solution: a) spray roasting b) incorporation of 
an extra unit operation, employing ion-exchange resins 
c) precipitation of Fe(lll) as Fe^CSO^)^ and recovery of 
the accompanying acids by evaporation or d) hydrolytic 
stripping. Hydrolytic stripping is a pressure hydrolysis 
process of the metal loaded organic resulting in a metal 
oxide precipitate and free organic for recycling. Therefore 
hydrolytic stripping not only fulfils the goals of 
conventional stripping but also provides a solution to the 
acute problem arising from the acidic strip solution, 
precipitating out a product which could be sold. In this 
respect D2EHPA fails the comparison with carboxylic acids 
because of the decomposition of the D2EHPA soaps during 
pressure hydrolysis. Of course, hydrolytic stripping has 
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not been tested industrially and its cost is likely to be 
high because of the use of pressurized equipment, still 
it is probable that it will find a place in solvent 

(100) 
extraction processes. Experience of iron extraction with 
D2EHPA has shown that NO~ is coextracted into the organic 
phase together with iron. This requires washing of the 
iron loaded organic before and after stripping in order 
to avoid severe corrosion problems arising from the 
presence of both chlorides and nitrates. No extraction 

_ and O H -

of inorganic ligands apart from SCN has been reported in 
case of carboxylic acids. The solubility of carboxylic 
acids in low pH and high salted aqueous solutions is 
expected to be low and because all other requirements of 
a solvent extractant are fulfilled they can be considered 
as potential iron extractants from aluminium nitrate 
solutions. 

Versatic 10, a tertiary carboxylic acid marketed by 
Shell Company exhibits good extraction characteristics 
during neutralization. Escaid 110, an aliphatic hydro-
carbon with low aromatic content was selected as the 
diluent because of its availability and compatibility with 
an aliphatic acid .AnAKUFVE apparatus was available, facili-
tating simultaneous extraction-neutralization, constant pH 
operation and fast separation of aqueous-organic mixture. 

Having chosen the main parameters of the system, 
the goals of this work may be described as: 
a) Study of the chemical viability of the iron extraction. 
b) Study of the parameters affecting the equilibrium, 

with more detailed analysis of the iron-complexes 
which are formed in the organic phase. 

c) Counter-current modelling of the equilibrium data 
using the chemical model derived from (b). 

I 
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CHAPTER 2 

ACIDIC METHODS FOR PRODUCING ALUMINA FROM NON BAUXITIC 
ALUMINIUM BEARING MATERIALS 

Aluminium is produced worldwide from bauxite by the 
Bayer-Hall-Heroult process. Bauxite, a product of tropical 
and subtropical weathering of aluminiferous rock forming 
minerals, contains 45-60% Al^O^ . Currently, it is 
uneconomic to treat bauxites containing more than 3% 
reactive silica, because of excessive sodium and aluminium 
losses. Over the past 60 years, alternative methods 
have been investigated for the recovery of alumina or 
aluminium from clays, nepheline, anorthosite, alunite and 
many other aluminiferous materials. In the last two 
decades, research on similar lines has been intensified, 
primarily because of the following reasons. 

1. Escalating bauxite and alumina prices, because of the 
formation of the International Bauxite Association cartel. 

2. Necessity to produce a viable technology for aluminium 
production from non-bauxitic sources of alumina, in order 
to put a ceiling on bauxite prices. 

3- Development of third world countries to the point of 
producing alumina or aluminium on their own soil and 
exporting it as such, which means increased import bills 
for developed countries. 

4. Independence of aluminium production from bauxite 
imports, which is of prime importance in case of war. 

5. Depletion of world bauxite deposits. Although this 
is not of immediate concern, there is a necessity to 
provide technology applicable to poor ores. 

6. Exploitation of the by-products from other operations 
is of extreme importance, not only because it leads 
to a cleaner environment, but in the author's opinion 
because of future need of complete exploitation of 
every ton of primary rock mined. 
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Christie and D e r r y ^ ^ reviewed the possibilities of 
aluminium production from indigenous U.K. resources and 
several other review type articles have appeared in the 
t + + (90-97) 
literature. 

The very large number of processes can be classified 
into four groups : ^ ^ 

A. Alkaline processes in which the raw material is 
subjected to calcination with limestone and soda ash and 
leached with an alkaline solution or water. After silica 
removal, aluminium trihydrate is precipitated and then 
calcined to alumina. 

B. Acid processes in which aluminium is taken into aqueous 
solution as Al 3 + ions. In such processes, a thermal 
pretreatment may be required to improve extraction 
efficiency. Iron, in particular, also dissolves and 
methods for removing the iron form the basic differences 
of the many proposed methods. 

C. Combined acid and salt leaching processes in which the 
aluminium is dissolved as potassium or ammonium aluminium 
sulphate. Iron also dissolves but, if it is reduced to the 
ferrous state, an iron-free alum can be crystallised. 

D. High temperature routes, where aluminium is produced 
without the production of alumina as an intermediate. The 
Alcoa process is perhaps the most promising of those 

(98) 
proposed. 

It is a huge task to put all the different published 
methods in a text of this type. It is acid methods that 
are relevant to this work and which will be briefly reviewed 
Nitric, hydrochloric and sulphuric acids are the most 
common ones employed for leaching of aluminosilicate rocks. 
Iron is the main impurity taken into the solution, and has 
to be removed before proceeding to crystallization of the 
aluminium salt. The method of solution purification, to-
gether with the method of decomposing the aluminium salt 
of a particular acid, distinguish the several acid routes 
reported. A generalized flowsheet of acidic methods is 
shown in figure 2-1. 

k 
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ALUMINIUM-BEARING MATERIAL 

0< - ALUMINA 

Figure 2-1. FLOWSHEET FOR ACID PROCESSES 
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- Nitric acid processes 

1. Solvent extraction of iron by di-(2 ethylhexyl) phos-
phoric acid both with, and without TBP modif ier. * 8 9 ̂  ' ̂  ^ ! ̂ 9 ) 

(100) 

2. Pressure leaching with less than the stoichiometrically 
required nitric acid to form AltNQ^)^. Iron was reported 
to be so low in the leach solution that a separate iron 
removal step was not required. ^ ^ ^ 
3. Solvent extraction of iron with dioctyl hydrogen 

, . , . , ( 1 0 2 ) phosphate m n-heptane. 
( 1 0 3 ) 4. Precipitation of iron through addition of alumina. 

5. Addition of potassium ferrocyanide to precipitate iron 
(104) 

as prussian blue, Fe^(Fe(CN)g) .v ' 
6. Decomposition of AlCNO^)^ in a fluidized bed at 150-300°C 
in order to recover more than 90% of the nitrate value as 
nitric acid.^10"3^ Denitrification of AltNO^)^ followed by 
pressure hydrolysis to produce a coarse alumina monohydrate 

( 1 0 6 ) 

free from nitrates. Very impressive and neat, although 
it may be considered as costly, is the production of alumina 
monohydrate by leaching calcined clay and subjecting the 
leach liquor to pressure hydrolysis wherein the vapor and 
heat resulting from the pressure hydrolysis are directly 

( 107) utilized for leaching of the calcined clay. ' 

- Hydrochloric acid processes 

1. Precipitation of aluminium chloride with HC1 gas 
t • 4, • • .. (108-109) leaving the iron m solution. 

( 1 0 9 ) 
2. Crude alumina production and caustic purification. 

(109) 
3. Solvent extraction of iron with iso-propyl-ether 
and with amines ( 9 6 )< (97),(110) and TBPU10),(111),(78). 

- Sulphuric acid processes 
1. Aluminium in the leach liquor is precipitated as 
aluminium chloride by adding hydrogen chloride gas, with 
the result of producing an easily decomposed salt 
(AlCl^ 6H20), providing a cheap recovery of recycled acid, 
while iron remains in solution. This is known as the 

TT + 

H proces 
( 1 1 2 - 1 1 5 ) 

Pechiney H + process, several versions of which have been 
patented. 
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2. Reduction of ferric to ferrous iron using SO^, 
followed by pressure hydrolysis at 220°C to precipitate 
basic aluminium sulphate, which exhibits good calcination 

(116) 
properties. 
3- Precipitation of aluminium sulphate by addition of 
ethanol. ̂  H ^ ) 

4. Precipitation of iron as an iron-manganese complex by 
the addition of manganese sulphate and ozone to the 

i .. (117) solution. 
( 1 1 7 ) 5. Electrolytic removal of iron on a mercury cathode. 

6. Melting, quenching and leaching of anorthosite with 
H9SO, followed by pressure hydrolysis to precipitate the 

(11 8 1 basic sodium alum (NagSO^ 3A12C>3 4SC>3). ; 

7. Sulphuric-sulphurous leaching and caustic purification 
(119) of impure basic aluminium sulphate precipitate. 

( 1 2 0 ) 
8. Recovery of pure, coarse aluminium sulphate crystals 
and precipitation of aluminium sulphate with low water 

. . ( 1 2 1 ) content. 

9. Solvent extraction of iron, mainly with primary amine, 
Primene JMT.(78),(122),(123) 

It is understood that an economic assessment of the 
several methods proposed will very much be dependent on 
the feed material and the country where the process is 
going to be applied. The United States Bureau of Mines 
standardized the economic evaluation procedure by consider-
ing a hypothetical clay feed, containing 30% AlgO^. The 
capital and operating costs resulting from that exercise 
are given in table 2-1. Cristie and Derry translated the 
above data into U.K. cost figures, as shown in table 2-2. 
Recently, Kaiser engineers and Kaiser Aluminium were 
awarded a contract from the U.S. Bureau of Mines for the 
evaluation of the six most promising methods to process 
non-bauxitic , aluminium bearing materials. ̂ ^ Capital 
and operating costs are shown in table 2-3. 

i 



-Table 2-1 
CAPITAL AND OPERATING COSTS FOR ALUMINA PRODUCTION (US 1973 VALUES) 

Fixed Capital Cost Total operating cost 
for 1000 short tpd including amortization 

plant^ per short ton Al^O 
Clay processes 0 (xlO ) 0 

Nitric acid pressure leaching 110.1 93 
Hydrochloric acid-isopropyl ether extraction 115.7 99 
Hydrochloric acid-gas precipitation 145.0 136 
Hydrochloric acid-gas precipitation isopropylether 180.1 188 

extraction 
Hydrochloric acid-Caustic purification 134.8 ll4 
Sulphuric acid-Electrolytic Iron removal 152.1 134 
Sulphuric acid-Chemical Iron removal 133-6 132 
Sulphuric acid-Ethanol purification 128.2 137 
Bayer process 6 6 . 6 3 
*Nitric acid-Ion Exchange 75.3 78 
•Hydrochloric acid-Ion Exchange 101.9 75 
•Hydrochloric acid-Isopropyl ether extraction 113-5 8l 

•Redesigned process (US 1973 values) 



-Table 2-1 
ESTIMATED COSTS FOR ALUMINA PRODUCTION (UK 1975) 

Fixed Capital Cost Total operating cost 
per annual tonne including amortization 
Al^O^ per tonne Al^O 

Process 

Nitric acid-Ion exchange 168.2 9k.Ok 

Hydrochloric acid-Ion exchange 216.1 84.42 
Hydrochloric acid-Isopropyl ether extraction 239.3 92.56 

Pechiney H + 171-200 6 5 - 8 5 

Bayer 137-7 68.19 



-Table 2-1 
ESTIMATED COST FOR ALUMINA PRODUCTION (US 1979 VALUES) 

Capital cost difference Operating cost difference 
per annual ton ALgO^ per ton Al^O^ 

Process $ $ 

Clay-Nitric acid 289.73 67-57 
Clay-Hydrochloric acid using 

evaporative crystallization 124.82 26.75 
Clay-Hydrochloric acid using 

HC1 gas induced crystallization base case base case 
Clay-Sulphurous acid 512.94 35-86 
Anorthosite-Lime Sinter 369.70 49.42 
Alunite 3 0 6 . 5 8 12.12 



It can be seen from table 2-3 that the cheapest 
route to produce alumina is HC1 leaching followed by 
A1C1 6H 0 crystallization by the addition of HC1 gas. 3 ^ 
The field of alumina production is a fast changing picture 
but it is certain that in the future industrial pro-
duction will go ahead by one of the following routes: 
1. HNO leaching - solvent extraction 

^ + 
2. Pechiney H 
3. HC1 leaching - A1C1_ induced crystallization using HC1. 
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CHAPTER 3 

CARBOXYLIC ACIDS AS METAL EXTRACTANTS 

3-1 Applications 
The success of solvent extraction in nuclear fuel 

processing, together with developments in equipment, 
synthesis of selective reagents for specific tasks, and 
in the chemical engineering concepts of counter-current 
extraction, have led to the application of solvent 
extraction for base metal recovery. Carboxylic acids were 

(9) 
the first reagents studied for base metal recovery. To 
date the following review papers have been published 
covering the chemistry and the applications of carboxylic 
acids in solvent extraction field: Fletcher and Flett 

( 1 0 ) ( 1 * 1 ) ( 1 2 ) 1965 , Finkelstein and Rice 1968v , Green 1972v , (13) (l4) Ashbrook 1973 , Flett and Jaycock 1973 , Miller 
1974 ( 1 5 ), Rice 1978 ( l 6 ), Brzozka and Rozycki 1980 ( l ? ). 

Industrial applications of carboxylic acids were 
(13) 

reviewed by Ashbrook and their potential value was 
thought to be limited in process flowsheets because of the 
solvent losses of these acids, their limited extraction 
power with respect to pH and their tendency to form 
aggregates in organic solution. However, past experience 
and recent developments necessitate reconsideration of the (14),(16) above ideas. 7 

At least two patents have been issued concerning the 
use of carboxylic acids as metal extractants ̂ ^ ' I ̂ ) ̂  
Carboxylic acids were used commercially to recover yttrium 

( 1 9 ) ( 2 0 ) 

from rare-earth solutions by Thorium Ltd. in the U.K. 7 

and to separate copper from nickel in acid leach liquors by 
(14) (21) 

naphtenic acid extraction 7 . At least one process 
is known where this separation is accomplished by 
extraction with Versatic acid ̂ ^ 7 ̂ ^ during the 
processing of matte containing precious metals. It is 

(23) 
highly probable that separation of cobalt and nickel 
is in industrial use in Russia for the purification of 
cobalt solution prior to the production of high purity 

(24) 
electrolytic cobalt. Gel'perin et al studied the 
removal of copper and iron impurities from a nickel anolyte 
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by means of a C i n-C. fatty acid fraction and it is 
(10) J 

thought that this system is also in industrial use in 
Russia. Ritcey and L u c a s ^ ^ ' ̂ ^ have shown that 
Versatic 911 can be used for the separation of Co and Ni 
from solutions arising in the Sherritt-Gordon process. 

(27) 
Milhl et al described a process for the production of 
high purity iron compounds by extraction of iron from feed 
solutions arising from chlorination of iron scrap with the 
Na soap of C^-C^q aliphatic monocarboxylic acids. Combined 
ion-exchange and electrolysis process which yields a high-
purity compact iron metal, and which has proved its value 

( 2 8 ) 

in practice, has been described by Mtlhl and Oppermann 
Solvent extraction is likely to play an important role in 
novel kinds of applications requiring a grade of purity 
which exceeds the possibilities of pyrometallurgy. MUhl 

( 78) 
et al ^ have described a process for the separation of 
iron(lll) and aluminium by solvent extraction from chloride 
and sulphate leach liquors produced by the acid leaching of 
aluminosilicate ores as an alternative to the Bayer process 
for pure alumina manufacture, using a C^-C^O aliphatic 
mono-carboxylic acid. Other papers have been published 
concerning other uses of carboxylic acids which will not 
be discussed h e r e . ( 2 9 > ' (3° M 31 M 32) 

Several applications of carboxylic acids have been 
proposed for analytical purposes and they are collectively 

(17) listed by Brzozka. 
3.2 Distribution of carboxylic acids between 

the aqueous and organic phases 
The distribution characteristics of carboxylic acids 

are important from both a theoretical and technological 
point of view. Loss of solvent in a solvent extraction 
process may arise from solubility and entrainment in the 
aqueous phase, from evaporation or as a result of one or 
more solvent components producing a soluble degradation 
product. A further possibility is loss due to the solu-
bility of the metal-ex.tractant complex, which may be of 
environmental significance if a metal thereby contaminates 
the effluent stream. Fletcher and Flett^10^ stressed that 
with carboxylic acids the solvent loss appears to be almost 
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entirely due to solubility. In the case of copper and 
nickel extraction with naphthenic acids, the solubility was 
found to be 0.09g/lt at pH=4.7 and 0.85g/lt at pH=6.5 
respectively. The same authors gave the solubility of 
several other commercial carboxylic acids. Fletcher and 

( 4 9 ) 
Wilson measured the solubility of 1.0m naphthenic acid 
on extracting copper and nickel, at several pHs and in the 
presence or absence of ammonium sulphate. Ritcey and 

( 26 ) 
Lucas measured the solvent loss of Versatic 911 in the 
aqueous phase. It was found that solvent loss was low of 
the order 10.9% of the process cost, and that the solubility 
of Versatic 911 increased with increased pH above 8.0 and 
decreasing (NH^) 2 s0^ sulphate concentration below 4m. 
Distribution data of the C 7-C Q aliphatic acid fractions, 

( 5 0 ) 

between Kerosene and water were given by Gindin et al ^ , 
for different initial concentration of aliphatic acid in 
Kerosene. The solubility increased as the concentration of 
acid in the organic phase increased. A straight-line 
relationship was obtained between the distribution constant 
and the equilibrium concentration of aliphatic acid in the 
aqueous phase. The same authors gave data on the solu-
bility of various metal soaps in the aqueous phase, and 
they explained the order of extractability of metal ions 
with carboxylic acids by the use of solubility product of 
the metal hydroxides. 

The distribution of monocarboxylic acids between an 
aqueous and organic layer was theoretically described as 

(51) 
four steps: 
- destruction of the hydration layer around the alkyl 

radical 
- dehydration of the carboxylic group 
- solvation of the radical by the solvent 
- solvation of the carboxylic group. 

(51) 
It was further reported that A gCjj2

 d o e s no"k depend on 
the type of solvent, while A G C Q 0 H depends on the type 
and class of solvent; a formula permitting the estimation 
of the distribution constant of an aliphatic acid depending 

(51) on the type of solvent was given. 

I 
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(14) Flett and Jaycock in 1973 reviewed fully the 
subject of the analytical and mathematical description of 
the distribution equilibria of carboxylic acids and there 
is nothing new to add, apart from a few distribution and 

(52) (53) (14) 
dimerization constants. j-̂  accepted that 
carboxylic acids exist mainly as monomers and dimers in 

(54) the organic phase, although higher aggregates are probable. 
(14) 

In the aqueous phase, they are thought to exist as 
undissociated molecules, as singly charged anions, singly 
charged anion-molecule dimers, and as doubly charged 
dimeric anionic species. 

Simplifying the distribution equilibria, assuming 
that acid monomers are distributed from the aqueous into 
the organic phase, followed by dimerization in the organic 
phase and that the dimerization of the aliphatic acid in 
the aqueous phase is negligible, compared with the mono-
meric and deprotonated species the distribution equilibria 
may be expressed as: 

h l = h l p t = ^ w g a n aq org L 2. (3.2-1) 
[ •h l ] 1 Jaq 

2 h l org ( h l ) k , 
2 , o r g d m 

[ C h l ) 2 ] o r ; 

[hl] 
(3.2-2) 

org 

h l aq = h + l aq aq k 
[H+] [L-] 

aq aq (3.2-3) 
[ h l ] 

aq 

where h l , p , k ^ , represent the organic acid, the 
partition constant of monomeric species, the dimerization 
constant in the organic phase and the dissociation constant 
in the aqueous phase, respectively. Then, the distribution 
ratio of the aliphatic acid may he expressed in terms of 
the above parameters as, 

d ( 1 + k a / ( h + ] ) = p l + 2p^ k d m [hl] ( 3 . 2-4) 
aq 
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Equation (3-2-4) indicates that there should be a linear 
relationship between the distribution ratio of aliphatic 
and, corrected for hydrogen ion concentration and the 
concentration of the monomeric species (HL) in the 
aqueous phase, with an intercept of P and a slope of 

2 2PTK. , from which values of PT and K, can easily be cal L dm' L dm J 

culated. Recently, the following dimerization and 
( 5 

distribution constants have been reported. Inoue et al ^ 
measured the dissociation and distribution-dimerization 
constant of Versatic 10, equilibrated with an aqueous 
phase containing ammonium nitrate and they gave the 
following values. 

H 0L 0 = 2HL K = 9-6 x 10-7 m o l / l t 2 2,org aq 1 

, c 
HL = H + L" K = 1.1 x 10" mol/lt aq aq aq 2 

(55) 
Kholkin et al measured similar constants of n-capryli 
acid in contact with 0.5M sulphate solution for several 
diluents and the following values were given: 
D i l U e n t *HL R(HL) 2 

n-decane 23i6 990^390 
benzene 103^21 146^33 
i-amyl acetate 700il40 2.6^1.1 
diisopropyl ketone 740^50 3.0^0.4 
i-amyl alcohol 3100^280 0.0^0.2 

where K „ = [HL]org YHL,org (3-2-5) 

and 

HL 

K 

[HU %L,aq 

[(HL)J Y (HL) i _ .. = g org v 2, org (3.2-6) (HL)2 2 
[HL] y aq rHL,aq 

HL , Y representing concentrations and activity 

coefficients respectively. 
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Tanaka^ 5 2 ) found KJ = 630-50 and PT = 260^50 
dm Lj 

assuming logK = 4.92 for capric acid, a 
Teixeira^^ has found K, = 2.07 x 10^ by infrared 

dm studies, by extrapolating K, values from l40 C to room 
dm temperature, for Versatic 10 in Escaid NO. 

3-3 Equilibrium data treatment 
The extraction process for metal cations with 

carboxylic acids may be expressed by the following general 
equation: 

xM*1* + X ( n + S ) (HL) = (ML . sHL) + nx H+ 
aq ^ 2, org n x,org aq 

( 3 . 3 - 1 ) 

where the subscripts (aq) and (org) refer to the aqueous 
and organic phases, respectively; x is the degree of 
polymerization of the complex; s is the solvation number; 
and n is the cationic charge. 

The above reaction can be considered to involve the 
/ O O ) 

following steps. 

1. Partitioning of the organic extractant between the 
aqueous and organic phase 

^ o r g ~~ H Laq (3-3-2) 

2. Dissociation of the extractant in the aqueous phase 

+ — 
HL = H + L aq aq aq (3-3-3) 

3. Dimerization of the extractant in the organic phase 

2HL = (HL)0 ( 3 - 3 - 4 ) org 2,org 
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4. Formation of the metal complex in the aqueous phase 

M n + + nL = ML /o ^ ^ v aq aq n,aq (3-3-5) 

5. Partitioning of the metal complex between the aqueous 
and the organic phases 

ML = ML (3-3-6) n,aq n,org 

Further complications may arise because of side 
reactions occurring in the aqueous phase that affect the 
free metal ion concentration- The metal cation may undergo 
hydrolysis 

M n + + mOH" = M(OH) ( n" m ) + (3-3-7) aq aq m,aq 

or complexation by the anions of salts dissolved in the 
aqueous phase or by other ligands X, 

M n + + IX' = Mx[ n~ 1 ) + (3.3-8) aq aq l,aq 

The quantitative effect of metal complexation in the aqueous 
phase is expressed by means of the complex formation X^ 
defined by the formula: 

c M a q = V ^ 1 (3.3-9) 

where Cĵ  is the analytical metal concentration and 
r r n + - A Q 

LM J is the metal aquo-ion concentration in the 
aqueous phase. The value of X^ may be determined from the 
stability constants of the respective complexes and from 
the concentration of all ligands. 

Similarly the situation may be further complicated 
by polymerization and solvation of the metal complex in 
the organic phase; 

x(ML ) = (ML ) (3.3-10) n org n x,org 

(ML ) + s HL = (ML ) (HL) (3.3-11) n x,org org n x s,org 
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( 8 4 ) ( 8 3 ) Fletcher and Flett , Jaycock and Jones , and Flett 
( 1 4 ) 

and Jaycock describe extensively two approaches for 
equilibrium data treatment known as the single and multiple 
equilibrium models, the basic equations of which will be 

• ^ ( 6 9 ) 
summarized. 

- Single equilibrium model 

The following relationship based on equation (3-3-1) 
was derived , 

1/x. _ . (x-l)/x . x-1 _ n+s , log D (1+D) = A + log C M ( t o t a l ) + log[(HL )J 

x 2 

+npH 
(3-3-12) 

where A = (l/x)logx+ ĴL̂  logK , and i s 

total metal content in the system. Equation (3-3-12) 
assumes constant ionic strength in the aqueous phase, 
constant activity coefficients in the organic phase, and 
unit volume ratio of both phases. 

Defining pH _ as that pH for which D=1 and substi-
U . 5 

tuting into equation (3.3-12) ,yields the following relations 

^ p H 0 5 \ x-1 
^ = - _ (3-3-13) 

CM(total)/ (HL)Q 2, org 

^ pH 
- n + s (3.3-14) 

^log (HL)q / 2 n 2 or e / 

'M(total) 

from which the values of x,s may be determined graphically, 
It was of course assumed above that a metal aquo-ion of 
valency n was extracted into the organic phase. 
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- Multiple equilibrium model 
The distribution coefficient of eg. (3-3-1) may be 

expressed by the equation: 
x s 

D = ) ) x [(ML . sHL) ] /(I, 
[_ N X ORG / M ' A Q 

L 

x 
. (n+s)x/2 nx 

X K CM,aq KHL) 2] ( V X [ H ] a q org 

(3-3-15) 

where C„ is the analytical concentration of metal in the M, aq 
aqueous phase. It is obvious that the difference between 
the single and the multiple equilibrium model lies in the 
multiplicity of complexes present in the organic phase in 
the latter case. Tanaka et al were able to treat 
equilibrium data indicating presence of two or more 
complexes by the introduction of a different graphical 
approach. The disadvantage with both of the models des-
cribed is that it is a priori assumed that a metal aquo-ion 
of charge n, equal to the valency of the metal is extracted, 

l O C \ 
but this is not always the case. Although, Tanaka et al 

detected hydrolyzed complexes using the multiple 
equilibrium model, that was only made possible, however, 
because the extractant bound to the metal ion was less 
than which the assumed valency n would require. It is 
possible though to have a hydrolyzed complex solvated to an 
extent that n ^ s > n e.g. Fe V£(OH) 2HV, but this type 
of complex will not be revealed by the method employed by 
Tanaka et a l / 8 5 ^ 

(14) 
Flett and Jaycock proved the mutual equivalence 

of both models, if one species is considered to be 
extracted, so further analysis will not be pursued. 

Because of the disadvantage encountered with both 
( 8 6 ) ( 8 7 ) 

of the models described, Berger and Graff 1 

generalized the extraction model, to include cationic 
forms present in the aqueous phase other than the metal-
aquo-complex. According to them, metal extraction takes 
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place according to the general equation: 

M (0H)n"m + n + S (HL) = 1 (ML (HL) (OH) ) 
m,aq — 2, org - n s r x,or g 

+ (n+r-m) H + + (m-r)Ho0 (3-3-16) aq 2 

The equilibria corresponding to eq. (3-3-16) are described 
mathematically by the formula: 

log D = log K + ApH + Blog [ (HL)^ + x-1 log C M org 

+ i log x (3-3-17) 

where C,, is the analytical metal concentration in the 
M,org (q } 

organic phase. Values of A and B are given in Table 3-3-1 
according to the properties of the extraction system. A, B 
and x may be determined graphically by the following linear 
relationships: 

log 0, = f(1 og C_, ) ( 3 . 3 - 1 8 ) 0 M,org M,aq 

with slope x when pH and [(HL)^) o r are fixed. 

- log C__ - log C M = f(pH) (3.3-19) x M,org 0 M, aq ^ y 

with slope A if [(HL)0] is fixed. ^ 2 org 

- log - log O. = f(log [ (HL) J ) (3.3-20) x M, org M,aq 0 2" org 

with slope B if pH is fixed. 

} 



Table 3.3-1 

VALUES OF COEFFICIENTS OF THE BERGER-GRAFF EQUATION 

Extraction Conditions B (x-1)-, „ 1 1 log C,. + — log x x ^ M,org x 

II 

Polymerization x > 1 
a) metal not hydrolyzed n 

in either phase 

b) hydrolysis of metal n-m 
in aqueous phase 

c) hydrolysis of metal n+r-m 
in both phases 

No polymerization x=1 
a) metal is not hydrolyzed n 

in either phase 

b) hydrolysis of metal n-m 
in aqueous phase 

c) hydrolysis of metal n+r-m 
in both phases 

n+s 
2 

n+s 
2 

n+s 
2 

n+s 
2 

n+s 
2 

n+s 

present 

present 

present 

absent 

absent 

absent 
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( 1 6 ) Rice gave a set of general equations describing 
metals' extraction, taking into account the phase ratio 
and the average coordination number of metal (M) with a 
ligand (L) in the aqueous and organic phases. 

It can be seen that several equations may be used 
to analyse equilibrium data. However, in some cases some 
of the preconditions are very difficult to fulfill experi-
mentally. It is the difficulty of keeping [HL]^ o r 

(671 

constant that resulted in the use of statistics instead 
of slope analysis. Statistical analysis of equilibrium 
data will be treated separately. 

3.4 Mechanism of iron extraction 

Iron presents problems in many hydrometallurgical 
processes as an impurity which has to be removed before 
proceeding to the recovery of more valuable metals such as 
Cu, Ni, Co, and Zn. Examples of this problem are in the 
acid leaching of aluminosilicate rocks for production of 
alumina, in the acid leaching of nickel laterites and of 
zinc calcine, where in each case appreciable amounts of 
iron are found in the leach liquors. Iron can be removed 
from such solutions by precipitation as jarosite or 
goethite, but quantitative removal of iron will result in 
high losses of other valuable metals in the iron cake. 

Following the pioneering work of Warren Spring 
( 4 9 ) 

Laboratory on base metal recovery by naphthenic acids, 
work was undertaken on the solvent extraction of iron with 

(57) 
Versatic 911 acid from a copper-nickel leach liquor. 
The following observations were made then concerning the 
extraction behavior of iron with Versatic 911 acid. 
1) Assuming an FeV^ complex formed in the organic phase, 
the maximum loading achieved was 0.247M Fe(lll), instead 
of the theoretical 0.343M Fe(lll). 2) Although batch 
tests succeeded in loading the organic (1.03 M Versatic 
911) to 14 g/lt Fe(lll), it was not possible to treat 
continuously an aqueous feed containing more than 4 g/lt 
Fe(lll), because of the formation of an iron precipitate 
in the settler. 3) Neutralization of the aqueous phase 
before iron extraction resulted in a precipitate in the 
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settler, which was explained by the inextractability of 
aged iron hydroxide. However, if extraction and 
neutralization were carried out simultaneously clean 
extraction could be achieved. It was not clear whether 
that technique increased the iron loading of the organic, 
or the maximum aqueous iron concentration that could be 
treated. The latter difficulty encountered by the above 
investigators led them to propose removal of the bulk of 
the iron by precipitation and treatment of the residual 
iron by solvent extraction. However, intermixing tech-
niques is unlikely to be very economical, so the problem 
had to be resolved by solvent extraction. The Shell 
Company, which manufactures Versatic acids, worked on this 
point. Spitzer et al(^8),(59),(60) t h o u g h t t h a t t h e 

presence of iron precipitates in the settler was related 
to the low solubility of the iron-carboxylate and that by 
using highly branched Versatic acids the problem could be 
resolved. However, once again a precipitate was formed 
even when a large excess of Versatic acid was present. 
When the experimental procedure was modified by carrying 
out neutralization with simultaneous extraction, the 
irreversible formation of an iron-containing precipitate 
was avoided. This modification was successful with acids 
containing 9 to 11 carbon atoms. With Versatic 13, 
Versatic 1114 and Versatic 1519 however, once more a 
precipitate separated. In this case the neutralization 
rate had to be slowed down so that the total reaction took 
three times as long as the standard experiment, in order 
to proceed normally with the metal removal. The above 
observations were explained assuming that the rate deter-
minizing step with gradual neutralization is the reaction: 

I I 
RCOOH + Fe-OH RCOOFe + H o0 (3.4-1) 

org | aq | org 2 

which takes place in the aqueous phase. The metal 
hydroxide formed by partial neutralization immediately 
reacts with the organic acid to give a water-insoluble 
salt which is continuously removed by extraction. There-
fore, no separation of iron hydroxide takes place as long 
as the reaction between Versatic acid and metal keeps step 
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with the rate of neutralization, and this will be the 
case as long as sufficient Versatic acid is present in 
the water phase. It is clear therefore that the optimum 
rate of neutralization which can be employed without 
leading to precipitation of hydroxide will be determined 
by the solubility of Versatic acid in the aqueous phase 
and by the rate at which the acid dissolves in the aqueous 
solution, so these two factors will be less favourable for 
the longer-chain Versatic acids. 

Having discussed generally the problems associated 
with Fe(IIl) extraction, it is appropriate to move on to a 
more detailed study of the extraction reaction. The 
extraction equilibrium can be represented by the following 
equation: 

xFe(OH)n~m + X ( n + S ~ m ) (HL)0 = (Fe(OH) L •sHL) 
m, aq 2, org m n-m x,org 

r+ x(n-m)Haq ( 3 . 4 - a ) 

Therefore, in order to elucidate the extraction 
reaction, it is necessary to determine m, n-m, s and x 
which represent the hydroxylation, association, solvation 
and polymerization numbers respectively. Water might also 
be extracted into the organic phase, and it is possible 
that hydrolysed iron complexes may be due to hydrolysis 
reactions in the organic phase, quite independently of 
the hydrolysis of iron in the aqueous phase. Other 

2 - - - -inorganic ligands such as SO^ , NO^, Ci , SCN may take 
the place of OH in the organic complex, depending on the 
side reactions occurring in the aqueous phase. 

As early as 1965, Fletcher and Flett^10^ found that 
during an exchange extraction of copper naphthenate with 
Fe(lll), the reaction did not proceed stoichiometrically 
according to the following exchange equation: 

2 Fe 3 + + 3(CuL0) 2 (FeL0) + 3 Cu 2 + ( 3-4 - 3 ) aq 2 org 3 org aq 
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Instead 2 moles of copper reacted with 2 moles of iron. 
This was explained by not having a fully copper loaded 
organic, or alternatively that hydrolysed species were 
extracted, suggesting the formulas Fe(OH)L2 or Fe(OH)2L. 
Twenty minutes were required for equilibrium to be 

( 6 2 ) 

attained. Tanaka et al found that during extraction 
of Fe(lll) with 1M capric acid dissolved in benzene, iron 
was extracted as a non-solvated trimer (FeL^)^, although 
it was not possible to distinguish between (FeL^)^ and 
F e ^ O H ^ L ^ p pHL. They cited a logK value equal to 
-9.9-0.1 at 0.04M ionic strength in the aqueous phase. 

f c O } 

The results reported by Bold and Fisel for the 
extraction of Fe(lll) from nitrate solutions with oleic 
and stearic acids indicated the formation of the dimeric 
complexes (Fe(0H)L •HL)0 and (FeL * HL)Q. Cattrall and 

/ 1 \ u u J u 
Walsh discussed the extraction of Fe(IIl) with n-octanoic, 
n-decanoic, 2-ethyl-hexanoic, 3i5?5i trimethylhexanoic and 
phenylacetic acids from nitrate solutions, the ionic 
strength of which were kept constant by the addition of 

_ 1 

10 M NaNO^. It was found that 2 hours were required for 
equilibrium to be reached and that monomeric complexes 
were present in the organic phase. The structures of the 
monomeric species were described as FeL^, FeL^HL in the 
lower pH region and as Fe(0H)L2, Fe(0H)2L'HL in the higher 

pH region. It was further reported that increased chain 
length and aromaticity increased slightly the extraction, 
but branching reduced it. Of the diluents studied -
nitrobenzene, cyclohexane, choroform, carbon tetrachloride, 
benzene, chlorobenzene - nitrobenzene gave the highest 
extraction and benzene gave the lowest at pH values 
2.70-2.85, while at low pH=2.45 carbon tetrachloride gave 
the lowest extraction. There appeared to be little or no 
correlation between the extraction efficiency and the 
dielectric constant of the diluent. The logK of the 
overall reaction ranged from -5.08 to -7-49 for the acids 
studied. M U h / 6 5 ^ et al made a det ailed study of the 
mechanism of Fe(IIl) extraction with n-caprylic acid in 
n-decane from aqueous solutions at constant ionic strength 4 
maintained by use of Na2S0^. Their findings were that 
iron(lll) is extracted as a non-solvated trimer with one 
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molecule of water of hydration (FeLQ Ho0)_ and they cal-
+ 

culated an overall logK = —10.4—0.2. They were able to 
show by infra-red analysis that the 0H~~ group was absent 
when n-decane was used as diluent, but it appeared when 
benzene was used. Furthermore they studied the effect of 
several diluents on pH_ _ and were able to explain the 

0 . 5 
results on the grounds of different electron-donor 

( 6 6 ) 
properties of diluents. Kholkin et al continued the 

14 
above work in a study of Fe(lll) extraction with C-labeled 
n-caprylic acid from aqueous solutions containing 
0.6M Na 2S0^ and 0.05M HgSOj^ at a constant ionic strength 
1.95» using several diluents. It was concluded that a 
complex (FeL^ H 20) 3 is formed in the organic phase and that 
the extractability of Fe(lll) decreases in the order of 
the diluents: n-decane, benzene> nitrobenzene/CCl^(5:1)> 
carbon tetrachloride > 1,2,4-trichlorobenzene > i-amyl alcohol 
>i-amyl acetate > diisopropyl ketone. The reduced extracta-

bility correlates quantitatively with the increase of the 
electron-donor properties of the diluents, which indicates 
that extractant-diluent interactions play an important role 
in the extraction. The following pR_ and extraction 

0 . 5 constants were given by the authors: 
Diluent p H0. 5 

-logK 

n-decane 2.51 13.19 + 0. 09 
benzene 2 . 5 1 13.28 0. 0 7 
nitrobenzene + CCl^ 2.57 13.42 0. 21 
carbon tetrachloride 2.59 13.65 0. 22 
1,2,4-trichlorobenzene 2 . 6 3 14.12 0. 21 
i-amyl alcohol 2.74 14.7 - 1 6 .0 
i-amyl acetate 2.97 17-39 0. 19 
diisopropyl ketone 3.02 17.82 0. 20 

Van der Zeeuw adopted a statistical approach for 
the evaluation of association, solvation and polymeriz-
ation numbers. 

Iron(IIl) was extracted with Versatic 10 from aqueous 
solutions having O.55M total sulphate concentration. In 
decreasing order of probability the following species were 
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found possible: ( F e V ^ H V ) ^ (FeV3'2HV)2, ( F e V y H V ^ , 
(FeV^) g i and (FeV^^HV)^. At high loading of the organic 
e.g. 0.1M Fe(IIl) extracted with 0.5M Versatic 10, the 
presence of (FeVgOH)^ becomes probable. 

/ GG \ 

The same author studied the effect of tempera-
ture on the extraction of Fe(lll) with Versatic 10. A 
ten-fold increase of the distribution coefficient was 
observed on increasing the temperature from 20 C to 80 C. 
Upon cooling, the distribution coefficient decreased again 
to approach its original value. The change was thought to 
be due to a reversible polymerization/depolymerization 
reaction of the form: 

(FeV„ sHV) x (FeV« sHV) 3-4-4) 
3 X 

Experiments were carried out using 0.05M Fe(lll), with a 
background sulphate concentration of 0.5M in the form of 
Na2S0/t or (NH^gSO^. During extraction of Fe(lll) in the 
FeCl_-NH.Cl(1M)-capric acid-CCl, system.Bartecki and 

(69) 

Apostoluk found that binuclear complexes such as 
(Fe(0H)L2)2, (Fe(0H)2L«HL)2 were formed in the organic 
phase. It was further shown that the Berger and Graff 
method is superior to the single and multiple equilibrium 
models in systems where the extracted metal is hydrolyzed 
in both phases. Thirty minutes were sufficient to reach 
equilibrium and the calculated equilibrium constant was 
- 6 . 5 6 ± 0 . 1 0 . 

The extraction of Fe(III)-thiocyanate complexes with 
carboxylic acids in a benzene diluent was treated 
mathematically by Rice^^^, taking into account complex-
ation of Fe(IIl) in the aqueous phase as well as adsorption 
of iron on the glassware. It was concluded that even 
precise data would have made determination of the average 
composition very difficult because of the complexity of 
the system. Thiocyanate ligands (SCN~) were found to take 
part in the formation of iron complexes in the organic 
phase, while the effect of the diluent was reported to be 
negligible. 

i 



(77) Data given by Gindin et al on exchange 
extraction between a cobalt soap of a C^-C^ aliphatic 
acid and Feo(S0.) , indicated formation of a basic iron 

( 5 8 ) 

carboxylate in the organic phase. Spitzer et al 
studying the optimum iron loading of Versatic 10 suggested 
the formation of a basic salt in the organic phase. 

A different mechanism, rather than by the formation 
of salts of fatty acids with metals in the organic phase, 

( 6 L ) 

was proposed by Tikhomirov , who suggested that 
extraction was due to the retention of colloidally preci-
pitated particles of hydroxides in the organic phase. The 
extraction of iron was explained by the formation of 
adsorption layers on the surface of Kerosene drops of the 
type: 

Fe Fe Fe Fe 
\ / I \ / \ / \ 

0 1 0 0 
OH 

where A is the acid anion hydrated to an extent depending 
on the pH of the medium. Having a polymeric-chain 
structure, the adsorption layers retain the colloidally 
precipitated hydroxide in the organic phase. 

Flett et al^71^ and Cox et al^72^ studied the 
extraction of several metal ions, including ferric iron 
with carboxylic acid/LIX-63 mixtures. Negligible synergism 

( 7 2 ) 
was observed for ferric iron, while Cox et al traced 
a hysteresis in the logD vs. pH plots in the case of 
iron(lll) extraction. 

From the above analysis it is seen that complex 
identification varies from school to school. It is beyond 
any doubt that OH" ligands participate in the extracted 
complexes, especially at low carboxylic acid to metal 
ratios and at high pH values. Apart from SCN" ligands 
reported by Rice^ 7^, no other inorganic ligands have been 
reported to form part of the organic species in the case 
of iron(lll) extraction. More ambiguous is the determin-

( 6 2 ) ation of solvation number and as Tanaka et al pointed 
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out, slope analysis or thermodynamic criteria, provide no 
solution to the problem. 

In concluding this chapter it should be mentioned 
once more that ferric iron is extracted at the lowest pH 
amongst all ions present in common leach solutions. Fletcher 
and F l e t t ^ ^ gave the following order of extractibility of 
metal ions with naphthenic acid as a function of pH: 

Fe 3 + >U0 2 + >sn2+ >Al 3 +> Hg 2 + > Cu2+, Zn2+> Pb 2 +, Ag+, 

Cd 2 +, R 3 + > N i 2 + , Co 2 +, Fe 2 +> M n 2 + > Ca 2 +, Mg 2 + 

where R 3 + denotes rare earth metals. 
(73) 

Gindin et al , working on the extraction of metal 
ions such as Ti(lll), Sn(Il), La(IIl), Ca(ll), Ba(ll) as 
chlorides, Ga(IIl), Cr(lII) as nitrates, Y(III), In(lll) as 
acetates and Ce(lll) as perchlorate with C^-C^ aliphatic 
monocarboxylic acids, combined with previous work by the same 
author, gave the following series of extractibility together 
with pH„ _ values: 

U . 5 

Bi(IIl) 0.46, Fe(IIl) 0.99, Ti(IIl) 1-30, Sn(Il) 1.96, 

Sb(IIl) 2.30, Pb(ll) 2.50, Ga(lll) 2.58, Cr(lll) 2.64, 

In(III) 3.13, Cu(II) 3-14, Al(IIl) 3-19, Y(III), Ce(III) 
3.43, Ag (I) 3.50, La (III) 3.59, C d ( n ) 3.73, Zn (II) 4.32, 

Ca(Il) 4.38, Ba(ll) 4.39, Ni(ll) 4.56, Cs(l), Rb(l), K(l) 

4.60, Mn(Il) 4.74, Mg(ll) 4.93, Na(I) 5-10, Li(l) 5-74. 
(59) 

Spitzer gave a figurative presentation of the 
extraction of metal ions with Versatic 10 that is shown 
in figure 3.4-1. 

I 
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PH 

FIGURE 3 .4-1 Extraction of metal cations with 
Versatic 10 
(After Spitzer^59^) 
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3.5 Mechanism of Aluminium Extraction 
Aluminium extraction with carboxylic acids is a 

field in which very little work has been done. Al being 
a member of the Al,Ga,In,Tl group is expected to be ex-
tracted in the form of a partly hydrolyzed complex. On the 
basis of pHq ^ values, aluminium was extracted after 
G a , I n ^ ^ ' . Tanaka et studying the extraction 
of Al with capric acid dissolved in benzene, found that 
aluminium was extracted as (Al L^ OH)g, but the method 
employed for data analysis is questionable. Gindin et 

(77) 
al reported a 39.1 g/lt Al loading of a aliphatic 
acid using the technique of exchange extraction between a 
cobalt soap (CoL2) and KA1(S0^)2 solution. No reference 
was made to the temperature employed, or to the rheological 

( 7 8 ) 

properties of the loaded organic solution. Miihl et al 
in their work on the separation of iron from aluminium, 
reported data for aluminium extraction from sulphate 
solutions with a Cg-C^ monocarboxylic acid. The curves 
were steep at lower D^-values ( D ^ <10 An increase 
of aluminium concentration led to a shift of the curves 
in the direction of lower pH values, indicative of 
polymerization in the organic phase. With 80% C^-C^ acid, 
20% Paraffin-1 (diluent) and 0. 3M Al^SO^)^, a value of 

(79) 
pT^ ^=2.9 was found. Nikolaev et al ' in a similar study 
on iron-aluminium separation provided more data for 
aluminium extraction with ci -branched monocarboxylic acids 
from nitrate, sulphate and chloride media. Of these the 
nitrate medium was considered best for the iron-aluminium 
separation. P i l p e / 8 ^ in a review paper on the properties 
of organic solutions of heavy metal soaps gave an aggre-
gation number for aluminium disoaps ranging from 500-1000 

-4 -3 
in the concentration range 10 -10 M Al. Mehrotra and 

( 8 L ) 
Rai in a study of molecular weights of aluminium soaps 
reported monomeric tri-laurate and dimeric tri-stearate in 
benzene. It was believed that the gel structure of aluminium 

( 8 2 ) 

disoaps was due to hydrogen bonding, but infra-red 
studies have shown that no such bonds are present in hydro-
lyzed aluminium soaps. Apparently, the tendency of aluminium 
soaps to gel in hydrocarbon solvents discouraged extensive 
investigations on the subject. 
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3.6 Modelling of equilibrium data 

Process models and efficient optimization strategies, 
regardless of their purpose, assume an important role in 
immediate process improvement, expanded process understand-
ing, optimal flowsheet design and re-design, and the 
development of new and better process control systems. 

Optimal flowsheet design will he the object of this 
discussion. Metals' extraction, industrially, is usually 
carried out in a counter-current manner, the aqueous feed 
input placed at one end and the organic feed at the 
opposite end. Schematically, a mixer-settler operation may 
be described as: 

It is seen that a mixer-settler counter-current 
system is composed of N discrete stages. Therefore, in 
order to describe the equilibrium state of such a system, 
knowledge of the equilibrium of each stage is required. 
A mathematical formulation of the extraction reaction has 
to be developed for it to be incorporated in the 
modelling procedure. It is the mathematical expression 
that distinguishes the three main categories of models 

(124) developed for equilibrium data treatment as follows , 
1. Chemical models:- Extraction equilibrium data are 
modelled on the basis of the known chemistry of the 
extraction reactions. 
2. Semi-empirical models:- using analogies between gas 
adsorption and vapour-liquid equilibria. 
3. Totally empirical models:- using generalised mathe-
matical expressions such as polynomials. 

( L 2 5 ) 
Forrest and Hughes made a good survey and 

( 1 2 6 ) 

analysis of existing models and Mular gave an excellent 
review on empirical modelling and optimization techniques. 
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Assuming the general extraction of iron with Versatic 
10 acid, 

3+ (n+s) _ 1 
eaq — — (HV) 2 ? o r g = _ ( F e V s H V ) x + nH+ (3-6-1) 

with an equilibrium constant, 

[(FeVn sHV) ] 1 / x [ H
+ ] n 

K - X orcr acl 
K ~ ( 3 . 6 - 2 ) 

[Fe3+1 t(HV)2] ( n + s ) / 2 
aq org 

it becomes obvious that a thermodynamically rigorous 
chemically-based model would be very difficult to achieve. 
Concentrations would have to be replaced by activities and 
since activity coefficients in most of the cases are not 
known they would have to be measured. This is of course 
easy to say but difficult and sometimes impossible to do. 

It is for this reason that restrictions are often 
placed on the system in order to simplify the chemistry. 
No doubt the chemical model can be very rigorous, however, 
it is only as good as the proposed reaction equation. 

(127) (128) Flett and Leaver independently, treated K as an 
apparent equilibrium constant which is only an average of 
the individual thermodynamic K values over a given concen-
tration range, and in some areas, poor fit of their experi-
mental data occurred. 

(133-134) 
Several workers have worked out or attempted 

a chemical model approach. Forrest, Hughes, Whewell, 
(124-132) 

Leaver and Middlebrook of the Bradford School have 
done quite an amount of work on comparing chemical, semi-
empirical and totally empirical models, introducing the 

(124) equilibrium surface approach. 
Semi-empirical models analogous to adsorption are 

based on the similarity of the shape of distribution 
( 1 3 5 ) 

isotherm to that of the adsorption isotherm. Whereas 
the curvature for solvent extraction systems is due to the 
decrease of available extractant as metal is extracted into 
the organic phase, that of adsorption is due to the decrease 
of available surface as more solute is adsorbed. The 
Langmuir equation takes the following form in a liquid-liquid 
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( 124) extraction system 

D = D » ( l - y / y s ) ( 3 - 6 - 3 ) 

where D = distribution coefficient, D= y/x 

D'= limiting distribution coefficient, 

D'=limD,y—• o 

x,y = molar concentrations 

y s = limiting molar concentration 

Semi-empirical models analogous to vapour-liquid 
e q u i l i b r i a ^ a r e based on Roult's law for ideal 
solutions:-

PA = P! zA ( 3- 6" 4 ) 

where p^ = partial pressure of component A in the vapour 
phase 

* p^ = vapour pressure of pure A 

Z^ = mole fraction of component A in the liquid 

The total pressure pressure p according to Dalton's law 
will be:-

P = PA + PB + P C + ••• = P 2 ZA + P 2 ZB + PC ZC ( 3' 6" 5 ) 

* * 

It was proposed that P»Z. may be replaced by Y.N.. where 
+ A A A A, aq 

YA is the molarity of A in the equilibrated organic phase 
for a single component system and N^ ^ is its mole 
fraction in the aqueous phase. The total pressure term 
will then be the total concentration of metal Y,̂  in the 
organic phase. 

YRP = Y. N. + Y„ N +... + AY.+ AY N (R> £ T A A,aq B B,aq A B {j.o-o) 

where AY are deviations from ideality. 
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Totally empirical models take the form of a 
generalised polynomial: 

k k k 
y = C + V a. x. + V V" a. .x.x. (3-6-7) 

x x (- Z _ x j x j 
i=l i=l j = l 

where y is the dependent variable and x^ are the independent 
variables. Such polynomials have been proposed by Paynter 

( 1 3 7 ) 2 + and Robinson for the extraction of Cu with L1X64N, 
( 1 3 8 ) by Goto * for the extraction of lanthanum with D2EHPA 

and Y with Quatamin T-08 (quaternary ammonium salt) and by 
(139 ) 

OzensBy for the extraction of Mo and W with the mixture 
D2EHPA-TBP-T0P0. 

(124) 
Forrest gave the advantages and disadvantages 

of the three approaches, shown in table 3-6-1. 
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Table 3.6-l ( l 2 Z° 

ADVANTAGES AND DISADVANTAGES OF CHEMICAL, SEMI EMPIRICAL 
AND TOTALLY EMPIRICAL MODELLING APPROACHES 

Model Disadvantages Advantages 

Detailed knowledge of* 
the chemistry and acti 

Chemical vity data required 
May not be so good for 
interpolation as other 
models 

Extrapolation 
possible 
Equilibrium descrip-
tion is common to 
other systems 
Little data required 
for evaluation of 
fundamental constants 

Only a tool for inter- Can often reduce 
Semi- polation and can not the number of 
empirical be used for parameters required 

prediction for empirical 
models 

No theoretical 
structure 
Only a tool for inter-
polation and cannot 
be used for prediction 
Much data are required 
for evaluation of 
empirical constants 
No universally 
applicable features -
one off exercise 

Good for inter-
polation 
Will guarantee to 
fit data if 
sufficient parameters 
are used 
Do not require any 
knowledge of the 
extraction mechanism 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE AND MATERIALS 

4.1 Materials and their specifications 

Table 4.1-1 

MATERIALS AND THEIR USE (All other reagents were of 
analar grade) 

Chemical Supplier Grade Purpose 

Versatic 10 
Escaid 110 
Fe(N0 ) 9 H

2
0 

A I ( N O 3 ) 3 9 H 2 O 

NaOH 
hno3 

HC1 
Potassium 
hydrogen 
phthalate 

Potassium 
tetroxalate 

SnCl2 2H20 

HgCl2 

K 2 C R 2 0 ? 

Barium di-
phenylamine 
sulphonate 

1/10-phenan-
throline 
hydrate 

E.D.T.A. 
Eriochrome 
black T 

H 3PO 4 

Methanol 
Ethanol 68 p-

Shell 
Esso 
BDH 

BDH 

H & W 

BDH 

BDH 

BDH 

H & W 

H & W 

H & W 

H & W 

H & W 

H 8c W 

H & W 

H & W 

BDH 

H & W 

Burroughs 

Technical Extractant 
Technical Diluent 
Analar Extracted metal 

GPR Extracted metal 

Analar pH adjustment 
Analar pH adjustment 

Analar Stripping reagent 

Analar Standard buffer 
solution 

Standard buffer 
Analar solution 
Analar Fe(lll) analysis 

Analar Fe(IIl) analysis 

Analar Fe(lll) analysis 

Redox Fe(lll) analysis 
indicator 

Analar Fe(lll) analysis 

Analar 
Metal 
indicator 
GPR 
GPR 

9 6 % 

Aluminium analysis 
Aluminium analysis 

Fe(lll) analysis 
Water determination 
AKUFVE washing 

solvent 
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Table 4.1-2 

SOLUTIONS AND THEIR USE 

Solution Specification Use 

0.IN NaOH 

0.IN NaOH 

0.IN HC1 

1M K 2Cr 20 ? 

0.1M K 2Cr 20 7 

0.1M E.D.T.A 
0.1M ZnSO^ 

Karl Fischer 
reagent 

H 20 in 
methanol 

Standard 

in Ethanol 

Standard 

Standard 

Standard 

HgSO^ made up 

made up 
made up 

standard 

standard 

Potentiometrie 
titrations 

Potentiometrie 
determination of 
Versatic 10 

Potentiometrie 
determination of NaOH 

Volumetric determin-
ation of Fe(lll) 

Volumetric determin-
ation of Fe(IIl) 

Fe(III) analysis 

Aluminium analysis 
Aluminium analysis 

Water determination 

Water determination 
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4.2 Analytical methods 

4.2.1 Iron 

Analysis of iron in the aqueous phase was done titri-
( 3 ) 

metrically with K^Cr^O^ . It was found that in the case 
of iron analysis with AlCNO^)^ as background electrolyte, 
reduction of Fe(IIl) to Fe(ll) was not possible if the 
sample solution was heated to 80°C as required by the 
method. However quantitative reduction occurs at 60°C as 
indicated by the measurement of Fe(III)/Fe(II) potential. 
It is thought that the high NO^ concentration reoxidizes 

f Sn(ll) to Sn(lV). Therefore, the analytical procedure had 
to be modified by diluting the aqueous sample with HC1, 
heating it to 60°C and titrating with K2 C r2°7 a f - t e r r e ~ 
ducing the Fe(lll) to Fe(ll). Dilution of the aqueous 
sample with HC1 served the following purposes: 
a) Fe(lll) hydrolysis was suppressed. 
b) The concentration of NO^ was reduced. 
c) A clear end point of the Fe(III)-Fe(II) reduction 

was achieved. 
The high viscosity of the aqueous phase had an 

effect on the accuracy of the sampling because of liquid 
remaining on the walls and the tip of the pipette. The 
standard procedure was to wash through glass pipettes with 
HC1. When big sample volumes were not available, a Gilson 
variable (O-lml) automatic pipette was used and the 
titration was carried out with a microburette supplied by 
Gallenkamp. The reproducibility of the automatic pipette 
was found to be with 0.1%. 

Attempts to analyse the aqueous phase by atomic 
absorption spectrophotometry (A.A) gave the following 
results: 

a) Iron can be accurately analyzed by A.A. when NaClO^ 
or LiNO^ are used as a background electrolyte. Na and Li 
enhance the sensitivity of iron absorbance. 
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b) Al interferes greatly in the iron determination by A.A., 
the error being of the order of -20%. Although a parti-
cular setting of burner height and fuel-air flow rates can 
eliminate the Al interference for a certain iron concen-
tration, this is not successful on covering the whole 
analytical working range. 

c) Al interference can be eliminated by making up standards 
and samples of identical Al concentration. This procedure 
gives results as good as those of titrimetric analysis. 

Fe(lll) in the organic phase was measured colori-
metrically with a Perkin Elmer/Hitachi 200 spectrophoto-
meter making use of the colour of the iron-versatic complex, 
the absorption spectra of which is given in figure 4.2-1. 
Beer's law is obeyed up to lOOppm and 500ppm Fe(lll) at 
wavelengths of 4o4nm and 465nm respectively when using 1cm 
path length (quartz cells). The calibration lines are 
shown in figure 4.2-2. 

Several organic solvents were tried for diluting the 
organic samples. Ethanol 68 presented a miscibility gap 
and was abandoned. Absolute alcohol provided a good linear 
relationship, however, when analyzing Fe(lll) organic 
concentration higher than lOg/lt, it was preferable to use 
0.75-2.5% v/v HV*in Escaid 110 in order to compensate for 
the HV matrix effect. Therefore 1% v/v HV in Escaid 110 
was employed as the solvent to perform dilutions. 

Fe(lll) organic standards were prepared by loading 
HV with Fe(lll). The concentration of Fe(lll) in the 
standard was established by stripping an aliquot of the 
loaded organic with—5N HC1 acid and titrating the strip 
solution with K^Cr^O^ standard solution. Because of the 
instability of Fe(lll), fresh standards had to be prepared 
for the analysis of each experimental run. It was found 
that analysis of organic phases containing more than 
lOg/lt Fe(lll) is best done at the 465nm wavelength. 

* HV denotes Versatic 10 acid. 
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FIGURE 4.2- 1 Visible absorption spectrum 
Solvent: Absolute Alcohol 

of Fe(lll)-Versatic 10 solution 
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F e ( I I I ) concn. ( p p m ) 
org 

FIGURE 4.2-2 A Beer's law plot for Fe(lII)-HV 
solutions at 404 and 465nm. 
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4.2.2 Aluminium 

Aluminium in the aqueous phase was analyzed by back 
( 3 ) titration of excess EDTA with standard Zn(ll) solution. 

Aluminium in the organic phase was measured by the 
following procedure: 

The organic sample was stripped with ~ 5N HC1 and 
Fe(lll) was removed by TBP extraction. The iron-free 
aqueous solution was analyzed for aluminium with a Perkin 
Elmer 272 atomic absorption spectrophotometer with suitable 
HC1 matrix simulation of the standards. It was found that 
aluminium was not extracted by TBP to any detectable extent. 

4 ^ 2 . 3 pH 

Since iron extraction in some cases was 50% at pH=0.0 
it was necessary to devise a way to measure negative pHs. 
The pH-meter used was not equipped with such facilities, 
therefore, the pH/mV relationship established for pHs> 0.0 
was extrapolated to cover negative pH values as shown in 
figure 4.2-3- Although pH readings taken by this method 

(4) 
are theoretically accepted , the acid error involved with 
pH measurements of very acidic solutions (pH <1.0) should 
not be overlooked. The origin of acid error is not yet 
clear. It has been attributed to anion penetration of the 
pH-sensitive surface layer of the glass or to low water 

(4) 
activity and dehydration of the silica glass. In the 
latter case it is, therefore, explained as a difficulty in 
proton exchange which is considered to take place through 
a mechanism involving jumping of H + ions between H o0 (4) molecules. 

Because of the above stated pH problems an attempt 
was made to measure the acid content of the aqueous phase. 
Unfortunately none of the surveyed methods was reliable. 

The hydrogen electrode was not applicable because 
the high NO concentration would oxidize the platinum 

( 3) J 
coating. 

Potentiometric titration did not give a detectable 
e^d point. Local alkalinization of the solution, resulted 
in local precipitation of Fe(lII) the situation getting 
worse as the pH rose, with hydrolysis of aluminium following 
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FIGURE 4.2.3 pH-mV relationship 



47 

Potentiometric titration to a predefined end point was of 
little value because the pH where iron starts to precipi-
tate depends on its concentration. On the whole, such a 
pH/acid content correlation would be worse than the pH 
itself so it was abandoned. 

Ion exchange is thought to be the most reliable 
( 3 ) 

method for the determination of free acid content w - not 
including the acid produced by hydrolysis of ions. A 
sample of previously acidified stock solution of AlCNO^)^ 
containing 64g/lt Al and no iron, was analyzed by the 
standard method. An excess (100%) of a strong cationic resin 

» Zerolit 225 (BDH) was used. 
Theoretically the total acid in the effluent after 

exchange extraction would be the sum of free acid added to 
A1(N03)3 solution and that produced by the exchange 
extraction 

Al3 +3HV = A1V3 + 3H+ (4.2.3-1) 

The actual acid value measured in the eluate accounted 
for 98.9% of that produced by the reaction 4.2.3-1. It 

3+ 
seems, therefore, that because of the high Al concentration 
the acid produced by the reaction 4.2.3-1 would be too high 
in comparison with the acid released into the aqueous phase 
during extraction of Fe(lll) with Versatic 10, so it would 
not be possible to detect it with any accuracy. 

Even if the outlined method was successful for the 
determination of free acid, still great difficulties would 
have to be faced to establish any relation to Fe(lll) 
extracted, because of reequilibration of hydrolysis reactions 
of Fe(IIl) and Al(IIl) in the aqueous phase. 

From the above discussion, it is obvious that pH is 
the only way for acidity comparisons. The manufacturer 
(Metrohm) of the combined glass electrode used stated that 
it would operate free of acid error, still in some cases 
instability was observed after long experimental runs, which 
necessitated frequent replacement and calibration. With 
these precautions the reproducibility of pH measurements was 
secured. 

r 
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4.3 Experimental procedure 
Most of the experimental data were obtained using an 

AKUFVE 110 apparatus combined with a Metrohm pH-stat 
system. A general layout of the equipment is given in 
photographs 4.3-1 and 4.3-2 and a schematic operational 
presentation in figure 4.3-1. 

The AKUFVE 110, which has been fully described by 
( 5 ) 

Rydberg et al , consists basically of a chamber where both 
phases are mixed together and where changes in composition 
of both phases can be obtained by the addition of suitable 
reagents, and a centrifuge where the light and heavy phases 
are separated. The system works in a continuous recycling 
manner, thus making it possible to obtain the distribution 
data much faster than with conventional techniques, pro-
vided that the rate of reaction is high. Fully computerized 
systems of similar configuration as the above have been 
described in the literature.^^ The continuous mode of 
operation helps to avoid the experimental error associated 
with shake-out tests where different feed solutions have to 
be prepared. 

The Metrohm pH-stat system consists of an Impulsomat 
E473 controller, a digital pH-meter E500 and a Dosimat 
automatic burette E4l5. 

One way of constructing an equilibrium isotherm is 
by shaking equal volumes of aqueous and organic phases at a 
constant pH. The pH was monitored by having a Metrohm 
combined glass electrode with a fast response immersed in 
a small vessel, placed in the aqueous side of the AKUFVE 
circuit. During extraction, H+ ions liberated into the 
aqueous phase were neutralized with Na0H(5N) through the 
Dosimat burette with its tip placed in the mixing chamber 
of the AKUFVE. By so doing, local precipitation of iron 
was avoided because of adequate stirring in the mixing 
chamber. On the other hand, positioning the pH-electrode 
and the Dosimat burette tip at different places in the 
whole circuit, causes a delay in the response time between 
alkali addition and changes in the pH and it was necessary 
to slow down the response of the pH-stat system in order to 
avoid overshooting the pH set value. The above precautions 
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Photograph 4.3-2 
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1. MIXING CHAMBER 
2. ELECTRIC MOTOR 
3. HEAT EXCHANGER 
4. pH-ELECTRODE 
5. THERMOCOUPLE 
6. HEATING RESISTANCE 
7. THERMOSTAT-PUMP 
8. AIR-MOTOR 
9. SAMPLING PUMP 

FIGURE 4.3-1 Experimental Set-up 
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helped to keep the pH quite constant during each run. 
Temperature was kept constant within 0.2°C of the 

set value by the following procedure. A water bath equipped 
with a thermostat-pump, circulated water through the heat 
exchangers of the AKUFVE apparatus. The thermostat was set 
roughly 2°C below the operating temperature. The required 
temperature was achieved by the use of an extra unit com-
prising a Chrome1-Alumel thermocouple, a heater and a 
Eurotherm temperature controller. Taking the above measures, 
heat generation in the centrifuge and room temperature 
variation were successfully compensated. A second Chromel-
Alumel thermocouple passing through an ice-junction was used 
to record the temperature during each run. Both thermo-
couples were calibrated with an accurate thermometer 
immersed in a water bath. 

A typical experimental run comprised the following 
steps: 1. Calibration of the pH-electrode at the operating 
temperature with tetraxolate buffer solution. 

2. 75g Fe(NOo)o Ho° were dissolved in 1000ml 
j j ^ 

A1(N03)3 stock solution containing 64g/lt Al to make-up a 
solution containing ^10g/lt Fe(lll). The volume change 
after solid dissolution was measured in order to correct 
the initial Al concentration. 

3. If the pH of this iron replacement solution 
(Sol. A) was higher than the operational pH, it was brought 
to the desired pH with concentrated HNO^. 

4. A calculated volume of Sol. A was mixed with 
A^NO^)^ stock solution to make up 400ml feed of the desired 
iron concentration. 

5. The feed solution was brought to the desired pH 
if it was higher than the operational pH. This precaution 
was taken because of the fear of irreversibility of iron 
extraction. 

6. 400mls of the desired Versatic 10 concentration 
were prepared in Escaid 110. 

7- The above aqueous and organic solutions were 
put into the mixing chamber of the AKUFVE and the electric 
motor was started. 
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8. The solutions were circulated through the 
AKUFVE system until the desired temperature was reached. 

9. The pH-stat was put into operation. 
10. Samples from the aqueous and organic phases 

were taken with a pipette and a syringe respectively when 
equilibrium was reached, this being indicated by the state 
of inactivity of the pH-stat. 

A large sample (50ml or 100ml) was taken from the 
aqueous phase and was replaced with a calculated volume of 
Sol. A in order to avoid gross variation of the ionic 
strength of the aqueous phase and to keep the phase ratio 

• constant. 
11. A second equilibrium point was obtained as above 

and so on until sufficient data were collected to construct 
the extraction isotherm. 

Several precautions, associated with the nature of the 
solutions used, had to be taken to ensure a smooth experi-
mental run. These were: 

A. The aqueous and organic phases were mixed for a short 
time (2 minutes) in the mixing chamber and were allowed to 
disengage before continuing with further mixing and circul-
ation through the centrifuge. In this way flooding of the 
centrifuge was avoided, because it was found by shake-out 
tests that after the first phase disengagement, a cleaner 
and faster phase separation was subsequently produced. 

B. Because of the high viscosity of the aqueous phase 
it was found that the inlet valve to the centrifuge should 
be opened only to one-third of its full range, otherwise the 
centrifuge was flooded despite increasing its speed. 

C. The standard washing procedure recommended in the 
AKUFVE manual was not successful in cleaning the flow path 
of the aqueous phase, and in the early part of the work the 
whole of the aqueous side flow circuit had to be dismantled 
for cleaning. It was later found that if the aqueous phase 
was replaced gradually with the washing solution (IN HNO^), 
a smooth washing operation could be established. 
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D. Ethanol 68 was used to wash-out organic from the 
flow system. Initial trials with acetone resulted in attack 
of the viton o-rings with subsequent leaks everywhere in 
the flow circuit. 

Modifications of experimental procedure aimed at 
different goals will be discussed in the appropriate sections. 

Each experimental run lasted from 8 to 12 hours. 

ft 
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Chapter 5 

PRELIMINARY EXPERIMENTS 

5.1 Initial observations 

Several experiments were carried out in the beginning 
of this work in order to test the performance of the 
extraction system. Although the results were not accurate, 
they were precise enough for some conclusions to be drawn. 

400ml of aqueous phase containing lg/lt Fe(lll) as 
FeCNO^)^ were contacted with an equal volume of 1M Versatic 
10 in Escaid 110 in the AKUFVE apparatus. LiNO^^M) -
which was available at the time - was used as a background 
electrolyte. NaOH(lN) was added to the mixing chamber in 
order to evaluate the degree of Fe(lll) extraction as a 
function of pH. The time required for the establishment of 
equilibrium was found to be dependent on the pH of the 
aqueous phase - the higher the pH, the higher the rate of 
the extraction. This equilibrium time, measured from the 
moment of addition of NaOH until the pH stabilized to a 
constant value, varied as follows:-

pH Equilibrium time (mins.) 
1.78 5 
1.20 6.5 

0.80 15 

0.45 20 

Quantitative extraction of Fe(IIl) was obtained under 
these conditions at pH=0.80 as shown in figure 5-1-1. 
Equilibration time was kept at 30-40 mins. to ensure the 
attainment of equilibrium. 

Increase in temperature was found to improve the 
phase separation in the case of Fe(lll) extraction. 

Figure 5-1-2 shows the effect of HV concentration on 
the percentage extraction of Fe(lII). 

Fe(IIl) in the aqueous and organic phases was 
analyzed by A.A. spectrophotometry, with proper organic 
standards prepared in the latter case. 
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FIGURE 5-1-1 Percentage extraction of Fe(lll) with HV 
versus pH 
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8.9 M NaClÔ  
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FIGURE 5-2-2 Effect of HV concentration on the 
extraction of Fe(lII) 
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5.2 Loading of Versatic 10 with Fe(lll) and AI(III) 

5-2.1 Experimental 

Experiments were carried out in a thermostated bath 
within il°C of the desired temperature. Aqueous and 
organic phases were placed in conical flasks and were 
shaken for 2.5h using a conventional shaker with bend arms 
immersed in the water bath. NaOH was added to the aqueous 
phase which resulted in colloidal precipitation of Fe(lll). 
Its presence was neglected, the main interest concentrated 
on the maximum loading that could be achieved. The same 
was true for Al(lll). After each contact the two phases 
separated through a phase separation filter paper (Whatman 
IPS paper) and the organic phase was brought successively 
into contact with fresh aqueous solution until further 
phase separation became quite difficult. 

NaC10Zt(8.9 M) and Al(NO^)^(2.372 M) were used as 
background electrolytes. Fe(lll) in the organic phase was 
analyzed by UV spectrophotometry at 4o4nm. Al(lll) in the 
organic phase was found by difference of aqueous aluminium 
concentrations before and after extraction. 

5.2.2 Results 

Results are shown in tables 5-2.2-1, 5-2.2-2 and 
5-2.2-3 



Table 5 .2.2-1 

LOADING OF VERSATIC 10 WITH Fe(lll) 

Background Temp. Initial Fe(lll) HV concn. Initial Final Max. Fe(lll) 
electrolyte concn.(aqueous) pH pH concn.(organic) 

(M) (°C) ( g /It) (M) ( g /It) 

NaClO^(8.9) 23 1 0.106 0.50 < 0 0.027 

NaC10Zt(8.9) 25 4.82 0.427 0.50 < 0 3.5 
NaClO^(8.9) 6o 4.82 0.106 0.50 < 0 0.190 

NaClO^(8.9) 60 4.82 0.427 0.50 < 0 3.75 
Al(NO^)^(2.37) 60 4.82 0.427 0.37 < 0 3.90 

Al(NO^)^(2.37) 6o 4.82 0 . 1 0 6 0.37 < 0 0.250 



Table 5.2.2-2 

LOADING OF VERSATIC 10 WITH Al(lll) 

60°C, 0.427M HV, 3.19g/lt Al (initial) 

Contact No. AI(III) org. Al(lll) aq. Equilibrium 
concn.(g/lt) concn.(g/lt) pH 

1 0.249 2.827 3.16 
2 0.508 2.817 3.27 

3 0.833 2.800 3.36 

4 1.131 2.827 3.30 

5 1.540 2 .8l4 • OJ to
 

6 1 . 7 8 0 2.963 3.40 

7 1.950 3-017 3.44 

8 phase separation not possible 
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Table 5.2,2-3 

LOADING OF VERSATIC 10 WITH Al(lll) 

60°C, 0.106M" HV, 3.19g/lt Al(initial) 

Contact 
No. 

A I ( I I I ) 

concn.(g/lt) 
A I ( I I I ) a q . 
concn.(g/lt) 

Equilibrium 
pH 

1 0.249 2.746 3.62 

2 0.532 2.733 3.63 

3 0.631 2.944 3.65 

4 phase separation not possible 

5.2.3 Discussion 
A solvent extraction plant operates with several 

parameters fixed, one of which is the extractant concen-
tration. This is determined from equilibrium and kinetic 
studies. It is necessary to know what extractant concen-
tration is required for the extraction of metal ions from 
the aqueous phase without crud formation and what is the 
effect of any excess on the reaction rate and on the phase 
separation. 

It is therefore, important to study the maximum 
attainable loading of Versatic 10 with Fe(lll) and its 
variation with extractant concentration and temperature. 
The degree of AI(III) extraction will also affect the 
selected extractant concentration. 

It must be emphasized that the experimental data 
should not be interpreted as equilibrium points of an 
extraction isotherm, because both pH and phase ratio were 
not constant. 

From the above results the following conclusions may 
be drawn. 



61 

1. The maximum loading of* Versatic 10 with Fe(IIl) is 
approximately 50% of the theoretical value, assuming that 
an FeV^ complex is formed in the organic phase. A higher 
loading of 77% can be achieved, but in that case phase 
separation becomes difficult even after centrifuging for 
40 minutes at 1600 rpm. 

2. Low extractant concentrations cannot extract the 
same percentage of Fe(lll) from the aqueous phase as higher 
ones. This may be explained by the reduced activity of HV 
in the organic phase, with the speculation that a min imurn 

extractant concentration is required for it to become active 
enough for practical purposes. 

3- The effect of temperature is to improve the phase 
separation. However, nothing can be concluded at this 
stage as to whether it has a positive effect on the 
extraction or not. 

4. Al(lll) is extracted into the organic phase at 
p H > 3 - 0 with no detectable extraction at pH«0.95« There-
fore Al(lll) coextraction will not complicate the extraction 
of Fe(IIl) at low operating pHs and neither will it have an 
effect on the selection of the appropriate extractant 
concentration. 

5.3 Phase separation studies 

Experimental data obtained by loading HV with Fe(lll) 
were used to select the appropriate extractant concen-
tration, using 50% excess over the theoretically required 
value to extract a certain amount of Fe(lll), based on the 
assumption that FeV^ was formed in the organic phase. 
Unfortunately, the extraction procedure was accompanied by 
an emulsion formation which blocked the AKUFVE apparatus. 
This was the case with an aqueous solution of pH=0.30 
containing 1.3g/lt Fe inNaClO^(8.9M) and with 0.160M HV 
concentration in the organic phase. The same behaviour was 
observed using 0. 5M HV. 
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A systematic phase separation study was then under-
taken by shake-out tests to work out the minimum HV concen-
tration which could be used to extract a certain amount of 
Fe(IIl) from the aqueous phase with no emulsion formation. 
Both NaClO^ and AlCNO^)^ were used as background electrolytes. 
It was found that AlCNO^)^ resulted in a better phase 
separation than NaClO^ and that 5% (0.407M) and 10% V/v(0.8.1 4M) 
HV were sufficient to extract 1.3g/lt (0.023M) and 3g/lt 
(0.054M) Fe(lll) respectively without any settling problems. 
AltNO^)^ was used for all subsequent work. 

Another observation made during those trials was 
I that, if one allowed the phases to settle after the first 

mixing, no further settling problems arose on proceeding 
with total extraction. This idea was incorporated in the 
experimental procedure using the AKUFVE apparatus as 
mentioned earlier. 

Addition of isodecanol up to 10% v/v did not have a 
marked effect on phase separation so it was excluded. 

All the outlined precipitation and emulsion problems 
illustrate the importance of the maximum loading of 
extractant, deduced from an extraction isotherm, where 
both pH and equilibrium metal concentration in either phase 
are known. It is speculated that a clear phase will not be 
produced, when the feed Fe(lll) concentration exceeds the 
sum of the equilibrium organic and aqueous Fe(lll) concen-
trations, at the point of maximum loading of the extractant, 
for the particular operating pH. The reasoning for this is 
that, any excess Fe(lll) remaining in the aqueous phase 
will be unstable at that pH and will tend to hydrolyze. 
The polymeric colloidal hydroxides produced can then give 
rise to crud formation. 
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Chapter 6 

2 k _ 1 FACTORIAL EXPERIMENTS 

6,1 Introduction 

A statistical approach in both the design and 
analysis of experiments has now been widely accepted as 
an efficient way of experimentation. Minimum numbers 
of treatment combinations and maximum information can be 
obtained by this method. 

Factorial experiments and their analysis are fully 
(7—8) 

t described in many statistical textbooks , so a very 
brief description of the outlined procedure will be given. 

In the so called two-level factorial design, each 
variable is used at two levels, and it is assumed that the 
effect of the variable is linear in that range. This of 
course may not be the case, so care should be taken when 
selecting the levels of each variable. Some knowledge of 
the process is therefore required, otherwise the initial 
factorial design will serve just as a guide for a further 
improved one. 

A fast computational technique to analyze the effect 
of each variable and all interactions is Yates's algorithm. 
The effect of any variable is defined as an overall 
average change in the response produced by an increase in 
the level of that variable. A first order interaction effect 
between two variables A and B (AB) is the average difference 
between the effect of an increase in the level of A at the 
high level of B, and the effect of an increase in the level 
of A at the low level of B. High order interaction effects 
may be viewed similarly. Variables are usually assigned 
the (-) and (+) sign to represent their low and high levels 
respectively. 

The significance of each variable may be judged by 
the following tests: 
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1. Normal plot of effects. Using normal probability 
paper all the effects will fall on a straight line if they 
are insignificant. In that case all variations are due to 
experimental error, which follows the normal distribution. 
This is represented by a straight line, after proper modi-
fication of the vertical axis scale. The effects which are 
significant will lie off the straight line. This test is 
usually carried out as a diagnostic one. 

2. Calculation of standard error when a genuine replicate 
is available. 

3. Calculation of standard error from high order inter-
actions on the assumption these are not significant. The 
method of calculating the standard error in the latter two 
cases is given in Appendix 6.1. 

In order to investigate k variables by a two-level 
factorial design, 2 experimental runs need to be performed. 
It is seen that the number of runs increases geometrically 
as k is increased. It is often true that high order inter-
actions are negligible and can be disregarded. Much experi-
mental effort can be saved, without losing any of the 
information provided by a complete factorial design, by 
using fractional factorials. The method of doing this, is 
described in standard textbooks. The analysis of main 
effects and interactions is essentially the same as for a 
complete factorial design. 

6.2.1 Experimental 

Experiments were carried out using the AKUFVE apparatus 
and the same experimental set-up as described in section 4.3. 
400ml of each phase of the desired composition were 
continuously mixed and separated through the centrifuge, 
until equilibrium was approached, indicated by the 
stabilization of the pH of the aqueous phase. This was 
followed by addition of NaOH(lN) for the equilibrium to be 
established at a higher pH, until adequate equilibrium 
points were obtained to construct the logD/pH plot. Sampling 
of the phases was done using a 5ml syringe. 
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6.2.2 Results 

The effects of temperature, Versatic 10 concentration 
in the organic phase, Fe(IIl) concentration in the aqueous 
phase and AI(III) concentration in the aqueous phase on 
the extraction of Fe(lll) in the organic phase, was studied 
over pH range extending from 0 to 100% extraction of Fe(lII). 

A half-factorial design was used and the matrix 
design is shown in table 6.2.2-1. 

Table 6.2.2-1 

Variable Low level High level Units 
( - ) (+) 

1 temperature 30 60 °c 

2 HV concn. 10 15 %V/v 

3 Fe(lll) concn. 1.2 to • -vl g/lt 

4 Al(lll) concn. 32 64 g/lt 

Design matrix 

Variable Run 
code Comments 

Run 1 2 2 4 number 

1 — — — T Confounded inter-
action 

2 + - - + 14 123 = 4 
3 - + - + 24 
4 + + - - 12 Generator 1234=1 
5 - - + + 34 
6 + - + - 13 
7 - + + - 23 

8 + + + + 1234 
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The percentage extraction of Fe(lll) and the logD 
values were calculated for each run and are plotted in 
figures 6.2.2-1 and 6.2.2-2 respectively. The detailed 
equilibrium data are given in Appendix 6.3-

The response for the Design No. 1 is the value of 
pH _ (logD=0 ) , obtained by interpolation from the S-shaped u. j 
curves shown in figure 6.2.2-1. The calculation of main 
effects and interactions together with the analysis of 
variance is given in table 6.2.2-2. The analysis of 
variance for all designs is performed in Appendix 6.2. 

As it can be seen from figure 6.2.2-1, the Design No.1 
I consists of eight S curves, which are split into two 

groups. They are located at low and high pH regimes, 
corresponding to high and low levels of Al(lll) concen-
tration in the aqueous phase respectively. Because of the 
large effect of Al(lll) concentration, as shown in table 
6.2.2-2, the effects of the rest of the variables may be 
evaluated within each of the two groups of S-curves. 

pH as a coded variable (5) was introduced at a low 
and high level to replace the variable (4). As a response, 
the logD value of Fe(lll) extraction was chosen, measured 
by interpolation from logD/pH curves, shown in figure 
6.2.2-2. Two half-factorial designs were evaluated by 
this method, however, as many as desired may be generated 
by altering the levels of pH. The confounded interaction 
was found by writing down all interactions in terms of (-) 
and (+) signs. The confounded interaction would be the one 
which is made up of identical type signs. The generated 
half factorials are given in tables 6.2.2-3 and 6.2.2-4. 

The calculation of main effects and interactions 
together with the analysis of variance for the Design No. 2 
and the Design No. 3 are given in tables 6.2.2-5 and 6.2.2-6 
respectively. 

Diagnostic significance testing for the Design No. 1, 
Design No. 2 and Design No. 3 is given in figures 6.2.2-3, 
6.2.2-4 and 6.2.2-5 respectively. 



FIGURE 6.2.2-1 Half-factorial Design No.1: 
Percentage Fe(lll) extraction versus pH 
for several treatment combinations 
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PH 

FIGURE 6.2.2-2 Half-factorial Design No.1: 
LogD/pH plot for several treatment 
combinations 
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FIGURE 6.2.2-3 Normal plot of effects 
Factorial Design No.1 - Response: pH 
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ordered c o n t r a s t s 

FIGURE 6.2.2-4 Normal plot of effects: 
Half-factorial Design No.2 
Response: logD 
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ordered con t ras ts 

FIGURE 6.2.2-5 Normal plot of effects 
Half-factorial Design No.3 -
Response: logD 



Table 6.2.2-2 
HALF-FACTORIAL DESIGN No. 1 - RESPONSE: pH n 5 U 

DESIGN MATRIX - YATES'S ALGORITHM - ANALYSIS OF VARIANCE 
S - Significant 

NS - Non significant 

Design Yates's algorithm Analysis of variance 

Run Response Identi- Calcul-Run 
Variable * p H 5 0 Divi-

sor 
(4) 

Effect fi-
cation 

ated 
t=effect t0.05 signifi-

1 2 3 4 (1) (2) (3) 

Divi-
sor 
(4) (5) (6) 0.0081 3> = 6 canc e 

1 - - - - 1.2 1 .555 2.67 5.115 8 0.639 Average 

2 + - - + 0.355 1 .115 2.445 0 . 3 0 5 4 O . O 7 6 1 9.38 2.447 S 

3 - + - + 0.025 1 .275 0.22 -0.545 4 - O . I 3 6 2 16.79 2.447 S 

4 + + - - 1.09 1 .17 0.085 -0.055 4 -0.0137 12 1.69 2.447 NS 

5 - - + + 0.125 -0 .845 -0.44 -0 . 2 25 4 -0.056 3 6.91 2.447 S 

6 + - + - 1.15 1 . 0 6 5 -0.105 -0.135 4 0.0337 13 4.16 2.447 S 

7 - + + - 1.055 1 . 0 2 5 1.91 0.335 4 0.0837 23 10.37 2.447 S 

8 + + + + 0.115 -0 .94 -1.965 -3.875 4 -0.968 123 = 4 119.50 2.447 S 

*l=temp.(°C), 2=HV(% V/ v), 3=Fe(III)(g/lt), 4=A1(III)(g/lt) 
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Table 6.2„2-3 

Design No. 2 

Experimental Conditions 

64 g/lt AI(III) in 
aqueous phase 

Variable Low level High level Units 

1 tempera- 6 q o 
ture 

2 HV concn. 10 15 % v/v 

3 Fe(III) / l t 
concn. 

5 pH 0.1 0.5 

Table 6.2.2-4 

Design No. 3 

Experimental Conditions 

32 g/lt Al(lll) in aqueous phase 

Variable Low level High level Units 

1 tempera-
ture 

2 HV concn. 

3 Fe(lll) 
concn. 

5 pH 

30 

10 

1.2 

1.0 

60 

15 

2.7 

1.4 

°C 

°/oV/v 

g/lt 



Table 6.2.2-2 
HALF-FACTORIAL DESIGN No. 2 - RESPONSE: logD 

DESIGN MATRIX - YATES ALGORITHM - ANALYSIS OF VARIANCE 
CONFOUNDED INTERACTION 1=23, 1=123 S: Significant 

NS: Non significant 

Design Yates 1s Algorithm Analysis of variance 
Run Identi-

fi-
cation 

( 6 ) 

Calcul-
ated 
t=effect 

0.0215 

Variable* logD Divi-
sor 
(4) 

Effect 
Identi-
fi-
cation 

( 6 ) 

Calcul-
ated 
t=effect 

0.0215 
t0.05 
T = 6 

sig-
nifi-

2 3 5 l (1) ( 2 ) (3) 

Divi-
sor 
(4) (5) 

Identi-
fi-
cation 

( 6 ) 

Calcul-
ated 
t=effect 

0.0215 
t0.05 
T = 6 

cance 

1 - - + -0.64 -0.44 -0.53 2 . 0 3 8 0.253 Average 

2 + - - 0 . 2 0 - 0 . 0 9 2 . 5 6 1 . 6 7 4 0.417 2 19.39 2.447 S 

3 - + - -0.01 l.ll 0.77 0 . 6 9 4 0 . 1 7 2 3 8 . 0 0 2.447 S 

4 + + + - o . o 8 1.45 0 . 9 0 -1.95 4 -0.48 23 = 1 22.32 2.447 S 

5 - - + + 0.07 0.84 0.35 3.09 4 0.77 5 35.81 2.447 s 

6 + - + 1.04 - 0 . 0 7 0.34 0 . 1 3 4 0 . 0 3 2 25 1.48 2.447 NS 

7 - + + 0 . 7 6 0.97 -0.91 -0.01 4 -0.002 35 0.09 2.447 NS 

8 + + + + 0 . 6 9 - 0 . 0 7 -i.o4 - 0 . 1 3 4 - 0 . 0 0 3 235 1.39 2.447 NS 

*l=temp.(°C), 2=HV(%V/v), 3=Fe(III)(g/lt), 4=A1(III)(g/lt) 



Table 6.2.2-2 
HALF-FACTORIAL DESIGN No. 3 - RESPONSE: logD 

DESIGN MATRIX - YATES ALGORITHM - ANALYSIS OF VARIANCE 
CONFOUNDED INTERACTION l=-23, 123=-I S: Significant 

NS: Non significant 

Design Yates 1s Algorithm Analysis of variance 

Run 
Calcul- sig-

nifi-
cance 

Run Variable * 
Response 

logD 

Divi-
sor 

Effect Iden-
tifi 

ated 
t=effect 

t0.05 
$ = 6 

sig-
nifi-
cance 

2 3 5 1 
Response 

logD (1) (2) (3) (4) (5) 
cation 

(6) 0.0215 

t0.05 
$ = 6 

sig-
nifi-
cance 

1 - - - - -0.73 -1.09 -1.73 1.62 8 0.202 Average 

2 + - - + - 0 . 3 6 -0.64 3.35 1.46 4 0.365 2 1.697 2.447 S 

3 - + - + -0.48 1.51 O . 6 9 0 . 7 8 4 0.195 3 9.06 2.447 S 

4 + + - - - o . 16 1.84 0.77 -0.02 4 -0.005 23 = 1 0.23 2.447 NS 

5 - - + - 0.57 0.37 0.45 5 . 0 8 4 1.27 5 59-06 2.447 S 

6 + - + + 0.94 0 . 3 2 0.33 0 . 0 8 4 0 . 0 2 1 25 0.97 2.447 NS 

7 - + + + 0.72 0.37 -0.05 0.12 4 -0.03 35 1.39 2.447 NS 

8 + + + - 1.12 o.4o 0.03 0 . 0 8 4 0.02 235 0.93 2.447 NS 

*l=temp.(°C), 2=HV(%V/v), 3=Fe(III)(g/lt), 4=A1(III)(g/lt) 
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6.2.3 Discussion 

The normal plot of effects shown in figures 
6.2.2-3, 6.2.2-4 and 6.2.2-5, indicate significance of the 
main effects only. Calculation of the standard error for 
the effects, based on the insignificance of high-order 
interactions was performed, to test further the signifi-
cance levels of the main effects and interactions. The 
calculation procedure is described in Appendix 6.2. 

Design No. 1 reveals a huge positive effect of 
AI(III) concentration on the pFL. _ response. This is 

O. 5 explained by the "salting-out" effect of AI(III) in the 
aqueous phase. A decrease of the pH_ _ value of O .968 pH 

U. 5 
units is observed, by increasing the AlCNO^)^ concentration 
in the aqueous phase from 32 to 64g/lt Al(IIl). 

All designs show a positive effect of HV 
concentration on the extraction of Fe(lll), which is related 
to the increased activity of HV in the organic phase. From 
the results of the Design No. 1, it can be seen that the 
increase of HV concentration from 10 to 15%v/v results in a 
decrease of the pHq ^ value of O . I 3 6 pH units. 

Increases in Fe(lll) concentration in the aqueous 
phase have a positive effect on Fe(lll) extraction in all 
designs. This effect is probably due to polymerization of 
Fe(lll) in the organic p h a s e ^ ^ . Quantitatively a de-
crease of pHq value of O .O56 pH units is observed by an 
increase of Fe(IIl) concentration from 1.3 to 2.7g/lt in 
the aqueous phase. 

pH exhibits a positive effect on the extraction 
of Fe(IIl) in Design No. 1 and Design No. 2. This, of 
course, is typical of a cation exchange extraction which is 
favoured by decreased acidity in the aqueous phase. Its 
significance level is higher at high pH values (Design No. 3) 
- 1.27 increase of the logD value by increasing the pH from 
1.0 to 1.4 - than at lower ones (Design No. 2) - 0.77 
increase of the logD value by increasing the pH from 0.1 to 
0.5- This may be due to the increased ionization of HV at 
high pH values, and certainly to the nth power involved 
in the extraction reaction, 

Fe^+ + nHV = FeV + nH+ 
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Temperature in Design No. 1 is seen to have a 
slight negative effect. The derived Design No. 2 and 
Design No. 3 help to examine the effect of temperature at 
high and low AI(III) concentrations in the aqueous phase, 
respectively. It can be seen that the temperature effect 
is negative at high ionic strength, while it is slightly 
positive at low ionic strength. 

In order to elucidate the effect of temperature as 
a function of ionic strength, two further experimental runs 
were performed at 30 C and C using the AKUFVE apparatus. 
The ionic strength of the initial Fe (NO^J^-HgO solution was 

ft gradually increased by replacing fractions of it with an 
FeCNO^^-AlCNO^-HgO solution. The pH was kept constant 
at O .83 during each run. The results are given in Appendix 
6.4 and the logD values versus ionic strength (i) are plotted 
in figure 6.2.3-6. It can be seen that at ionic strengths 
below 9-0, the effect of temperature is positive, while it 
becomes negative above 1=9-0. 

The reasons for this behaviour are probably related 
to the changes in activity coefficients and water activity 

(140) 
with temperature. However, because of the lack of the 
necessary data, it is not possible to theoretically quantify 
these effects. 

The analysis of variance of the Design No. 1 indi-
cates significance of the (HVxFe(IIl)) interaction, which 
has a negative effect on the extraction of Fe(lll). This 
interaction however is difficult to explain theoretically 
and it is thought probable that it is due to the fact that 
in the experimental design used, this interaction is con-
founded with the main effect of temperature. Therefore, 
no conclusions can be drawn on its significance from these 
results alone. 

The (temperature x Fe(IIl)) interaction appears to 
be marginally significant in the Design No. 1, but without 
effect in the Design No. 2 and Design No. 3- It is con-
sidered, therefore, as non significant in the experimental 
area studied. 
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FIGURE 6.2.3-6 Effect of ionic strength and 
temperature on Fe(lll) extraction 
13% V//v HV 
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The slopes of logD/pH lines in figure 6.2.2-2 are 
3.17 and 2.47 at low and high Al(lll) concentrations in 
the aqueous phase respectively. Complexes such FeVgOH and 
FeV^ may be present in the latter case. 

6 .3 Coextraction of Al(lll) 
AI(III) extracted into the organic phase together 

with Fe(lll), was measured by A.A spectrophotometry after 
stripping of the organic phase with HC1. 

It was found that at high (2.372M) Al(IIl) concen-
trations in the aqueous phase, quantitative extraction of 

p- Fe(IIl) could be achieved with no detectable Al(lll) extracted. 
In the case of low (1.186M) Al(IIl) concentration 

in the aqueous phase, the following maximum concentrations 
of AI(III) were measured in the organic phase, 

pH AI(III) concn. Fe(IIl) concn. org org 

1 . 6 7 130 ppm 2.719 g/lt 

1 . 5 2 108 ti 2.519 ti 

1.34 65 
it 2 . 2 0 5 ti 

1 . 1 9 43 11 1.837 it 

Conclusions 
The effects of pH and extractant concentration are 

found to follow the normal behaviour of a cationic type 
exchange extraction reaction. The positive effect of in-
creasing the total Fe(lll) concentration is indicative of 
polymerization in the organic phase. Increasing the 
temperature increases the extraction of Fe(IIl) below an 
ionic strength (I) equal to 9-OM and decreases it above that. 
This is attributed to changes in activity coefficients and 
water activity, but it cannot be quantified theoretically. 
The effect of increasing the ionic strength of the aqueous 
phases causes a significant increase of the Fe(lll) distri-
bution and is due to the "salting-out" effect of the back-
ground electrolyte (AlCNO^)^)). It is therefore beneficial 
to conduct Fe(lll) extraction with as highly concentrated 
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A1(N03>3 solutions as possible. An additional advantage 
of doing this is the low coextraction of Al(lll) from 
these solutions, which exhibit low pH values. 
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Chapter 7 

EQUILIBRIUM EXTRACTION ISOTHERMS OF Fe(IIl) 

7-1 Introduction 

Distribution data for the construction of an ex-
(34) 

traction isotherm may be obtained in two ways. The first 
employs variation of the phase ratio of the aqueous and 
organic phases, the second involves recontact of the organic 
phase with fresh aqueous phase until the saturation loading 
of the extractant is reached. In both cases it is imperative 
that the equilibrium pH of the aqueous phase is kept constant, 
if the extraction reaction is of a cation exchange type. 

In the phase variation method, the ratios usually 
employed range from about 1/10 to 10/1. After mixing, the 
phases are allowed to disengage and then they are separated 
out and analysed for the metal of interest. It is necessary 
prior to analysis to remove any entrainraents from both 
phases. A very effective way is to filter the organic 
through Whatman IPS phase separating paper. This is silicone 
treated and it is highly hydrophobic. In case of metals' 
extraction with cationic exchangers, if the equilibrium- pH 
is different from the desired one, it is adjusted by addition 
of acid or alkali and followed by further equilibration of 
the phases till the desired equilibrium pH is established. 

The second method of constructing an equilibrium 
isotherm is as follows. Aqueous and organic phases are con-
tacted at a certain phase ratio until equilibrium is 
approached. After disengagement and phase separation, the 
aqueous is removed together with a portion of the organic 
phase for analysis. The remainder of the organic is brought 
into contact with a calculated volume of fresh aqueous so as 
to have a constant phase ratio. This process is carried on 
until saturation of the extractant with the metal is obtained. 
Again for cationic exchangers care must be taken to maintain 
the same pH throughout the shake-out series. 

A McCabe-Thiele diagram can be constructed from the 
( 34) 

distribution data of either of the methods. w Using those 
diagrams, one can calculate the number of stages required to 
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obtain a definite raffinate composition at different oper-
ating pH levels and different extractant concentrations. 

7^2.1 Experimental 

The experimental procedure is described in section 4. 

7-2.2 Results and Discussion 

Unit volume ratio of aqueous and organic phases was 
employed for all experimental runs. The equilibrium data 
for all extraction isotherms are given in Appendix 7-1 as 
volume and Fe(lll) concentration in both phases, pH, tem-
perature, mass balance and NaOH consumed during the 
extraction of Fe(lll). 

In the early runs, a concentrated iron solution was 
used to increase the total iron in the system. Although the 
percentage change of the volume was not high, it caused a 
marked decrease of the Fe(lll) extraction. This is attri-
buted to the decrease of the ionic strength of the aqueous 
phase, the significance of which has been described in 
previous sections. Figure 7-2.2-1 shows the effect of ionic 
strength and phase ratio variation. It can be seen that for 
the lower segments of the extraction isotherms of identical 
pH where little variation of the ionic strength has occurred 
the experimental points fall essentially on the same curve. 

Figure 7-2.2-2 shows the extraction isotherm curves 
at different pHs. It can be observed that:-

1. The extraction isotherm curve is S-shaped which is more 
pronounced for pH <0.15. This is probably due to polymeriz-

(1) 
ation of Fe(IIl) in the organic phase. It can be seen 
that above 2g/lt Fe(lll) in the organic phase, the curves 
follow a clear parabolic function. 
2. It is seen that the extraction isotherms shift towards 
the Fe(lll) axis with increasing pH. However, above org, ° 
pH=0.67 the curves do not appreciably change position. The 
latter observation is likely to be related to the pH value 
where Fe(IIl) starts to precipitate. It is known that 
maximum extraction of a metal occurs near its pH of precipi-
tation . ̂  ^ ' ̂  ^ This is so because the extraction of metal 
with cationic-type extractants is favoured at high pH values 
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FIGURE 7.2.2-1 Fe(lII) extraction isotherms with 
15% V/v Versatic 10 - Effect of 
ionic strength and phase ratio 
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FIGURE 7.2.2-2 Fe(lII) extraction isotherms from 
2.372M A1(N03)3 solutions using 15% V/ v 

HV in Escaid 110 
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If the pH of metal precipitation is approached, colloidal 
metal hydroxides are formed which exhibit poor extracti-

(65) (67) 
bility. ' It can, therefore, be concluded that at 
high ionic strength in the aqueous phase (l=l4.23M), Fe(lll) 
starts to form colloidal hydroxides around pH=0.70, so it 
would not be advisable to operate a mixer-settler bank above 
that pH value. 
3- McCabe-Thiele diagrams can be constructed with these 
extraction isotherms, as shown in figure 7-2.2-2, in order 
to calculate the theoretical number of stages required to 
attain the desired Fe(lll) concentration in the raffinate. 

ft The results obtained for various process combinations are 
given in table 7-2.2-1. 

For any other set of operating conditions, the number 
of theoretical stages can be calculated similarly. 

- Empirical modelling of equilibrium data 

A regression program (REG) was used for empirical 
(139 ) 

modelling of the experimental data. The regression 
equation takes the form: 

Y = A(0) + A(l)Xa + A(2)X2 + A(3)X^ + A(4)X2 + A(5)X±X2 

+ A( 6 )X3 + A(7)X^X2+A(8)X1X2 + A(9)X3 + A(10)X4 

+ A(11)X3X2 + A(12)X^X2 + A(13)X1X3 + A(l4)X4 

+ A(15)X^ + A(l6)X4X2 + A(17)X3X2 + A(18)X^X3 

+ A(19)X 1X 2 + A(20)X 2 

where Y = Fe(lll) concentration in the organic phase in 
grams per litre. 

X± = pH 
X 2 = Fe(IIl) concentration in the aqueous phase in 

grams per litre. 
A (K) = coefficient. 



Table 7-2.2-1 

McCabe-Thiele diagrams' results 

Fe (III) phase Fe (III) conc. (g/lt )'in r'affiri. No. of stages 
aqueous pH ratio Stage Fe(III)=10ppm. 
feed (g/lt) (A/0) 1 2 3 4 5 rafin. 

1 O . 6 7 1 0 . 0 1 8 

1 0.40 1 0 . 1 8 0 

1 0.14 1 0 . 6 2 0 

1 O . 6 7 5 0 . 1 2 0 

1 0.40 5 O . 5 6 O 

5 O . 6 7 1 0. i4o 
5 0.40 1 o.46o 
3 O . 6 7 5 I.54O 
2 o.4o 5 1 . 2 0 0 

0 . 0 1 0 - < 2 

0 . 0 2 0 0 . 0 1 0 - - 3 

o.46o 0 . 3 8 0 0 . 3 4 0 0 . 3 0 0 > 5 

0 . 0 1 0 - 2 

0 . 1 2 0 0 . 0 2 0 0 . 0 1 0 - 4 
0 . 0 1 0 - 2 

0 . 1 2 0 0 . 0 2 0 0.010 - 4 
0 . 2 1 0 0 . 0 2 0 0 . 0 1 0 - 4 
0 . 6 3 0 0 . 4 2 0 0 . 3 1 0 0 . 2 5 0 > 5 
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The number of coefficients used in the regression equation 
depends on the number of available data pairs, in order to 
avoid overfitting and lead to a smooth interpolation. 

The derived regression equation was used to generate 
a matrix of normalized data points. A program called 
SURFGEN was written for that purpose and three-dimensional 
plots were subsequently established, using a graphics 
package called MATMAP. Three dimensional plots within 
certain boundaries of pH and Fe(lll) concentration in the 
aqueous phase are shown in figures 7-2.2-3, 7-2.2-4 and 7-2.2-5-
The regression program (REG), the program to generate data 
(SURFGEN) and a typical computer output are shown in 
Appendix 7-2. 

One could make use of the regression equation estab-
lished by the program REG and construct McCabe-Thiele 
diagrams of any extraction isotherm not covered by the 
experimental data over a pH range 0.01-0.67-

- Slope analysis 
From the extraction isotherms shown in figure 7-2.2-2 

the association number (n) in a complex (FeV (0H)_ sHV) 
n J-n x 

may be obtained. It is the number of Versatic acid anions 
(V ) which fulfil part or the whole of the requirement of 
electroneutrality of the complex. This can be obtained by 
the following procedure: 

The overall extraction reaction, neglecting hydroxy-
lation and hydration numbers - which do not affect the 
calculations - may be expressed as: 

x p e3+ + x (n+ s) ( H V ) = ( p e V s H y ) + ^ ^ ( 7 - 2.2-l) 
aq g 2, org n x,org aq 

where x = polymerization number and s = solvation number 
therefore, 

nx 
[(FeVn sHV)x] [H +] 

R = org aq x (n+s)x 

[ Fe ] [ (HV)2] 2 
aq org 



FIGURE 7.2.2-3 Regression response surface of Fe(lll) extraction 
with 15% V/v HV from 2.372M Al(N0Q)o solutions 



FIGURE 7.2.2-4 Regression response surface of Fe(lll) extraction with 
15% V/v HV from 2.372M Al(NOq)q solutions 
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I 2.1 

Fe( l l l ) , 
g/it 

org 

\D O 

FIGURE 7.2.2-5 Regression response surface of Fe(lll) extraction 
with 15% V/v HV from 2.372M Al(N03)3 solutions 
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nx 
[(FeVn. sHV)] [H ] 

org aq 

ri. r HV (n+s)x: x [ Fe ] [ J 2 
aq ^ org 

+ n x 

[(FeV sHV)j [ H ] L v n J org L J aq 

Ql n, (x-1) (n+s)x 
x[ Fe ] [ Fe ] [ ( H V / 2 ) ] ~ 

aq aq org 

(7.2.2-2) 

and in log terms, 

3+ logK = logD - nxpH - logx - (x-1)log [ Fe ] 
aq 

- (n+s ) x log [(HV/2)J (7.2.2-3) 
2 org 

or 

3+ logD - (x-1)log [ Fe ] = (logK + logx) + nxpH 
aq 

+ ( n ^ ) x log [(HV/2)] (7.2.2-4) 
org 

At a constant concentration of[Fe(Hl)] in the organic phase, 
the equilibrium [ HV] will be constant, since the initial org 
HV concentration is identical for all extraction isotherms. 

3+ Therefore by plotting (logD - (x-1 )log [ Fe ] ) versus pH aq 
one may obtain (nx) as a slope. Since (x) is not known, the 
number (n) may be obtained from the slope (nx), assuming 
that x=l,2, or 3- It was found that the same (n) value is 
obtained independent of the (x) value. This is reasonable 
since one would not expect the association number (n) to be 
affected by the degree of polymerization of the Fe(IIl)-
complex in the organic phase. 
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Therefore a simple plot of logD versus pH should 
reveal the association number (n). 

Several levels of Fe(lll) concentration were org 
chosen and the corresponding (n) values are shown in table 
7.2.2-2. LogD versus pH plots are shown in figure 7-2.2-6. 
It is very difficult to estimate the slope (n) at low levels 
of Fe(lll) concentration in the organic phase with any 
certainty, because the [ Fe(lll) ] becomes quite low at high 
pH values and therefore the uncertainty in logD increases. 
Figure 7-2.2-7 shows the variation of (n) as a function of 
Fe(lll) concentration in the organic phase. 

Table 7.2.2-2 

Values of association number (n) at different 
levels of Fe(lll) concentration org 

HV = 15% V/ v, (0.8143M) 
org,init 

Fe(IIl) org 
(g/lt) 

• Fe(lll) org 
(M) 

n 

1 . 0 0 . 0 1 8 2 . 1 0 

2 . 0 0 . 0 3 6 2.05 
3-0 0 . 0 5 4 2.15 
5-0 0 . 0 9 0 2.03 
8 . 0 0.143 1.91 

1 0 . 0 0 . 1 7 9 1 . 8 6 

1 2 . 0 0 . 2 1 5 1 . 7 2 

14.0 0 . 2 5 1 1 . 7 2 

Once the association number (n) has been obtained, 
the polymerization number (x) can be calculated by plotting 
the pH of 50% extraction (pH^ versus the logarithmic 
value of total iron concentration as indicated by equation 
3.3-3-12 in section 3-3-3- The constraint on that equation 
is that the equilibrium HV concentration should be constant. 
This is quite difficult to fulfil experimentally and usually 



93 

FIGURE 7.2.2-6 Effect of Fe(lll) concentration org 
on logD against pH 

- 15% V/v Versatic 10 
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[Fe(lll)] , (g / l t ) 
org 

FIGURE 7.2.2-7 Relationship between the association 
number (n) and the Fe(IIl) org 
concentration 

- 15% V//v Versatic 10 
- Dotted l ine denotes e x t r a p o l a t i o n and is 

based on the results of the f a c t o r i a l 

e x p e r i m e n t s 



95 

this limitation is partially overcome by working with low 
metal concentrations. By so doing, the equilibrium 
extractant concentration is very close to the initial one. 
On the other hand the complex composition valid for low 
metal content should not be extrapolated to high metal 
contents because the mechanism of the reaction could be 
quite different. 

The relevant data for the described method of evalu-
ating the polymerization number (x) were obtained from the 
extraction isotherm curves shown in figure 7-2.2-2. Points 
of constant total metal concentration can be located on 
those curves at different pHs and the logD values corres-
ponding to those points were plotted versus pH. The pH 

0.5 
was obtained as an intercept with the horizontal line 
corresponding to logD=0. The same procedure was followed 
for several levels of total Fe(lll) concentration ranging 
from 3 to 8 g/It. The results are shown in figure 7-2.2-8 
and a shift towards the logD-axis is observed with 
increasing total Fe(lll) concentration indicative of poly-

Cl) merization m the organic phase. 
The polymerization number was obtained by plotting 

the derived pH~ _ values versus their corresponding o • 5 
log [Fe(lll)], , _ as shown in figure 7-2.2-9. A slope "totsl 
equal to - O . 2 3 6 was found and according to equation 3-3-3-12 

in section 3-3-3, 

x— 1 
" -55c = 

Since n=2 as an average, 

x = 2.12. 

Therefore the Fe(III)-Versatic 10 complex appears to 
be mainly dimeric in the organic phase in the range of 3 
to 8g/lt Fe(IIl) total concentration. 

The solvation number can be obtained from equation 
7.2.2-4 once the association and polymerization numbers are 
known. Rewriting the equation, 
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P H 

FIGURE 7.2.2-8 Effect of Fe(lII) total concentration on 
logD over the pH range 0.0 to 0.7 
15% VAr Versatic 10 
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iog[Fe(lll)]total 

FIGURE 7.2.2-9 Determination of polymerization 
number (x) by slope analysis 

15% V / v Versatic 10 
slope = __x-1 

nx 
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logD - (x-l) log [ F e 3 + ] = (logK+logx+nxpH)+ ( n + s ) xlog[ H V/2] 
aq 2 org 

(7.2.2-5) 

it can be seen that by plotting (logD-(x-1)log[Fe 3+l ) aq-
versus logF^/2] o rg at constant pH, the solvation 
number can be derived from the slope. Three extraction 
isotherms at constant pH=0.40 with different HV concentration 
15, 30, and 45% v/v are shown in figure 7.2.2-10 and the 
numerical data are given in Appendix 7-1-

In order to perform the analysis, points on the ex-
traction isotherms with [ HV ] initial ratio constant were 

[ Fe(III)]org 

chosen, so as to ensure that the same or almost the same 
complex is present in the organic phase. By this method, 
identical fractions (b) of the initial HV concentrations 
are consumed in extracting the Fe(IIl). Therefore, 

log[HV] = log [ HV. n. t i a l-bHV. n i t i a l ] 
org,eq org 

= log(l-b) [ HV J 
org,initial 

= log(l-b) + log [ HV ] (7-2.2.6) 
org,initial 

In other words it is assumed that for example the same 
Fe(III)-Versatic complex will exist in the organic phase if 
3g/lt Fe(IIl) were extracted with 15% v/v or 6g/lt Fe(IIl) 
wi th 30% V v HV. Therefore, it is considered reasonable to 
replace log \ HV1 with log THV 1 . . _ in order r L org,eq. ° L J org,initial 
to estimate the solvation number. 
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RUN lHV]jn)t ,(%VA) 

V H V 2 

• H V 3 

1 5 

3 0 

4 5 

p H = 0 . 4 0 

1.2 1.4 1.6 1.8 2.0 2.2 2 .4 2.6 

Fe(lll) , (g/lt) 
aq 

Extraction isotherms of Fe(lll) from 
2.372M AKNO^)^ solutions at constan 
pH and variable HV concentration 
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The results are shown in figure 7-2.2-11. A slope 
of 2 .96 is obtained, therefore 

(n+s)x . 
G = 2.96. 

Substituting the appropriate values for n as shown in table 
7.2.2-2 for the different levels of Fe(lll) concentration org 
and using x=2.12 as found by the previous analysis, the 
following solvation numbers are obtained: 

[HV] . ... , (M) L Jorg.initial ' 
[Fe(III)1 , (M) L J org * 

2 2 . 7 3 O . 7 8 

1 5 . 1 6 0 . 6 4 

9.09 O . 7 6 

6.49 0.88 

As may be seen from figure 7-2.2-11 the slope can 
not be determined very accurately. 

Concluding the slope analysis, the following complex 
composition may be written: 

FEV(1.72-2.15) ( 0 - 6 4 - ° - 8 8 ) H V J 2 . 1 2 

and by completion of the valency state of Fe(lll) with OH 
it becomes: 

( F e V C L . 7 2 - 2 . l 5 > ( O H ) ( 1 . 2 8 - 0 . 8 5 ) < ° . 6 4 - 0 . 8 8 ) H V L 1 2 

This composition is valid between 3 to 8g/lt Fe(lll) 
in the organic phase, when extracted with 15% V/v Versatic 10. 

It is possible to use the derived composition, in 
order to correct some of the steps of the whole slope analysis 
procedure for a better estimate and so on until convergence 

/ O Q \ 
of the estimated quantities is attained. However, this 
was not attempted in the present investigation. 
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tog[(HV)2J jnft_ ,(M) 

FIGURE 7.2.2-11 Determination of solvation number (s) 
by slope analysis 

- slope = x(n+s) 
2 
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All data used for the slope analysis procedure are 
given in Appendix 7.3. 

- Effect of HV concentration 

The effect of HV concentration on iron extraction 
is quite significant as can be seen from figure 7-2.2-10. 
McCabe-Thiele diagrams can be constructed and the effect 
of HV concentration can be better demonstrated by the 
number of theoretical stages required to reduce the Fe(lll) 
concentration to lOppm in the aqueous phases at constant 
pH and with different Fe(IIl) aqueous feed concentration. 

% The results are given in table 7-2.2-3-

Although the significance of HV concentration is 
obvious from table 7.2.2-2, it should be noted that the 
phase separation with 45%v/v HV was not as good as with 
15% v/v HY. 

- Alkali consumption 

In the present system the use of high concentrations 
of aluminium in the aqueous phase would result in a self-
buffering behaviour of the solution because of its hydro-
lytic properties. The marked Fe(IIl) hydrolysis, as 
indicated by the pH decrease caused by small addition of 
Fe(lll) in these concentrated solutions, would increase the 
buffering capacity of the system near the pH of Fe(lll) 
precipitation, where hydrolysis reactions predominate. 

(7ft ) 
MUhl et al in a similar study for the removal of 
Fe(lll) from chloride and sulphate leach liquors containing 
42 -53g/l"t Al(lll) using 80% C/r-CQ aliphatic monocarboxylic 
acid, stated that greater amounts of iron could be ex-
tracted without addition of neutralization agents for pH 
adjustment, as compared to extraction from dilute aqueous 

(27) 
solutions , however, they did not mention what was the 
actual alkali consumption. 

The experimental procedure adopted in this work did 
not allow a full evaluation of NaOH consumption during the 
extraction of Fe(IIl). The actual amount of NaOH consumed 
as shown in Appendix 7-1 consists of two parts: 



Table 7-2.2-3 
McCabe-Thiele diagrams1 results 
Effect of HV concentration 

pH=0.40 
Fe(IIl) HV Phase Fe(lll) conc.(g/lt)in raffin. No. of "stages 
aqueous concn. ratio Stage Fe (lll).= 10ppm. 
feed (g/lt) % v/v (A/0) 1 2 3 5 5 rafin. 

1 15 1 0 . 2 3 0 0 . 0 6 5 0 . 0 2 0 0 . 0 1 0 - 4 
1 30 1 0 . 0 7 2 0 . 0 1 0 - - - 2 

1 45 1 0.037 0 . 0 0 2 - - - 1-2 

1 15 5 0.57 0.435 0 . 3 7 0 0.34 0.32 > 5 
1 30 5 0 . 2 1 0 . 0 9 0 0.042 0.020 0 . 0 1 0 5 
1 45 5 0 . 1 0 0 . 0 1 5 0.002 - - 2-3 
2 15 1 0.355 0 . 0 9 0 0 . 0 3 0 0.020 0 . 0 1 0 5 
2 30 1 0.145 0 . 0 5 5 0 . 0 1 0 - - 3 
2 45 1 0 . 0 6 0 0 . 0 0 5 . - - - 1-2 

2 15 5 1.160 0 . 6 2 0 0.450 0.385 0 . 3 4 5 > 5 
2 30 5 O . 2 8 5 0 . 1 1 5 0.052 0.030 0 . 0 1 5 > 5 
2 45 5 o.i4o 0 . 0 2 5 0.002 - — 2-3 
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(a) The amount required to bring the aqueous phase to the 
operating pH, after the partial replacement of it. This 
portion depends on the operating pH, and it is higher the 
higher the pH. 
(b) The amount required to neutralize the H released into 
the aqueous phase during the extraction of iron in order 
to keep the pH constant. It is this portion which is of 
immediate interest for the determination of the stoichio-
metry of the extraction reaction. 

The moles of NaOH consumed per mole of Fe(IIl) ex-
tracted was calculated for each equilibrium point of the 
extraction isotherms. It is obvious from the data shown in 
Appendix 7-̂ t that this ratio is nearly constant for all 
equilibrium points located on the rising segment of the 
extraction isotherm up to the point where it starts to 
bend. After that the ratio increases dramatically. This 
is probably due to formation and polymerization of 

(1) hydroxides in the aqueous phase. 
A plot of the ratio ( m o l e s N a Q H Versus pH 

V moles Fe(III) J N extd7. 
as shown in figure 7-2.2-12 indicates that the NaOH 
consumption per mole of Fe(IIl) extracted increases as the 
pH increases. This is contrary to what is theoretically 
expected as outlined above, and is explained by the 
increased amount of NaOH required to bring the solution to 
the operating pH. 

As shown from figure 7-2.2-12 the ratio 

moles NaOH, consumed ~ 2 at pH-0 01 
moles Fe(lll), extracted 

Independent calculation of this ratio in cases when the 
aqueous phase had been brought initially to the operating 
pH resulted in values of 1.3-2.0. The complexity of the 
system does not allow any conclusions to be drawn as to 
which species are extracted. 

Furthermore one must differentiate between the iron 
complex extracted and the iron complex present in the 
organic phase, because of the possibility of further hydro-
lysis in the organic phase according to the reaction: 
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FIGURE 7.2.2-12 The effect of pH on the molar ratio 
of NaOH consumed to Fe(lll) 
extracted with 15% V/v HV from 
2.372M A1(N03)3 
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(Fe (OH) V sHV) + H o0 = (Fe(OH) .V , ^ s H V ) m n-m J 2 ore m+1 n-(m+l) ore org 0 

+ HV (7.2.2-7) org 

- Loading-stripping cycle 

The behaviour of Fe(lll) during a loading-stripping 
cycle was examined using the AKUFVE apparatus. Fe(lll) 
was extracted into the organic with addition of alkali and 
was subsequently stripped by addition of acid. The data 
are given in Appendix 7-5 (L-S run) and the results are 
shown in figure 7-2.2-13 as logD/pH plots. It can be seen 
that the distribution ratio D is higher during the iron 
loading than during its stripping. This is certainly a 
good thing for the solvent extraction of Fe(IIl), but Cox 

(72) 
et al have reported quite the opposite effect for 
napthenic acids and napthenic acid/LIX 63 mixtures. However, 
no explanation was given for that behaviour. In this case 
the decrease of logD during stripping is probably due to 
the decrease of the ionic strength of the aqueous phase. 
Evidence for this explanation is given in figure 6.2.2-6 
in section 6.2.3 which shows the effect of ionic strength on 
Fe(lll) extraction. If, therefore, a 0.6M (l4.l-13.5M) 
decrease in ionic strength results in a logD decrease from 
0.3 to -0.3 - as calculated - one easily guesses how easy 
the stripping will be with relatively dilute acid solutions. 
On the other hand the ratio, 

moles NaOH 
= 1.96 m oles Fe(lll) extracted 

while, 
moles HNO^ 

= 4.38 moles Fe(lll) stripped 

It seems, therefore, that acid consumption during 
stripping is higher than the alkali consumption during iron 
loading, however, more work is required for any conclusions 
to be drawn from these observations. 
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- Equilibration time 

The time required for equilibrium to be established, 
varied from 18 minutes at pH=0.l4 to 12 minutes at pH=0.88. 
Increasing the HV concentration resulted in a faster 
reaction rate. At pH=0.40, the time for the attainment of 
equilibrium decreased from 15 to 12 to 9 minutes with 
15, 30 and 45% v/v HV, respectively. In practice 30 to 40 
minutes were allowed for equilibration. 

7-3 Characteristics of AI(III) extraction 
- Coextraction of Al(lll) with Fe(lll) 

Several attempts were made to extract Al(lll) with 
15% v/v HV in Escaid 110, either by shake-out tests or in 
a stirred reaction vessel. In one case, where the AI(III) 
concentration wasci0.1g/lt in the organic phase, clear 
aqueous and organic phases were produced. However, further 
loading of HV with Al(lll) resulted in gel formation 
probably because of polymerization in the organic phase. 

The loading of HV was made in a stirred reaction 
vessel in order to avoid precipitation of AlCOH)^ during the 
addition of NaOH(lN) and at 60°C to facilitate phase 
separation. The preparation lasted about 5 hours, and al-
though the phases were initially clear, on standing over-
night, they attained a gel character which did not disappear 
even with large additions of isodecanol. Further agitation 
did not clear the organic phase - the gel climbed up the 
stirrer. However, a small addition of NaOH(IN),(3-4 drops), 
was enough to break the gel and produce a nice separation. 
The effect of NaOH addition on the phase separation could 
not be explained. 

AI(III) coextraction with Fe(lll), in experiments 
aimed at the construction of Fe(IIl) extraction isotherms 
was as follows: 

Run pH Fe(lll) Al(lll) Separation ore; ore , /, / \ coefficien (g/lt) (ppm) 
A 0.63 10.04 10 1004 
c o.4o 12.30 5 2460 
D 0.07 5-48 3 1826 
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It is seen that the separation coefficient of Fe(IIl) 
and Al(lll) increases with increases in Fe(lll) org 
concentration, which is to be expected, as Fe(lII) displaces 
Al(lll) from the organic phase. 

Although, Al(lll) coextraction is quite low and 
without any significance under the present experimental 
conditions, care should be taken at high pH values, where 
Al(lll) coextraction and the ageing of the resultant solutions 
might produce quite complex phase separation problems. 

7.4 Conclusions 

The important points about Fe(lll) extraction revealed 
from the study of the extraction isotherms are: 

1. Decrease of the ionic strength of the aqueous phase 
at constant pH and total Fe(lll) concentration, causes a 
marked decrease of the logD value. 

2. The S-shape of the extraction isotherm curves, which 
is more pronounced for pH<0.15, will increase the number of 
stages required to achieve a low Fe(lll) concentration in the 
raffinate. 

3. The increase of the pH causes a shift of the extraction 
isotherm towards the Fe(IIl) axis. However, this shift org 
becomes nearly zero above pH=0.67. 

4. Increase of the HV concentration has a similar effect 
as the pH. However, phase separation becomes more difficult 
as the HV concentration of the organic phase is increased. 

5. The alkali consumption is 1 to 2 moles per mole of 
Fe(IIl) extracted but the exact figure could not be calculated. 

6. The alkali consumption per mole of Fe(lll) extracted 
cannot reveal the Fe(IIl) species extracted from the aqueous 
phase, unless the equilibrium constants of Fe(lll) hydrolysis 
in the aqueous phase are known. 

7. The buffering capacity of the extraction system is not 
sufficient for the removal of significant quantities of 
Fe(IIl). Alkali addition is therefore necessary. 



8. Hysteresis of logD/pH of behaviour is not observed with 
a strong AlCNO^)^ background electrolyte because of the 
marked effect of ionic strength. On the other hand the acid 
consumption during stripping per mole of Fe(IIl) is higher 
than the theoretically expected value. 

9. Slope analysis indicates a value of 1.72 to 2.15 for 
the association number, in the range of 0.035 to 0.25M 
Fe(lll) extracted with 0.8l4M HV(15% V/V). The effect of 
total Fe(lll) concentration on the logD value reveals that 
polymerization of the Fe(tIl)-HV complex occurs in the organic 
phase and a polymerization number x=2.12 is obtained in the 
range 0.054 to 0.143M Fe(lII) . The average solvation 
number lies between 0.64 to 0.88 in the same range as before, 
but it cannot be determined accurately. Therefore the 
following series of complexes are indicated by slope analysis, 

( F e V ( 2 . 1 5 - l . 7 2 ) ( O H ) ( 0 . 8 5 - 1 . 2 8 ) .64-0.88)Hvj2.12 

10. The time for equilibrium to be established depends on 
the pH and the HV concentration. It varies from 18 minutes 
at pH=0.l4 to 12 minutes at pH=0.88 during extraction with 
0.8l4M HV, and from 15 minutes to 9 minutes at pH=0.40 with 
0.8l4 and 2.443M HV, respectively. 

11. Al(IIl) coextraction is insignificant and the 
separation coefficient varies from 1000 to 2500 depending on 
the Fe(lll) concentration in the organic phase. Experimental 
conditions which favour increased Al(lll) coextraction are 
likely to cause serious problems, because aged A1(III)-HV 
organic resembles a gel. 
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Chapter 8 

HYDRATION IN THE ORGANIC PHASE 

8.1 Introduction 

In order to determine the transfer of water into the 
organic phase during the extraction of Fe(lll) with HV, 
several of the Fe(lll) loaded organic solutions, obtained 
during the experimental runs for the construction of the 
extraction isotherms, were used and their water contents 
were determined by Karl Fischer titrations. 

9 It has been shown by means of spectrophotometric 
investigations, that in the absence of inorganic iron salts 
there is either no reduction, or an extremely slow rate of 

(65) 
reduction of Fe(lll) to Fe(ll) xn the organic phases by 
Karl Fischer solution, therefore Fe(lll) in the organic 
phase will not have any influence on the determination of 
water.. 

Karl Fischer titrations are very tricky because of end 
point difficulties, due to the decomposition of Karl Fischer 

(3) 
Reagent (KFR) . Care was taken to standardize the 
experimental procedure to ensure reproducibility of 
measurements. 
8.2 Experimental procedure 

Water determinations were carried out on 5-24ml 
samples depending on their availability, using a B.T.L. Karl 
Fischer apparatus. The Karl Fischer Reagent (K.F.R.) and 
water-methanol solution were both supplied by Hopkin and 
Williams. The nominal water equivalent of K.F.R. was given 
as 5-0mg H20/ml, and the water content of water-methanol 
solution as 2.53mg H20/ml. 

(3) 
A back titration technique detailed below, was used, 

in which a small excess of K.F.R. was added to the sample 
and then the excess reagent was titrated with water-methanol 
solution. 
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8.2.1 Standardization of K.F.R. with water-methanol solution 

The titration beaker, the electrode and the magnetic 
follower were washed with acetone and dried in an air blast. 
Approximately 20ml. of water-methanol solution were intro-
duced from the burette. K.F.R. was then titrated into the 
beaker as fast as possible until the indicator needle was 
located past the centre of the scale towards the "excess 
fischer" point. One further small addition of K.F.R. was 
made (0.5ml) and then immediately was back titrated with 
water-methanol solution until the needle swung past the 
centre of the indicator scale towards the "excess water" 
point. Reading from both burettes were taken, followed by 
two further titrations of K.F.R. without removing the beaker. 
The average K.F.R. strength was then calculated. 

8.2.2 Standardization of K.F.R. with water 

10ml of dry methanol were placed into the beaker and 
titrated with K.F.R. in a small excess. The excess was back 
titrated with water-methanol to bring the solution to 
balance. After that 2-3 drops of water from a sealed 
weighed vial were introduced into the beaker and titrated as 
described above. The vial was weighed at the end of the 
titration and the K.F.R. strength was calculated. The 
nominal strength of water-methanol solution consumed during 
the back titration, was used to calculate K.F.R. strength. 

8.2.3 Determination of water in the organic phase 
Procedure:-

(a) 30 ml. of dry methanol were put into the beaker. 
(b) The solution was brought to the end point with K.F.R. 
using a small excess, and the excess was back titrated with 
water-methanol solution. 
(c) A measured volume of the Fe(III)-loaded organic was 
transferred quickly into the titration vessel and was treated 
as in (b). 

Steps (a) and (b) were carried out in order to elimi-
nate the inaccuracies introduced by any water initially 
present in the titration vessel. 
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8.3 Results 
Standardization of K.F.R. with water-methanol solution 

Standardization of K.F.R. with water-methanol solution 
gave the following results: 

lml K.F.R. = 5.75, 5.86, 5-65, 5.68, 5 . 6 1 , 5.46, 5.61 mg.H20 

Average value = 5.66 ±0.12 mg.H20/ml. K.F.R. 

Standardization of K.F.R. with H^O 
Standardization of K.F.R. with weighed amounts of 

water gave the following results: 

lml K.F.R. = 5.65, 5.56 mg.HgO 

Average value = 5.61 ±0.06 mg.HgO/ml. K.F.R. 

Water contents of the organic phase 

The results of the water determination are given in 
table 8.3-^1. The solubility of water in the organic phase 
containing 15% V/v HV in Escaid 110, after equilibration 
with an aqueous solution containing 64g/lt Al(lll) as 
AlCNO^)^ was found to be 0.112 mg.H^O/ml. All water content 
determinations were based on: 

K.F.R. = 5.61 mg.H20/ml. 

water-methanol = 2.50 mg.H„0/ml. 

8.4 Discussion 

The reproducibility of the results is good considering 
the difficulties of the titration procedure. The problem 
lies with their interpretation. Tanaka et al, investigating 

(76) 
the complexes formed during extraction of aluminium and 

( 8 5 ) 

indium with capric acid, treated their data as if both 
water and hydroxyl groups were determined by Karl Fischer 
titrations. Milhl et al , in a study of Fe(IIl) extraction 
with n-caprylic acid, stated that both water and hydroxyl 
groups are determined by KF titrations. They found that 
Fe(IIl) was extracted as a trimer (FeL„ H o0) with 1 mole of 
water per mole of Fe(III) extracted. 
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Table 8.3-1 

Water content of Fe(IIl)-HV organic solutions 

HV . . . . _ = 15% V/v concn.initial ^ 

Sample Fe(lll) H o0 moles H o0 Run pH n org 2 org 2 volume 0 0 

(ml) (g/lt) (g/lt) moles(Fe(Hl)extd 

F 0.01 24 5.108 0.940 0.57 
D 0.07 24 6.025 1.071 0.61 
B o.4o 1 1 8 . 8 2 0 1 . 5 9 0 0 . 5 6 

G 0.63 22.5 9.110 1.799 0.61 
A 0.63 12 10.040 1.690 0.52 
c o.4o 5 . 5 1 2 . 3 0 0 2 . 6 0 0 0 . 6 6 

N 0.28 24 12.708 3.329 0.8l 
M 0 .60 24 14.970 3.o4l 0.63 

K 0.67 24 15.650 3.257 0.63 
L 0 . 8 8 24 1 6 . 6 2 0 3.088 0 . 5 8 

No mention was found in standard analytical textbooks 
of hydroxyl group determination by Karl Fischer titrations. 

( 33) 
Baes and Baker in I96O studied the extraction of 
Fe(IIl) with D2EHPA and they found that hydroxyl groups were 
present in the organic phase. Their water analyses were 
obtained by the usual Karl Fischer procedure and also by a 
procedure in which salicylic acid was added to liberate as 
water any 0H~ present in the sample and, through complex 
formation, to prevent possible interferences caused by re-
duction of[Fe(IIl)]. Results by the two methods agreed at 
lov [Fe(III) ] A D 2 E H P A ] ratios. At higher 

orgjinit. 
Fe(lll) levels the latter method gave the highest results. 
It seems, therefore, that the hydroxyl group does not inter-
fere with water determination. 

Since hydroxyl groups do not interfere with water 
determination, the hydration number (h) may be obtained in 
usual manner according to the equation: 
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o 
[HoO] = [Ho0] + h [ Fe (III) ] • 2 org 2 J org o 

[HgO] q being the analytical concentration of water in 
the organic phase, and [Ho0] ° the solubility of water 

d. org 
in the initial HV-Escaid 110 solution at the corresponding 
water activity. A plot of [Ho0 ] versus [Fe(lll)] as tL org OYg 
shown in figure 8.4-1 gave a slope of 0.59 -0.08; i.e., the 
hydration number is approximately 0.5 moles per mole of 
Fe(lll). 

8.5 Conclusions 

The hydration number of the Fe(lIl)-HV complexes in 
the organic phase is 0.59 moles of H 20 per mole of Fe(lll), 
in the range of: 

moles HV, initial Q 
moles Fe III) ~ org 

In other words one water molecule is associated with two 
iron atoms. 
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0.04 0.16 0.20 

[Fe(lll)] ,(M) org 

FIGURE 8.4-1 Relationship between H20 and 
Fe(IIl) concentration in the 
organic phase 

- 15% V/ v HV 
- 2.372M Al(NO^)^ background electrolyte 
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CHAPTER 9 
STATISTICAL EVALUATION OF EQUILIBRIUM DATA 
FOR THE DETERMINATION OF THE COMPOSITION 
OF Fe(lll) COMPLEXES IN THE ORGANIC PHASE 

9.1 Introduction 
Slope analysis has been widely used in the solvent 

extraction of metals for determining the compositions of 
complexes formed in the organic phase. Two main methods 
have been used to derive the extraction equation, known as 
the single and multiple equilibrium approach. However, 
both models become equivalent, when simplifications are 
introduced in the case of multiple model, because of 
insufficient available information concerning the factors 
which control the composition of the extracted complexes. 

A common feature of these methods is that their 
application is limited to low aqueous concentration of the 
metal to be extracted using a relatively large excess of 
extractant. 

Because of the realistic experimental conditions 
employed in this work, in terms of metal and extractant 
concentrations, a statistical evaluation of the equilibrium 

(f 7) 
data by the technique introduced by Van der Zeeuw seems 
appropriate. It must be stated that the method only reveals 
the most likely composition(s) of the complexes in the 
organic phase. The actual composition(s) cannot be estab-
lished in this way. 

9.2 Derivation of extraction equation and limitations 

The general equilibrium for the extraction of Fe(IIl) 
from the aqueous phase by HV may be written as follows: 

Fe(III) + (n+s) (HV) = 1 (FeV • sHV) + nH+ (9-2-aq - 2, org — n x,org aq 
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where, 

x = polymerization number 
n = association number 
s = solvation number 
Fe(lll) = Fe(lll) ion(without charge) in any aq 

possible complex 
HV is assumed to be mainly dimeric in the organic phase. 
The complex (FeV •sHV) will further be denoted as C. In ^ n x 
this generalized concept n is not necessarily equal to the 
valency of the Fe(lll). 

An overall equilibrium constant may now be defined 
for this reaction: 

1/ n 1/ 
[c ] / x [h+J y y " + 

K
r _ org aq c,org • h ,aq = 

[Fe(III)] [(HV) p] ( n + s ) /2 v
( n + S ) / 2 

a q 2 org YFe(IIl),aq Y(HV) 
2 , org 

( 9 . 2 - 2 ) 
» 

where K is the thermodynamic equilibrium constant, K is 
the apparent equilibrium quotient with respect to concen-
trations, B is the activity coefficient product and 
symbolizes the activity coefficients of the several species. 

The results of the experimental measurements are 
generally values of the analytical distribution coefficient 
D , 

D = [ F e ( l I I ) ] org/ [ Fe (III) ] and (9.2-3) aq 

V x • V x v x 1 v x 
[C] = (-[Fe(III)l )=tFe(III)] ( - ) = [Fe(III)] org x org org x J org 

(1-x)/ „ 1/ 
•[Fe(III)] X C D / x 

org x 

Further it follows from (9.2-3) that [Fe(lll)] =D[Fe(lIl)] org aq, 
and therefore 
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V x ( 1 - x ) / x v x 
[C] o r g = D[Fe(III)] a q [Pe(IIl)] (i) (9-2-4) 

Substitution of (9.2-4) into (9.2-2) gives for K 

( 1- x )/x „ V x 
D [Fe (III)] (i) [H+l , org x aq 

K B 
[(HV) ̂  ( n + s>/2 

org 

or, taking logarithms: 

logD = logK'-logB + (x-l)/x log [ Fe (III)] ^ logx+npH+ 

(n+s)/2 log I(HV)j . (9.2-5) 

The initial HV concentration consists of the following: 

[HV]. =[HV] + [HV] + [ Vl + (n+s)[ Fe(lll)] l org aq aq org 

Since the solubility of HV and of the complex in the aqueous 
phase will be low, [HV] and [ V~] may be neglected ^ aq aq J ° 
which gives: 

[HV] . = [HV] + (n+s) [Fe(Hl)J , L Jl L J org L org 
or 

[HV] = [HV], - (n+s) [Fe (III)] L org L a. org 

Substitution of this value into (9.2-5) gives 



f *4 

logD = logK -logB- + (x-l)/x log [Fe(IIl)] +( — 3 logx+npH+ 

/ \ [HV] . -(n+s) [ Fe(III)] 
( n + s ) log ( 1 o r? ) 

or, by rearrangement, and assuming that logB is constant: 

logK = logD- (x-1)/ log[Fe(Hl)] logx-npH-x or g x 

/ \ [HV] . . . 
lH+£l log ( — j - l lH±-l [ Fe(III)] ) (9.2-6) 

d eL d. ORG 

Apart from the parameters x,n,s this formula contains 
only known or measurable values and if the assumption that 
B is constant holds, an approximately constant logK value 
will be obtained. The assumption that B is constant is only 
warranted in two cases. First, if all activity coefficients 

I 
equal to 1 in which case K =K. Second, if all activity 
coefficients, although different from 1, are constant 
throughout the series of measurements, in which case K will 

I 
be a constant, though different from K . In this work 
Fe(lll) is extracted from an aqueous phase containing 2.372M 
A1(N03)3 which will result in constant or approximately 
constant activity coefficients of the aqueous species 
involved in the extraction reaction. The situation is 
different in the organic phase where changes in the activity 
coefficients of HV and of the extracted complex are likely 
to occur at high metal loadings in the organic phase. The 
effect of activity coefficient changes with increasing 
Fe(IIl) concentration in the organic phase may be compen-
sated for by dividing the full range of Fe(IIl) concen-org 
tration variation into several sub-ranges, where one would 
reasonably assume that little variation of the activity 
coefficients occurs. The method by which such a division is 
accomplished will be described later on. With these 
assumptions and approximations, an approximately constant 
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value of logK will result for the right combination(s) of 
x,n,s parameters. 

Data analysis was carried out with the aid of a 
computer program by which the permutation of values for x, 
n and s was performed. The results of the computations are 
given as: a) the average logK value over the range of 
measurements, b) the slope coefficient (R.C) for the best 
fitting straight line through all calculated log.K values, 
c) the correlation coefficient between logK and pH as an 
independent variable, d) the standard deviation of the logk 
value, and e) an estimate of the possibility of a straight 
line with slope zero being drawn through all calculated 
logic values. This estimate is made via Student's t-test. 
For any set of measurements a t-value is calculated and 
compared with a critical t-value, known from statistical 
tables, using two-sided 95% probability level. A straight 
line is considered to be possible - and, therefore, a 
complex corresponding to n,x,s combination probable, at the 
chosen significance level if t „ < t ... 

calc crit 

9.3 Results and discussion 
9.3.1 Computational method and discussion 

Equilibrium data used in the present statistical 
analysis are listed in Appendix 7-1-Theyare the data which 
represent the extraction isotherms of Fe(lll) with 15% V/v HV, 
and which were analysed in chapter 7 using slope analysis. 

Calculation of log^K values for all possible combin-
ations of parameters n,x and s involved in equation (9.2-6) 
was performed with a computer program (KSTAT) written for 
that purpose. The parameters were set to vary as: 

n=l to 3, x=1 to 3, s=l to 3. 

Although higher aggregates than trimers might exist in the 
organic phase, the computation was limited to the most 
commonly encountered species e.g. momers, dimers and trimers. 

In the range that the activity coefficient product 
(B) of the extraction reaction is constant, logK will be 
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constant and independent of the variables such as pH, 
[Fe (III)] and [Fe(lII)] . In this analysis the pH aq J org 
was chosen as the independent variable for the statistical 
evaluation of the variation of the log.K value. However, 
[Fe(IIl)] and [Fe(III)l were also tested as independent aq L J org 
variables, and their use led to the same conclusions. 

A subroutine (G02CCF) of the NAG library was incor-
porated in the KSTAT program, in order to perform the 
regression analysis of the log.K value versus the pH as an 
independent variable. The KSTAT program is given in 
Appendix 9-1. Full details of the (G02CCF) subroutine and 
the statistical quantities calculated are given in Appendix 
9.2. The performance of the KSTAT program was tested 
batch-wise using the MINITAB library. 

In order to be able to divide the full range of 
Fe(IIl) concentration into several sub-ranges, so as to org ° 7 

avoid gross variation of the activity coefficients in the 
organic phase, the complete data were first evaluated using 
the KSTAT program. Examination of the program output 
indicated at which Fe(lll) concentrations an abrupt change org 
of the logK value appeared, due either to a different complex 
becoming more probable, or to an activity coefficient effect. 
This procedure was applied again and again to obtain the 
several sub-ranges of Fe(lll) concentration. 

org 
The criterion used for the statistical evaluation of 

the computer output was the t-value compared to the critical 
one, at the chosen significance level and with certain 
degrees of freedom. It was simply, therefore, evaluated, 
whether the regression coefficient (slope) was significantly 
different from zero, or in other words if the log.K value 
could be regarded statistically as a constant. 

It is, thus, obvious that the lower the calculated 
t-value of a complex (n,x,s) compared to the critical one, 
the higher the degree of probability for the presence of 
this complex in the organic phase. In some cases, however, 
the calculated t-value led to acceptable complex(es) but the 
variance of the regression coefficient was quite high. This 
is due to the fact that the t-value is defined as: 
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_ regression coefficient 
standard error of the regression coefficient 

and consequently a high regression coefficient becomes 
acceptable, if it has a high variance. All complexes 
associated with a high variance of the regression coefficient 
were rejected. 

As mentioned above, only integer numbers were 
assigned to the parameters n,x and s. It was apparent in 
some cases though, especially at high FeClIl)^ concen-
trations, that none of those combinations would give a 
satisfactory result. However, bearing in mind that several 
complexes can exist in equilibrium, it was considered 
reasonable to introduce fractional numbers for the parameters 
n,x and s, as representing an average effect of those 
complexes. This was particularly true for the association 
number (n). The procedure by which this was achieved was 
not arbitrary. For example, from the resulting sign of the 
regression coefficient caused by the variation of association 
and solvation numbers (n) and (s) respectively, it was 
possible to judge which of these two was responsible for 
the relatively high regression coefficient, while the 
absolute value of it indicated the magnitude of deviation 
from an integer number. Non-integer numbers of (n) and (s) 
should be considered as average numbers of a mixture of 
complexes, the value itself suggesting the predominant ones. 
It should be mentioned at this point that the association 
number (n) greatly affected the computation of the t-value, 
while the solvation number (s) had less effect. 

Once the evaluation of the complex(es) composition 
had been made, the resulting logK values were used to 
predict the Fe(IIl)or concentration for several pairs of pH 
and Fe(lll) concentration. A program (KPREDG) was written aq 
for that purpose and is listed in Appendix 9-1- A graphics 
package (GRAPH subroutine) was incorporated into the KPREDG 
program, for a graphical presentation of the correlation 
between measured Fe(IIl) concentration and the predicted 

org ^ one . 
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The results of the outlined statistical analysis are 
given in the following pages, for the six sub-ranges of 
Fe(lIl)org concentration, developed as described above. Each 
sub-range contains: 

A. Equilibrium data evaluated. 
B. Summary of the computer output with the acceptable 

complexes marked with an asterisk. 
C. Correlation tables and graphs of the measured and 

predicted Fe(lll) concentrations. org 

9.3-2 Equilibrium data analysis 

Complex(es) composition evaluation was performed 
for the following six sub-ranges of Fe(lIl)o concentration, 

Fe(lll) extraction with 13% v/y HV 

Data sub-range [Fe(lll)] ,(S/lt) org 

1 0.0 - 3.4 
2 3 . 4 - 4 . 4 5 
3 4.45 - 8.57 
4 8.57 - 11.10 
5 11.10 - 13.73 
6 13-73 - 15-66 

Data sub-range 1 
The equilibrium data evaluated are given in table 

9.3-2-1 and the integrated computer output in table 9-3-2-2. 
The logK. variation and its statistical evaluation for the 
most probable complex (x,n,s) = (2,2,1.75) is given in 
table 9-3-2-1. Comparison between the measured and the 
predicted Fe(IIl) concentrations using the mean logK 

org ^ 
value derived above is given in table 9-3-2-3 in Appendix 
9.3, their percentage correlation in figure 9.3.2-1. The 
results indicate that all the complexes with an association 
number n=2 are statistically acceptable, if the t-value is 
used as the only criterion for evaluating them. Since 
though the monomeric complexes are associated with a high 
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standard deviation in the log.K value, they are excluded 
and only dimeric and trimeric complexes are considered. Of 
all those, the first four most probable species are: 

(FeV2 1.75HV)2, (FeV2 2.75HV)3, (FeV2 2HV>2, (FeV2 2.50HV) 

The complexes: 

(FeV2-HV)2 and (FeV2-2HV)3 

are associated with a lower standard deviation of the 
logK value, so they will provide a better fit; however, 
they exhibit a higher regression coefficient. 

The valency requirement of Fe(lll) for the 
complexes written above and for those to follow are con-
sidered to be fulfilled by hydroxyl groups. 
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TABLE 9.3.2-1 
STATISTICAL EVALUATION OF LOGK VARIATION 

COMPLEX EXTRACTED X=2.00 N=2.00 S=1.75 
HV. ., =15% V/v n u t 

LOGK(M) pH FE0RG(G/LT) FEAQ(G/LT) FET0T(G/LT) 

1.32034 .52 .416 .089 .505 
1.32371 .01 .417 .926 1.343 
1.35838 .08 . 5 7 7 .748 1.325 
1.49161 .14 .814 .516 1.330 
1.45695 . 6 1 1.093 .078 1.171 
1.46563 .01 1.224 1.312 2.536 
1.49230 . 0 7 1.535 1.108 2.643 
1.43471 . 5 1 1.655 .177 1 . 8 3 2 
1.47979 .14 1.693 .893 2 . 5 8 6 
1.57580 .28 1 . 9 6 6 .426 2 . 3 9 2 
1.52204 . 0 1 2.020 1 . 7 1 2 3.732 
1.48039 .60 2.102 . 1 2 9 2 . 2 3 1 
1.42262 .40 2.145 . 3 7 7 2 .522 
1.51004 .68 2.257 .089 2.346 
1 . 6 2 3 6 1 .01 2.972 1 . 9 8 8 4.960 
1.50701 .51 2.992 . 2 6 2 3.254 
1.54351 . 6 1 3-339 . 1 7 3 3.512 

REGRESSION ANALYSIS OF LOGK VERSUS pH 

Mean of independent variable = -3053 
Mean of dependent variable = 1.4711 
Standard deviation of independent variable = .2576 
Standard deviation of dependent variable = .08l8 
Correlation coefficient = -.0118 
Regression coefficient = -.OO38 
Standard error of coefficient = .08l9 
t-value for coefficient = -.0458 
Regression constant = 1.4722 
Standard error of constant = .0323 
t-value for constant = 45.5408 
Analysis of regression table:-

SOURCE 

Due to regression 
About regression 
Total 

SUM OF 
SQUARES 

.0000 

. 1069 

. 1070 

D.F 

1 . 
15. 
16. 

MEAN 
SQUARE 
.0000 
.0071 

F-VALUE 

0021 

Number of cases used = 17. 
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TABLE 9-3.2-2 
SUB-RANGE 1 INTEGRATED COMPUTER OUTPUT 

Critical double-sided t(95%)=2.131 

Complex RC CC logK Comments 
X n s 

1 0 0 6 . 8 8 1 . 0 6 7 0.87 0 . 3 1 0.464 
1 1 1 6 . 5 0 1 . 0 8 5 0.85 0 . 3 2 0.690 

1 1 2 5.92 1.130 0.83 0.34 0 . 1 8 8 

1 1 3 5 .24 1 . 1 6 0 0.80 0.37 1 . 2 0 0 

1 2 0 O . 5 1 0.085 0.13 0 . 1 6 0.384 
1 2 1 0 . 6 1 0 . 1 1 0 0.15 0 . 1 9 O.630 

1 2 2 0.73 0.160 0 . 1 8 0 . 2 8 0.897 
1 2 3 0 . 8 5 0 . 2 2 0 0 . 2 1 0 . 2 7 O.188 

1 3 0 -4.69 - 0 . 8 8 0 -0.77 0 . 2 9 O.325 

1 3 1 -3-77 - 0 . 8 3 0 -0.69 0 . 3 0 0.592 
1 3 2 - 2 . 8 5 -0.770 -0.59 0.33 0.880 

1 3 3 - 2 . 0 3 - 0 . 6 8 0 -0.46 0.37 1 . 2 0 0 

2 1 0 18.94 0 . 9 1 0 0.97 0.24 1 . 1 0 6 

2 1 1 1 8 . 3 6 0.930 0.97 0 . 2 5 1 . 3 3 0 

2 1 2 15.36 0.960 0 . 9 6 0 . 2 7 1 . 5 7 0 

2 1 3 11.14 1.000 0 . 9 4 0 . 0 5 1.840 
2 2 0 -1.35 - 0 . 0 6 0 -0.33 0.06 1 . 0 2 0 

2 2 1 -0.59 -0.037 -0.15 0.06 1 . 2 7 2 

2 2 1 . 2 5 -0.40 -0 . 0 2 7 -0.10 0 . 0 7 1.337 
2 2 1 . 5 0 - 0 . 2 1 - 0 . 0 1 6 - 0 . 0 5 5 0.08 1.403 
2 2 1 . 7 5 - 0 . 0 4 5 - 0 . 0 0 3 -0.011 0.09 1 . 4 7 1 

C 

2 2 2 0.10 -0.009 0 . 0 2 7 0 . 1 3 1 . 5 4 

( 

2 2 3 0.55 0 . 0 7 0 0.14 0 . 2 7 1 . 8 3 

2 3 0 - 1 6 . 5 0 - 1 . 0 3 0 - 0 . 9 7 0 . 2 7 0 . 9 6 

2 3 1 - 1 0 . 9 0 -0.990 - 0 . 9 4 0 . 2 7 1 . 2 3 

2 3 2 -6.75 - 0 . 9 2 0 - 0 . 8 6 0 . 2 9 1 . 5 2 

2 3 3 -4.12 - 0 . 8 3 0 - 0 . 7 2 0 . 2 2 1.84 

good 
fit 

(FeV2 1.75HV)2 

2 2 H V ) 2 

continued 
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3 1 0 14.70 0 . 8 6 0 . 9 6 0 . 2 3 1 . 3 6 0 

3 1 1 17-59 0 . 8 8 0.97 0 . 2 3 1 . 5 8 8 

3 1 2 21.74 0 . 9 1 0 . 9 8 0 . 2 3 1.833 
3 1 3 1 7 . 8 0 0.95 0.97 0 . 2 5 2 . 1 0 1 

3 2 0 -2.39 - 0 . 1 2 - 0 . 5 2 0 . 0 5 1 . 2 8 2 * 

3 2 1 - 2 . 1 1 - 0 . 0 8 -0.47 0.04 1 . 5 2 8 * 

3 2 2 -0.77 -o.o4 - 0 . 1 9 0 . 0 5 1.795 * good 
fit 

3 2 2 . 2 5 -0.43 - 0 . 0 2 - 0 . 1 1 0 . 0 6 1 . 8 6 6 * 

3 2 2 . 5 0 -0.15 - 0 . 0 1 - o . o 4 0 . 0 7 1.938 *4 
(FeV2 2.50HV)^ 

3 2 2.75 0 . 0 7 0 . 0 0 6 0 . 0 1 8 0 . 0 8 2 . 0 1 1 *2 2.75 0 . 0 7 
(FeVL 2.75HV) 

3 2 3 O . 2 5 0.024 0 . 0 6 6 0 . 0 9 2 . 0 8 6 

3 3 0 -25.98 - 1 . 0 8 0 - 0 . 9 8 0 . 2 8 1 . 2 2 0 

3 3 1 -19-35 - l . o 4 o - 0 . 9 8 0 . 2 7 1.490 
3 3 2 -10 . 2 5 - 0 . 9 7 0 - 0 . 9 3 0 . 2 6 1.781 
3 3 3 -5.53 - 0 . 8 8 0 - 0 . 8 1 0 . 2 7 2 . 0 9 0 

a: RC = regression coefficient 
b: CC = correlation coefficient 
c: s = standard deviation of logK value 
*: statistically probable complexes. 
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O 

FIGURE 9.3.2-1 Correlation between experimental 
and predicted Fe(IIl) org 
concentration considering 
(FeV2 1.75HV)2 present in the 
organic phase 

- Extraction of Fe(IIl) with 15% V / v H V 

from 2 . 3 7 2 M A 1 ( N 0 „ ) O solutions. 
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Data sub-range 2 

The equilibrium data evaluated are given in table 
9-3-2-4 and the integrated computing output in table 
9-3-2-5- The logK variation for the most probable complex 
(x ,n, s ) = ( 2 , 2 , 2 . 75 ) and the statistical evaluation of its 
variation is given in table 9-3-2-4. Comparison between 
the measured and the predicted Fe(IIl) concentration 

^ org 
using the mean logK value derived above is given in table 
9-3-2-5 in Appendix 9-3 and their percentage correlation 
in figure 9-3-2-2. It seems that highly probable complexes 

ft are 
(FeV2 2.75HV)2, (FeV2 3HV)3 and (FeV2 2.75HV)3 

The most probable is though the monomeric complex, 
FeV"2 2.25HV. Other monomeric complexes are considered to 
be acceptable too, by judgement of their t-value. 

This observation is in contrast with the evaluation 
in sub-range 1 which involves data of lower Fe(lIl)Qr 

concentration, where monomeric complexes were rejected 
because they were associated with a high standard deviation 
in log.K value. 

Bearing in mind that the polymerization number in-
creases with the increase of metal concentration in the 
organic phase, the only explanation that could justify such 
a discrepancy is, that the experimental error in the lower 
Fe(lll) concentration region is responsible for org 
scattered data, and therefore, high standard deviation, 
which renders monomeric complexes statistically unacceptable. 
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TABLE 9-3.2-4 

STATISTICAL EVALUATION OF LOGK VARIATION 

COMPLEX : EXTRACTED X=2.00 N=2.00 S=2.75 
HV. .. = llllt = 15% V / v 

L0GK(M) pH FEORG(G/LT) FEAQ(G/LT) FET0T(G/LT) 

2.10956 .07 3.581 1.563 5.144 
2.02923 .14 3.611 1.385 4.996 
2.14021 .01 3.840 2.216 6.056 
2.09940 .28 3.941 .743 4.684 
2.09442 .60 4.296 .211 4 . 5 0 7 
2.12934 .40 4.458 .538 4.996 

REGRESSION ANALYSIS OF LOGK VERSUS pH 

Mean of independent variable = .2500 
Mean of dependent variable = 2.1004 
Standard deviation of independent variable = .2227 
Standard deviation of dependent variable = .0390 
Correlation coefficient = -.0266 
Regression coefficient = -.0047 
Standard error of coefficient = .0876 
t-value for coefficient = -.0533 
Regression constant = 2.1015 
Standard error of constant = .0282 
t-value for constant = 74.4915 
Analysis of regression table:-

SOURCE 

Due to regression 
About regression 
Total 
Number of cases 

SUM OF D. 
SQUARES 
.0000 1 
.0076 4 
.0076 5 

ed = 6. 

MEAN F-VALUE 
SQUARE 

.0000 .0028 

.0019 
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TABLE 9.3-2-5 

SUB-RANGE 2 INTEGRATED COMPUTING OUTPUT 
Critical double-sided t(95%)=2.776 

Complex RC CC log.K Comments 
X n s 

1 1 0 1 4 . 0 8 0 . 8 2 0 . 9 9 0 . 180 0 . 6 3 0 

1 1 1 1 4 . 1 5 0 . 8 4 0 . 9 9 0 . 190 0 . 8 9 0 

1 1 2 1 3 . 6 0 O.89 0 . 9 8 0 . 2 0 0 1 . 2 1 1 

1 1 3 1 1 . 7 7 0 . 9 7 0 . 9 8 0 . 2 2 0 1 . 5 9 0 

1 2 0 - 2 . 6 0 - O . 1 5 - 0 . 7 9 0 . 0 4 3 0 . 6 4 5 * 

1 2 1 - 1 . 6 3 - 0 . 1 0 - 0 . 6 3 0 . 0 3 7 0 . 9 6 1 * 

1 2 2 - 0 . 3 1 - 0 . 0 2 - 0 . 1 5 0 . 0 3 7 1 . 3 4 0 * 

1 2 2 . 25 0 . 0 1 5 o . o o i 4 0.008 0 . 0 4 0 1 . 4 4 7 
( 

* 

FeV, 
1 2 2 . 50 0 . 3 2 0 0 . 0 3 2 0 . 1 6 0 . 0 4 4 1 . 5 5 8 * 

1 2 2 . 75 0 . 6 1 0 . 0 6 6 0 . 2 9 5 0 . 0 5 0 1 . 6 7 5 

1 2 3 0 . 8 8 0 . 1 0 o . 4 o 0 . 0 5 8 1 . 7 9 7 

1 3 0 - 1 6 . 8 7 -1.10 - 0 . 9 9 0 . 2 4 8 0 . 7 1 1 

1 3 1 - 1 2 . 4 0 - 1 . 0 2 - 0 . 9 8 0 . 2 3 1 1 . 0 9 0 

1 3 2 -7 - 4 6 - 0 . 8 9 - 0 . 9 6 0 . 2 0 6 1 . 5 4 7 

1 3 3 - 3 . 6 2 - 0 . 6 8 - 0 . 8 7 0 . 1 7 3 2 . 1 0 0 

2 1 0 1 2 . 3 6 0 . 7 4 0 . 9 8 0 . 1 6 0 1.056 

2 1 1 - 1 3 . 2 3 0 . 7 7 0 . 9 8 0 . 170 1 . 3 2 0 

2 1 2 1 4 . 2 4 0 . 8 2 0 . 9 9 0 . 180 1 . 6 3 0 

2 1 3 1 3 . 5 4 0 . 9 0 0 . 9 8 0 . 2 0 0 2 . 0 1 6 

2 2 0 - 3 . 8 8 - 0 . 22 - 0 . 8 8 0 . 0 5 6 1 . 0 7 0 

2 2 1 - 3 . 1 0 - 0 . 1 7 - 0 . 8 4 0 . 0 4 7 1 . 3 8 6 

2 2 2 -1 . 4 6 - 0 . 0 9 - 0 . 5 9 0 . 0 3 6 1 . 7 6 6 * 

2 2 2 . 25 - 0 . 9 7 - 0 . 0 7 - 0 . 4 3 0 . 0 3 5 1 . 8 7 0 * 

2 2 2 . 50 - 0 . 4 9 - 0 . 0 3 9 - 0 . 2 4 0 . 0 3 6 1 . 9 8 3 * 

2 2 2 . 75 - O .05 - o . o o 4 - 0 . 0 2 6 0 . 0 3 9 2 . 1 0 0 *1 
(FeV2 

2 2 3 0 . 3 4 0 . 0 3 0 . 1 7 0 . 0 4 4 2 . 2 2 0 * 

2.75HV) 

continued 



133 

2 3 0 -2 0 . 4 5 - 1 . 1 7 - 0 . 9 9 0 . 2 6 3 1 . 1 3 6 

2 3 1 -1 6 . 4 7 - 1 . 0 9 - 0 . 9 9 0 . 2 4 6 1 . 5 1 6 

2 3 2 - 9 . 8 3 - 0 . 9 6 - 0 . 9 7 O . 2 1 9 1 . 9 7 0 
2 3 3 - 4 . 5 8 - 0 . 7 5 - 0 . 9 1 O . 183 2 . 5 2 0 

3 1 0 11 . . 41 0 . 7 2 0 . 9 8 0 . 1 6 0 1 . 2 3 0 

3 1 1 1-1 to • Hi
 0 . 7 4 0 . 9 8 0 . 160 1 . 5 0 0 

3 1 2 1 3 . 9 3 0 . 7 9 0 . 9 9 0 . 1 7 9 1 . 8 2 0 

3 I . 3 1 4 . 0 4 0 . 8 7 0 . 9 9 0 . 1 9 7 2 . 1 9 0 

3 2 0 - 4 . 1 5 - O . 2 5 - 0 . 9 0 0 . 0 6 0 1 . 2 5 0 

3 2 1 - 3 . 5 4 - 0 . 2 0 - 0 . 8 7 0 . 0 5 1 1 . 5 7 0 
3 2 2 - 1 . 9 4 - 0 . 1 2 - 0 . 6 9 0 . 0 3 8 1 . 9 4 9 * 

3 2 2 . 2 5 - l . 4 o - 0 . 0 9 - 0 . 5 7 0 . 0 3 6 2 . 0 5 0 * 

3 2 2 . 5 0 - 0 . 8 6 - 0 . 0 6 - 0 . 3 9 0 . 0 3 5 2 . 1 6 7 * 

3 2 2 . 7 5 - 0 . 3 5 - 0 . 0 2 - 0 . 1 7 0 . 0 3 6 2 . 2 8 3 * 3 
(FeV2 

3 2 3 0 . 1 1 0 . 0 1 0 . 0 5 o . o 4 o 2 . 4 0 6 *2 
(FeVj 

3 3 0 - 2 1 . 0 2 - 1 . 2 0 - 0 . 9 9 0 . 2 6 0 1 . 3 2 0 
3 3 1 - 1 7 . 9 0 - 1 . 1 2 - 0 . 9 9 0 . 2 5 0 1 . 6 9 0 
3 3 2 - 1 0 . 8 2 - 0 . 9 8 - 0 . 9 8 0 . 2 2 0 2 . 1 5 0 
3 3 3 - 4 . 9 7 - 0 . 7 7 - 0 . 9 8 0 .180 2 . 7 1 0 

2 . 7 5 ) 

3HV) 
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FIGURE 9.3-2-2 Correlation between experimental 
and predicted Fe(IIl) org 
concentration considering 

(FeV2 2.75HV)2 present in the 

organic phase 
Extraction of Fe(lll) with 15% V/ v HV 
from 2 . 372M A1(N03) solutions. 
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Data sub-range 2 

The equilibrium data evaluated are given in table 
9.3-2-7 and the integrated computer output in table 9-3-2-8. 
The logK variation for the most probable complex 
(x,n,s)=(2,2,1.25) and the statistical evaluation of its 
variation is given in table 9-3-2-7- Comparison between 
the measured and the predicted Fe(lll) concentration org 
using the mean logK value derived above is given in table 
9-3-2-9 in Appendix 9-3 and their percentage correlation in 
figure 9 . 3 . 2 - 3 . 

The results indicate that monomeric, dimeric and 
trimeric complexes are probably formed in the organic phase. 
The complex, however, with the highest degree of probability 
is the dimeric (FeV"2 1.25HV)2. Of the rest, highly probable 
complexes in the organic phase are: 

(FeV2 1.75HV) and (FeV2 1.25HV)3 

From the results of the previous analysis it can be 
seen that all the acceptable species, up to the present level 
of Fe(IIl) concentration exhibit a constant association org 
number equal to 2 while the solvation number (s) decreases 
with increasing Fe(lll) concentration. org 
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TABLE 9.3.2-7 

STATISTICAL EVALUATION OF LOGK VARIATION 

COMPLEX EXTRACTED X=2.00 N=2.00 S=1.25 

HV. . . = 15% V/v m i t 
L0GK)M) pH FE0RG(G/LT) FEAQ(G/LT) FETOT)G/LT) 

1.59997 .07 4.580 1.773 6.353 
1.58124 .01 5.108 2.839 7.947 
1.51624 .15 5.378 1.870 7.248 
1.65127 .07 5.410 1.999 7.409 
1.53243 -51 5.562 .362 5-924 
1.52035 .61 5.608 .238 5.846 
1.60312 .28 5.904 .980 6.884 
1.67127 .07 6.025 2 .283 8 . 3 0 8 
1.60900 .60 6.520 .266 6 . 7 8 6 
1.58927 .67 6.715 .214 6 . 9 2 9 
1.63370 .40 6.830 .694 7.524 
1.63094 .15 7.068 2.379 9.447 
1.71595 .28 7.714 1.326 9.040 
1.65225 . 6 1 7.827 .349 8 . 1 7 6 
1.70449 .51 8.095 .538 8.633 
1.70778 .60 8.570 .419 8 . 9 8 9 

REGRESSION ANALYSIS OF LOGK VERSUS pH 

Mean of Independent variable = .3494 
Mean of dependent variable = 1.6200 
Standard deviation of independent variable = .2390 
Standard deviation of dependent variable = .0636 
Correlation coefficient = .0032 
Regression coefficient = .0009 
Standard error of coefficient = .0711 
t-value for coefficient = .0120 
Regression constant = 1.6197 
Standard error of constant = .0298 
t-value for constant = 54.3692 
Analysis of regression table:-

SOURCE 

Due to regression 
About regression 
Total 
Number of cases us 

SUM OF D.F. 
SQUARES 

.0000 1. 

.0606 14. 

.0606 15. 
d = 16. 

MEAN F-VALUE 
SQUARE 
.0000 .0001 
.0043 
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TABLE 9.3.2 - 8 

SUB-RANGE 3 INTEGRATED COMPUTING OUTPUT 
Critical double-sided t (95%) = 2 . 1 4 5 

Complex t RC c c s logK Comments 
x n s 

1 1 0 2 3 . 2 3 0 . 8 3 0 . 9 8 0 . 2 0 3 0 . 7 7 
1 1 1 2 3 . 0 4 O .89 0 . 9 8 0 . 2 1 7 1 . 0 9 
1 1 2 1 2 . 6 3 1 . 0 3 0 . 9 5 0 . 2 5 9 1 . 5 1 
1 1 3 6 . 3 8 1 . 3 5 0 . 8 6 0 . 3 1 5 2 . 1 1 7 

1 2 0 - 2 . 5 7 - 0 . 1 0 - 0 . 5 6 0 . 0 4 2 0 . 7 4 
1 2 0 . 2 5 - 1 . 6 9 - 0 . 0 7 5 - o . 4 i 0 . 0 4 3 O .835 * 
1 2 0 . 5 0 - 0 . 8 3 7 - 0 . 0 4 - 0 . 2 1 0 . 0 4 8 0 . 9 3 7 * 
1 2 0 . 7 5 - 0 . 1 0 3 - 0 . 0 0 6 - 0 . 0 2 7 0 . 0 5 8 1 . 0 4 8 * 2 

(FeV2 

1 2 1 0 . 4 7 0 . 0 3 9 0 . 125 0 . 0 7 4 1 . 1 6 7 * 
1 2 1 . 2 5 0 . 9 1 0 . 0 9 0 . 2 3 0 . 0 9 5 1 . 2 9 7 * 
1 2 1 . 5 0 1 . 2 4 0 . 1 6 0 . 3 1 0 . 1 2 4 1 . 4 3 9 * 
1 2 1 . 7 5 1 . 4 8 0 . 24 0 . 3 6 0 . 1 6 0 1 . 5 9 0 * 
1 2 2 1 . 6 7 0 . 3 5 0 . 4 0 0 . 2 0 0 1 . 7 6 7 * 
1 2 3 1 . 9 8 1 . 3 9 0 . 4 6 0 . 7 1 0 2 . 7 5 0 * 
1 3 0 - 1 1 . 6 8 - 0 . 9 6 - 0 . 9 5 0 . 2 4 0 0 . 8 1 8 
1 3 1 - 3 - 0 3 -0 . 6 4 - 0 . 6 2 0 . 2 4 0 1 . 4 1 8 
1 3 2 2 . 2 7 0 . 3 9 o . i 4 0 . 6 3 5 2 . 4 0 9 
1 3 3 - - - - -

2 1 0 1 3 . 3 2 0 . 7 4 0 . 9 6 0 . 1 8 5 1 . 0 9 8 

2 1 1 2 0 . 15 0 . 8 0 0 . 9 8 0 . 1 9 5 1 . 4 1 3 
2 1 2 1 8 . 2 1 0 . 9 4 0 . 9 7 0 . 2 3 0 1 . 8 3 0 

2 1 3 7 . 1 0 1 . 2 6 0 . 8 8 0 . 3 4 0 2 . 4 3 0 
2 2 0 - 4 . 8 7 - 0 . 1 9 - 0 . 7 9 0 . 0 5 8 1 . 0 6 0 
2 2 0 . 2 5 - 4 . 6 9 - 0 . 1 6 9 - 0 . 7 8 0 . 0 5 1 1 . 158 
2 2 0 . 5 0 - 3 . 9 4 - 0 . 1 3 - 0 . 7 2 0 . 0 4 5 1 . 2 6 0 
2 2 0 . 7 5 - 2 . 5 3 - 0 . 10 - 0 . 5 6 0 . 0 4 3 1 - 3 7 0 
2 2 1 - 1 . 0 6 - 0 . 0 5 - 0 . 2 7 0 . 0 4 8 1 . 4 9 0 * 

1.75HV) 

continued 
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1

1
2 2 1.25 0.012 0.0009 0.0032 0.06) 1.62 *1 (FeV

2

1
1. 2 5HV ) 2

2 2 1.50 0.71 0.069 0.187 0.088 1. 76

2 2 1.75 1.16 0.15 0.29 0.120 1.917

12 2 2 1.47 0.26 0.36 0.170 2.09

2 2 3 1.93 1.29 0.45 0.670 3.08

1
2 3 0 -20.33 -1.05 -0.98 0.256 1.14

2 3 1 -4.15 -0.73 -0.74 0.230 1.74

2 3 2 0.44 0.29 0.11 0.600 2.73

12 3 3

3 1 0 10.84 0.714 0.94 0.180 1.24

1
3 1 1 16.45 0.77 0.97 0.189 1.56

3 1 2 20.81 0.91 0.98 0.220 1.98

1
3 1 3 7.40 1.23 0.89 0.320 2.58

3 2 0 -4.80 -0.22 -0.78 0.060 1.21

3 2 1 -1.96 -0.086 -0.46 0.044 1.639 *

13 2 1.25 -0.49 -0.030 -0.1) 0.055 1. 769 *3
(FeV2 1. 25HV) 3

1
3 2 1.50 0.43 0.0)8 0.11 0.078 1. 91*

3 2 1. 75 1.01 0.12 0.26 0.110 2.06 *

3 2 2 1. )8 0.23 0.34 0.158 2.23 *

1) 2 ) 1.91 1.26 0.45 0.660 ).23 *

3 ) ·0 -24.74 -1.08 -0.98 0.260 1.28

1
3 3 1 -4.63 -0.76 -0.77 0.2)0 1.88

3 3 2 2.78 0.26 0.10 0.590 2.88

3 3 3

1

1

1

1

1

1
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FIGURE 9-3-2-3 Correlation between experimental 
and predicted Fe(lll) org 
concentration considering 

(FeV2 1.25HV)2 present in the 

organic phase 
- Extraction of Fe(lII) with 15% V / v HV 

from 2.372M A1(N0_)„ solutions. 
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Data sub-range 4 

Equilibrium data evaluated are given in table 
9-3-2-10 and the integrated computer output is given in 
table 9-3-2-11. The log.K variation for the most probable 
complex (x,n,s)=(3,1.88,0.75) and the statistical evaluation 
of its variation is given in table 9-3-2-10. Comparison 
between the measured and the predicted Fe(lll) concen-org 
tration using the mean logK value derived above is given 
in table 9-3-2-12 in Appendix 9.3 and the percentage cor-
relation between the two is shown in figure 9-3-2-4. 

The statistical analysis of the data indicates that 
the following complexes are acceptable in decreasing order 
of probability: 

(FeV2-HV), (FeV2)2, ( F e V ^ H V ) ^ ( F e V ^ , ( F e V ^ H V ^ 

Comparing these complexes with the predominant ones in the 
previous sub-ranges, it can be noticed that the solvation 
number (s) has further decreased with the increase of the 
Fe(lII) concentration, org 

It must be pointed out that although the above 
complexes are statistically acceptable, the regression 
coefficient is equal to 0.11 which is high in comparison 
with the previous evaluations. Furthermore the regression 
coefficient cannot be lowered by changes in the solvation 
number of the complexes. It is the association number (n) 
which has to be decreased in order to achieve a higher 
degree of probability for the acceptable complexes. The 
decrease of (n) from 2 to 1.88 fulfilled that goal and 
increased the degree of probability of the acceptable 
complexes which are: 

( F e V1.88 0 • 75HV) 3, (FeV^gg 0.5HV)2 and (FeV^gg HV)3 
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TABLE 9.3.2-10 

LOGK(M) 

1.52849 
1.54046 
1.52010 
1.52290 
1.50749 
1.54248 
1 . 5 1 3 7 2 
1.50240 
1 . 5 1 9 7 4 
1 . 5 3 0 1 7 
1 . 5 5 8 2 3 

REGRESSION ANALYSIS OF LOGK VERSUS pH 

Mean of independent variable = .3809 
Mean of dependent variable = I.526O 
Standard deviation of independent variable = .1966 
Standard deviation of dependent variable = .0164 
Correlation coefficient = -.0043 
Regression coefficient = -.0004 
Standard error of coefficient = .0277 
t-value for coefficient = - . 0 1 2 9 
Regression constant = 1.5262 
Standard error of constant = .0118 
t-value for constant 129.5864 
Analysis of regression table:-

STATISTICAL EVALUATION OF LOGK VARIATION 

COMPLEX EXTRACTED X=3.00 N=1.88 S= .75 

HV. . . = 15% V/v m i t 

pH FE0RG(G/LT) FEAQ(G/LT) FET0T(G/LT) 

.14 8.746 2.932 1 1 . 6 7 8 

.40 8 . 9 7 0 .968 9 . 9 3 8 

.67 9 . 1 0 5 .324 9 . 4 2 9 

.28 9 . 2 6 0 1.798 1 1 . 0 5 8 

.15 9.799 3.667 13.466 

. 6 1 9 . 8 6 9 .469 1 0 . 3 3 8 

.51 1 0 . 5 0 6 .893 11.399 

.60 1 0 . 5 1 4 . 6 2 2 1 1 . 1 3 6 

.28 1 0 . 5 7 0 2.420 1 2 . 9 9 0 

.15 1 0 . 8 7 7 4.468 15.345 

.40 1 1 . 0 5 0 1.482 1 2 . 5 3 2 

SOURCE 

Due to regression 
About regression 
Total 

SUM OF D.F. MEAN 
SQUARES SQUARE 

.0000 1. .0000 

.0027 9. .0003 

.0027 1 0 . 
Number of cases used = 11. 

F-VALUE 

.0002 



l42 

TABLE 9.3.2-11 
SUB-RANGE 4 INTEGRATED COMPUTER OUTPUT 

Critical double-sided t(95%)=2.262 

Complex RC CC logK Comments 
X n s 

1 1 0 1 3 - 1 0 O . 8 7 0 . 9 7 0 . 1 7 7 O . 7 4 I 
1 1 1 2 6 . 1 5 0 . 8 8 0 . 9 9 0 . 1 7 4 1 . 1 4 
1 1 2 7 . 5 2 0 . 8 8 0 . 9 2 0 . 1 8 7 1 . 8 1 

1 1 3 1 . 4 3 0 . 6 7 0 . 1 5 O.858 3 - 5 1 
1 2 0 - 3 . 5 2 - 0 . 1 1 - 0 . 7 6 0 . 0 3 0 0 . 7 6 

1 2 1 - O . 9 6 - 0 . 1 1 - 0 . 3 0 0 . 0 7 3 1 . 4 3 2 

1 2 2 - 0 . 2 2 - 0 . 3 2 - 0 . 0 7 O . 8 5 1 3 . 1 2 9 

1 2 3 - - - - -

1 3 0 - 9 . 4 5 - 1 . 1 1 - 0 . 9 5 0 . 2 2 9 1 . 0 5 

1 3 1 - 0 . 9 2 - 1 . 3 2 - 0 . 2 9 O.887 2 . 7 4 8 
2 1 0 9 - 0 9 0 . 8 7 0 . 9 4 0 . 1 8 1 0 . 9 6 6 

2 1 1 1 4 . 9 5 O . 8 7 0 . 9 8 0 . 1 7 6 1 . 3 6 8 
2 1 2 9 . 9 3 0 . 8 8 0 . 9 5 O . 1 8 1 2 . 0 3 8 

2 1 3 0 . 4 7 0 . 6 7 0 . 1 5 o . 8 4 o 3 . 7 3 0 
2 2 0 - 2 . 0 8 - 0 . 1 2 - 0 . 5 7 0 . 0 4 2 0 . 9 8 7 

2 2 1 - 1 . 3 2 - 0 . 1 1 - 0 . 4 0 0 . 0 5 7 1 . 6 5 7 

2 2 2 - O . 2 3 - 0 . 3 2 - 0 . 0 7 0 . 8 3 0 3 - 3 5 0 
2 3 0 - 1 2 . 5 8 - 1 . 1 1 - 0 . 9 7 0 . 2 2 0 1 . 270 

2 3 1 - 0 . 9 4 - 1 . 3 2 - O . 2 9 0 . 8 7 0 2 . 9 7 0 
3 1 0 8 . 2 3 0 . 8 7 0 . 9 3 0 .180 1 .080 

3 1 1 1 2 . 8 7 0 . 8 7 0 . 9 7 0 . 1 7 6 1 . 4 8 0 
3 1 2 1 1 . 0 9 0 . 8 8 O . 9 6 0 . 1 7 9 2 . 1 5 0 

3 1 3 0 . 4 7 0 . 6 6 0 . 1 5 0 . 8 3 0 3 . 8 5 0 
3 2 0 - 1 . 8 1 - 0 . 1 2 - 0 . 5 1 o . o 4 6 1 . 1 0 0 
3 2 1 - 1 . 4 9 - 0 . 1 1 - 0 . 4 4 0 . 0 5 2 1 . 7 7 0 

3 2 2 - O . 2 3 - 0 . 3 3 - 0 . 0 7 0 . 8 2 0 3 . 4 7 0 

3 3 0 - 1 . 4 0 - 1 . 1 1 - 0 . 9 7 0 . 2 2 0 1 . 3 9 0 

3 3 1 - 0 . 9 4 - 1 . 3 3 - 0 . 3 0 0.860 3 . 0 9 0 

FeV2 HV 

( F E V 2 ) 2 

(FeV2-HV)2 

( F E V 2 ) 3 

(FeV2 HV) 

continued 
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1 1 .88 0 0 . 0 2 4 0 . 0 0 1 0 .008 0 . 0 0 2 0 . 7 4 9 * 

1 1 .88 0 . 25 0 . 0 2 8 0 . 0 0 2 0 . 0 2 4 0 . 0 1 6 0 . 8 7 6 * 

1 1 .88 0 . 50 0 . 1 1 9 0 .003 0 .039 0 . 0 1 6 1 . 0 1 9 * 

1 1 .88 0 . 75 0 . 0 9 4 0 . o o 4 0 . 0 3 1 0 .029 1 . 1 8 4 * 

1 1 .88 l 0 .065 0 .005 0 . 0 2 1 0 .053 1 . 3 7 5 * 

2 1 .88 0 - 0 . 0 4 3 - 0 . 0 0 2 - 0 . 0 1 4 0 .038 0 . 9 7 4 * 

2 1 .88 0 . 25 - 0 . 0 3 4 - 0 . 0 0 1 - 0 . 0 1 1 0 .029 1 . 101 * 

2 1 .88 0 . 50 - 0 . 0 1 3 - 0 .0005 - 0 . 0 0 4 0 . 0 1 9 1 . 2 4 4 
(FeV 

* 2 
l . £ 

2 1 . 8 8 0 . 75 0 . 0 3 - 0 .0009 0 . 0 1 0 0 . 0 1 7 1 .409 * 

2 1 . 8 8 l 0 . 0 3 3 0 . 0 0 2 0 . 0 1 1 0 .037 1 .600 * 

3 1 .88 0 - 0 . 0 5 4 - 0 . 0 0 4 - 0 . 0 1 8 0 . 0 4 4 1 . 0 9 1 * 

3 1 .88 0 . 25 - 0 . 0 5 0 - 0 .003 - 0 . 0 1 6 0 .035 1 . 2 1 7 * 

3 1 . 8 8 0 . 50 - 0 . 0 4 2 - 0 . 0 0 1 - 0 . 0 1 4 0 .023 1 . 3 6 1 * 

3 1 . 8 8 0 . 75 - 0 . 0 1 2 - 0 . o o o 4 - 0 . 0 0 4 0 . 0 1 6 1 . 5 2 6 

(FeV 

*1 
l . £ 

3 1 . 8 8 l 0 . 0 1 6 0 .0009 0 .005 0 .032 1 . 7 1 6 *3 
0.75HV) 

( F e V 1 . 88 H V ) 3 
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a 

r E O R G - E X P l G / l 1 —> 

FIGURE 9-3-2-4 Correlation between experimental 
and predicted Fe(lll) concentration org 
considering (FeV^ gg 0.75HV)3 present 

in the organic phase 
- Extraction of Fe(III) with 15% V/v HV 

from 2.372M AKNO^) solutions. 



145 

Data sub-range 2 

Equilibrium data evaluated are given in table 
9-3-2-13 and the integrated computer output is given in 
table 9-3-2-14. The logK variation for the most probable 
complex (x,n,s)=(3i1•86,0.25) and the statistical evaluation 
of its variation is given in table 9-3-2-13- Comparison 
between the measured and the predicted Fe(IIl) concen-org 
tration is given in table 9-3-2-15 in Appendix 9.3 and the 
percentage correlation between them is shown in figure 
9-3-2-5-

The evaluation of the results shows that complexes 
such as FeV«, (FeV2)2, (FeV ) are probable in terms of 
both t-value but the variance of the regression coefficient 
is relatively high. Furthermore, the regression coefficient 
equal to -0.l4 cannot be reduced by altering the solvation 
number. Therefore as the negative sign of the regression 
coefficient indicates, the association number must be re-
duced to 1.86. In this way complexes like 
(FeVH Q^-(0.25-0.75)HV). 0 . give excellent statistical I . 0 6 1 or 2 or 3 
values for their acceptability, the most probable ones 
being: 

( F e V1.86 °- 25HV) 3, (FeV 1^ 8 6 0.25HV)2 and (FeV^gg O.50HV)2 

On the other hand, the following complexes 

( F e V1.86 °-5HV)2, (FeV1^g6 0.5HV)3 and FeVa g 6 0.5HV 

will provide a better fitting, because of the lower standard 
deviation of the logK value. 

It is seen again that the acceptable complexes have 
a lower solvation number than the ones of the previous sub-
range . 
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TABLE 9-3-2-13 
STATISTICAL EVALUATION OF LOGK VARIATION 

COMPLEX EXTRACTED X=3-00 N=1.86 S= .25 
HVinit = ^ V v 

LOGK(M) 

1.16708 
1.15208 
1.06515 
1.12495 
1.05516 
1.10448 
1 . 0 7 8 9 0 
1.04168 

PH FEORG(G/LT) FEAQ(G/LT) FET0T(G/LT) 
-67 1 1 . 3 1 4 .520 11.834 
.61 1 1 . 9 8 9 .765 12.754 
.60 1 2 . 0 8 5 -989 13.074 
.40 1 2 . 3 0 0 2.094 14.394 
-51 1 2 . 5 4 1 1-591 1 4 . 1 3 2 
.28 1 2 . 7 0 8 3-900 16.608 
. 6 7 1 3 . 3 6 1 .862 14.223 
.61 1 3 . 7 3 0 1 . 2 9 0 15-020 

REGRESSION ANALYSIS OF LOGK VERSUS pH 

Mean of Independent variable = -5437 
Mean of dependent variable = I.O987 
Standard deviation of independent variable = .1390 
Standard deviation of dependent variable = .0462 
Cocrelation coefficient = .0040 
Regression coefficient = .0013 
Standard error of coefficient = .1356 
t-value for coefficient = .0097 
Regression constant = I.O98O 
Standard error of constant = .0758 
t-value for constant = 14.4837 
Analysis of regression table:-

SOURCE 

Due to regression 
About regression 
Total 

SUM OF 
SQUARES 

.000 0 

.0149 

.0419 

D.F. 

1 . 
6. 
7-

MEAN 
SQUARE 

.0000 

.0025 

F-VALUE 

.0001 

Number of cases used = 8. 
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TABLE 9.3.2-14 

SUB-RANGE 5 INTEGRATED COMPUTING OUTPUT 
Critical double-sided t(95%)=2.447 

Complex 
x n s 

RC CC LOGK Comments 

1 1 0 4 . 7 8 0 .85 0 .89 0 . 1 3 4 0 .729 
1 1 1 7 .54 0 .85 0 .95 0 .124 1 .216 
1 1 2 1 .72 0 .95 0 . 5 3 0 .230 2 .290 
1 

1 

2 

2 

0 

1 

-1 

-0 

.31 

.08 

-0 

-0 

.148 

.04 

-0 

-0 

. 4 7 

.03 
0 

0 

.043 

. 1 8 8 

0 

1 

.670 

.740 

* FeV ,high 
V(coef) 

1 3 0 -1 .89 -1 .04 -0 . 6 1 0 .230 1 .200 
2 1 0 4 .03 0 .86 0 .85 0 .140 0 .900 
2 1 1 6 .10 0 .85 0 .92 0 . 1 2 8 1 • 39 
2 1 2 1 .86 0 .96 0 .60 0 .220 2 .46 
2 2 0 -0 .99 -0 .14 -0 . 3 7 0 . 0 5 1 0 .84 *(FeV 2) 2,high 

2 2 1 -0 .075 -0 .038 -0 .03 0 . 1 7 5 0 .84 
V(coef) 

2 3 0 -2 .01 -1 .03 -0 .63 0 . 2 2 7 1 .38 
3 1 0 3 .83 0 .86 0 .84 0 . l4o 1 .00 

3 1 1 5 .69 0 .86 0 . 9 1 0 . 130 1 .49 
3 1 2 l .91 0 .96 0 . 6 1 0 .210 2 .56 
3 2 0 -0 .91 -0 . 1 3 8 -0 .34 0 .055 0 .947 *(FeV 2) ,high 

3 2 1 -0 .07 -0 .03 -0 .02 0 . 1 7 1 2 .02 
V(coef) 

3 3 0 -2 .05 -1 .03 -0 .64 0 .220 1 .48 
1 1.86 0.25 -0 .087 -0 .0089 -0 .03 0 .034 0 .823 * 

1 1.86 0 . 5 0 -0 .093 -0 .0086 -0 .03 0 . 0 3 1 1 .020 * 

1 1.86 0.75 -0 .011 -0 .0017 -0 .00 0 .052 1 .265 * 

2 1.86 0.25 -0 .0098 -0 .0012 -0 .00 0 .042 0 .998 * 2 

( F e V 1 . 8 6 ° - 2 5 H V ) 2 

2 1.86 0.50 -0 .010 -0 .0009 -0 .00 0 .032 1 .195 *3 
( F e V 1 . 8 6 ° - 5 0 H V ) 2 

2 1.86 0.75 0 .040 0 .0059 0 .01 0 .042 1 .440 * 

3 1.86 0.25 0 .0097 0 .0013 0 .00 0 .046 1 .098 *l 
( F e V l . 8 6 ° - 2 5 H V ) 3 

3 1.86 0.50 0 . 0 1 6 0 .0016 0 .00 0 .033 1 .295 * 

3 1.86 0.75 0 . 0 7 2 0 .0085 0 .02 0 .039 1 .540 * 
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FIGURE 9.3-2-5 Correlation between experimental 
and predicted Fe(lll) org 
concentration considering 
(FeV1 0.25HV)^ present in 
the organic phase 

- Extraction of Fe(lII) with 13% V / v
 H V 

from 2.372M Al(N0o)o solutions. 
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Data sub-range 2 

Equilibrium data evaluated are given in table 
9.3-2-16 and the integrated computer output in table 
9.3-2-17- The logK variation for the complex 
(x,n,s)=(3,1,0.75) and the statistical evaluation of its 
variation is given in table 9-3-2-16. Comparison between 
the measured and the predicted Fe(lll) concentration 

^ org 
using the mean logK value derived above is given in table 
9-3-2-18 in Appendix 9.3- The percentage correlation 
between the two is shown in figure 9-3-2-6. 

From the evaluation table it can be seen that, all 
the complexes are acceptable in terms of the t-value 
because they are associated with a high variance of the 
regression coefficient. The slope itself, however, shows a 
relatively high deviation from the desired zero value. It 
can also be seen that by using fractional solvation numbers 
an improved analysis will be obtained. The most probable 
complexes arising from this modification are: 

(FeV 0.5HV), (FeV 0.75HV)2 and (FeV 0'.75HV)3 

These are the only complexes found with an association number 
(n) equal to 1, corresponding to HV organic solutions nearly 
saturated with Fe(lIl).AII are treated as equally probable. 
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TABLE 9.3-2-16 
STATISTICAL EVALUATION OF LOGK VARIATION 

COMPLEX EXTRACTED X=3.00 N=1.00 S= .75 

HV. .. = 15% V/v m i t 

LOGK(M) pH FEORG(G/LT) FEAQ(G/LT) FETOT(G/LT) 

1 . 1 1 2 0 8 .51 1 4 . 0 4 6 2 . 6 3 0 1 6 . 6 7 6 
I.23658 .60 14.065 1.608 15.673 
1.12539 .61 14.910 2.214 17-124 
1 . 2 0 3 6 2 . 6 7 1 4 . 9 2 5 1 . 6 1 3 1 6 . 5 3 8 
1 . 0 6 9 9 0 .60 14.971 2 . 5 9 1 1 7 . 5 6 2 
1.01431 . 6 7 1 5 . 6 6 0 2 . 7 0 0 1 8 . 3 6 0 

REGRESSION ANALYSIS OF LOGK VERSUS pH 

Mean of independent variable 
Mean of dependent variable 
Standard deviation of independent variable 
Standard deviation of dependent variable 
Correlation coefficient 
Regression coefficient 
Standard error of coefficient 
t-value for coefficient 
Regression constant 
Standard error of constant 
t-value for constant 
Analysis of regression table:-

.6100 
1.1270 
.0590 
.0825 

-.0492 
-.0688 
.6987 

-.0984 
1 . 1 6 8 9 
.4279 

2.7319 

SOURCE 

Due to regression 
About regression 
Total 
Number of cases i 

SUM OF D.F. 
SQUARES 
.0001 1. 
.0340 4. 
.0341 5 . 

ed = 6. 

MEAN F-VALUE 
SQUARE 
. 0 0 0 1 . 0 0 9 7 
.0085 
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TABLE 9.3,2-17 
SUB-RANGE 6 INTEGRATED COMPUTING OUTPUT 

Critical double-sided t(95%)=2.776 

Complex t RC CC s logk Comments 
X n s 

1 1 0 -0 . 1 8 0 -0. 137 -0 .09 0.086 0 .508 

1 1 1 0 

CO r-• 0. 269 0 .23 0.068 1 .093 

1 2 0 -1 .299 -0. 7 3 1 -0 . 5 4 0 . 0 7 9 0 .483 
2 1 0 -0 .330 -0. 250 -0 . 1 6 0.092 0 .647 
2 1 1 0 .246 0. 150 0 . 1 2 0 . 0 7 2 1 .232 

2 2 0 -1 .390 -0. 849 -0 . 5 7 0.087 0 .622 

3 1 0 -0 .370 -0. 290 -0 . 1 8 0.095 0 . 7 3 4 

3 1 1 0 .177 0. 110 0 .08 0 . 0 7 4 1 . 3 1 9 

3 2 0 -1 .424 -0. 880 -0 .58 0.090 0 .709 

1 1 0.25 -0 . 1 2 9 -0. 090 -0 .06 0.084 0 . 6 1 6 

1 1 0 . 5 0 -0 .030 -0. 020 -0 . 0 1 0.080 0 . 7 4 4 

1 1 0.75 0 . 140 0. 089 0 .07 0 . 0 7 5 0 .900 

2 1 0 . 2 5 -0 .277 -0. 210 -0 . 1 3 0.090 0 . 7 5 4 

2 1 0 . 5 0 -0 . 190 -0. 130 -0 .09 0.086 0 .883 

2 1 0.75 -0 .040 -0. 029 -0 .02 0.080 1 .039 

3 1 0.25 -0 .320 -0. 250 -0 . 1 5 0.092 0 .842 
3 1 0 . 5 0 -0 .240 -0. 170 -0 .11 0.088 0 . 9 7 1 

3 1 0.75 -0 .098 -0. 068 -0 .04 0.082 1 . 1 2 7 

(FeV O.75HV)2 

(FeV 0.75HV)^ 
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FEORG-E.XP: G/L : 

FIGURE 9.3.2 - 6 Correlat ion between experimental 
and predicted Fe(IIl) org 
concentration considering 
(FeV 0.75HV) present in the 
organic phase 

- Extraction of Fe(lll) with 15% V/ v HV 
from 2.372M Al(N0o)o solutions. 
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9.4 Conclusions 

The following conclusions can be deduced from the 
statistical analysis of the equilibrium data. 

1. The association number (n) can be estimated more 
unambiguously than the solvation and the polymerization 
numbers. 
2. Monomeric, dimeric and trimeric complexes seem to 
exist in equilibrium. The highest degree of probability for 
the formation of the complexes is exhibited by dimers. 
However, increases of Fe(IIl) concentration in the organic 
phase, increase the probability of the formation of trimeric 
complexes. The presence of monomeric species, which seem 
to be probable even at high Fe(IIl)o concentrations cannot 
be explained. 
3. High probability levels of the formation of some 
complexes are obtained by the assignment of non-integer 
instead of integer numbers to the parameters (n) and (s). 
The resultant complexes are considered to be a mixture of 
several complexes in equilibrium. 
4. The most probable complexes at different levels of 
Fe(IIl) concentration are given in table 9-4-1. org 

Although some complexes appear to be probable in two 
sub-ranges of Fe(IIl) concentration, the average logK values 
in the two subranges are different enough to prevent pooling 
of the equilibrium data. The differences in logK values are 
probably due to changes of the activity coefficients in the 
organic phase as the concentration of Fe(lIl)o^ increases. 

5- The solvation number (s) decreases on increasing the 
Fe(lll) concentration. Further increases in Fe(lll) org org 
concentration result in decreases in both association and 
solvation numbers. 
6. It is cl ear that statistical analysis of equilibrium 
data is an indirect method of evaluating the "best" complex 
composition in solution. The statistical acceptability of a 
complex does not necessarily imply that it will exist in 
solution. The complex situation which resulted in the 
evaluation of a host of statistically acceptable complexes 
probably represents very well the complex equilibria in-
volved in this extraction system. 
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Table 9.4-1 
Highly probable Fe(lIl)-HV complexes 

HV . . =15% V/v (O.798M) xnxt 

[Fe (III)] 
(g/lt) 

org [Fe (Ill)] 
(M) 

org Probable complexes * 
probability order > 

0 - 3 . 4 0 . 000 - 0 . 0 6 L (FeV2 • 1.75HV)2, (FeV2- 2.75HV)3, (FeV2'2HV)2 

3.4 - 4. 45 0 . 0 6 1 - 0.080 (FeV2 «2.75HV)2, (FeV2•3HV) , (FeV^- 2.75HV)^ 

4.45- 8. 57 0 . 0 8 0 - 0.153 (FeV2 • 1.25HV)2, (FeV2- 1.75HV), (FeV2«1.25HV) 3 

8.57 - 11. 10 0 . 1 5 3 - 0.199 (FeV1 ! 8 8.0.75HV) 3,(FeV 1 # 8 Q.0.5HV) 2,(FeV 1 > 8 8. HV)3 

1 1 . 1 0 - 1 3 . 73 0 . 1 9 9 - 0.246 (FeV1 . 8 6 - Q a 5 H V ) 3 ' ( F e V l . 8 6 ' ° ^ H V ) 2 ' ( F e Vi.86 O.5HV)2 

13.73 - 15. 66 0 . 246 - 0 . 2 8 0 (FeV- 0.75HV)2, (FeV» 0.5HV), (FeV- 0.75HV) 

* the valency state of Fe(lll) is considered to be completed 
by hydroxy groups. 

+ A l l complexes are treated as equally probaole. 
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CHAPTER 10 

INFRARED ANALYSIS OF Fe(IIl)-HV COMPLEXES 

10.1 Introduction 

In parallel with the statistical analysis of equilibrium 
data, an attempt was made to reveal directly the chemical 
composition of the extracted complexes using infrared 
spectrophotometry. 

Extraction of Fe(lll) with HV can result in the form-
ation of several complexes in the organic phase, which may 
be described by the general formula (FeV (OH) (N0o) sHV) . 

n m 3 z x 
The goal' of this analysis is, therefore, to ascertain 
qualitatively the existence of the different modes of HV 
bonding with Fe(IIl), and to quantitatively evaluate the 
association (n) and the solvation number (s) of the complexes 

Versatic 10 (HV), a synthetic mixture of tertiary 
carboxylic acids manufactured by Shell, will be present in 
the organic phase mainly as monomers and d i m e r s ^ ^ , 
although some acids exist at least in the hydrogen-bonded 

( 5 4 ) ( 3 5 ) 
polymeric form by the development of a positive 
charge on the proton donor atom and a negative charge on the 

( 3 5 ) receiver atom which tends to encourage the hydrogen bond. 

0 . . . H-0 0 . . . H-0 
// \ / R-C C-R 6 > R-C C-R 
\ S % s 0-H . . . 0 0-H . . . 0 

+ 

When the dimer is considered as a whole, there will 
be two carbonyl stretching frequencies, symmetric and 
asymmetric. The dimer molecule has a centre of symmetry, 
so the symmetric carbonyl stretch will be Raman active only, 
and the asymmetric stretch will be infrared active only. 
Most carboxyl dimers have a band in the infrared at 
1720-1680 cm (asymmetric C=0 stretch). In the Raman 

_ 1 

spectrum, a band appears at 1680-1640 cm (symmetric C=0 
stretch). 
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When a hydroxyl group is in the same molecule as the 
carboxyl group, the opportunity for other types of hydrogen 
bonding exist involving bydroxylncarboxyl bonds, as an 
alternative to carboxyl dimer bonding. When this happens, 
symmetry is destroyed and the carbonyl vibrations appear in 

(35) both the infrared and Raman spectra. 
The most unambiguous band for the carboxyl dimer in 

the region of 1640-1750 cm is the Raman band at 
1640-1680 c m " 1 . ^ ^ The best infrared band for the 
carboxyl dimer is a broad, medium intensity, band at 
960-875 cm" due to out of plane OH . . . 0 hydrogen 
deformation. The absence of this band is fairly good 

(35) evidence for the absence of the dimer form. 

The carboxyl dimer infrared bands are listed in table 
1 0 . 1 - 1 . 

(35) 
Table 10.1-1 K ^ ' 

Carboxyl dimer spectral regions 
_ L 

OH stretch 3000 cm very broad 
Overtones and combinations 2700-2500 
C=0 stretch 1740-1680 
OH deformation in plane 1440-1395 
C-0 stretch 1315-1280 
OH deformation out of plane 96O- 875 

Part of the carboxylic acid is in monomeric form in 
solutions at room temperature, and as the temperature 
increases, dissociation to monomers increases^^ and in 
the vapour state carboxylic acids are entirely monomeric 

(35) 
in form. The C=0 stretching vibration for the monomer 
appears at 1800-1740 c m " 1 . ^ ^ Table 10.1-2 lists 
carboxyl monomer bands. 

When a salt is made from a carboxylic acid, the C=0 
and C-0 are replaced by two equivalent carbon-oxygen bonds 
which are intermediate in force constant between the C=0 
and C-0.(35) 



157 

(35) Table 10.1-2 

Carboxyl monomer spectral regions 

OH stretch 3580-3500 cm"1 

C=0 stretch 1800-1740 
OH deformation 1380-1280 
C-0 stretch 1190-1075 

0 

- C 
0 

\ _ 
0 

- c or - C 
0 

0 

0 

These two "bond-and-a-half" oscillators are strongly coupled 
resulting in a strong asymmetric C0Q stretching vibration 
at 1650-1550 cm and a somewhat weaker symmetric CO^ 
stretching vibration at 1440-1360 cm"1 

It is therefore, clear that free HV as monomer, or 
dimer, or the V anions associated with Fe(lll) - which 
fulfil part or the whole of the requirement of the electro-
neutrality of the complex - will all be shown in the infra-
red spectra. 

( 3 6 ) 

Crabtree and Rice performed an excellent spectro-
photometry analysis of cobalt Versate and cobalt octanoate 
complexes, by analyzing visible and infrared spectra using 
derivative spectroscopy. It was found that the HV which 
solvates the cobalt-versate complex absorbs at 1675 cm 

_ 1 

The reduction of the carbonyl (C=0) frequency from 1700 cm , 
as in free dimeric acid, to 1675 cm for the solvating 
acid, was explained by a reduction in bond-order, due to 
fact that the solvating acid finds itself more strongly 

/ n r \ / « / • \ 

H-bound than in the dimeric acid. 1 Thus, distinction 
of free HV as monomer or dimer, and as associated and 
solvated HV can be made from infrared spectra alone. 
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Infrared spectra can furnish further information 
regarding the structure of the versate complexes in the 
organic phase. The best known carboxylates are formates, 
acetates and oxalates. Carboxylate complexes may be 
divided into seven groups according to the type of 

(37) 
M-02CR interaction and they are listed in table 10.1-3-
The antisymmetrical types clearly cannot be uniquely 
characterized, but could exist in a continuous range between 
the unidentate type and the symmetrical chelating or 

( 37) 
bridging type. The major difference between type II 
and type IV is that the antisymmetric COO stretching 
vibration is generally higher (100 cm ) in the first co-
ordination type than in the second; in both cases there is 
a drastic change in the intensity of the two stretching 
modes associated with the carboxyl groups in comparison to 
ionic carboxylates; the antisymmetric stretching becomes 

(37) 
more intense than the symmetric one. If coordination 
occurs symmetrically as in types IV and VI both the COO 
stretching bonds may be changed by the same amount. The 
difference between antisymmetric and symmetric stretching 
vibrations has been proposed for differentiating between 

( 3 7 ) 
chelating and bridging forms of carboxylate ligands. 
This hypothesis is founded on the premise that in chelating 
acetates the O-C-O angle will be smaller than in bridging 
acetates. An increase in this angle should decrease the 
symmetric and increase the antisymmetric COO and hence 
increase the Av ; in both cases the intensities of the two 

(37) 
bands are comparable. However, the use of infrared 
spectroscopy alone to differentiate between the two types 
of coordination seldom yields meaningful results.|^j'|^j' 

Because a non-polar solvent, Escaid 110, has been used 
exclusively in the present study, it is assumed that ionic 
interactions of type I will not be present. Bidentate 
chelation(III) and bridging(IV) together with monodentate 
complexing(l l) are to be expected in the organic phase. 

Apart from the versate anions, the system under 
investigation contains other potential ligands. The role of 
HV as a solvating agent has already been described. Water 
is known to be present in metal carboxylate extracts and 



Table 10.1-3 (37) 

Carboxylate coordination types 

Type Coordination Examples 

S' I R-C' % 

II R-C 
\ 

Uncoordinated 

Monomeric 

Na(HCOO); NatCH^OO) 

Li ( CH^COO) 2H20; Co(CH3C00)2 4 ^ 0 
0-M 

0 / \ 
III R-C M 

IV R-C / \ 

0 — M 

0 — M 

Bidentate,chelating 
symmetrical 

Bidentate,bridging 
symmetrical 

Z N ( C H 3 C O O ) 2 2 H 2 0 

N A ( U 0 2 ( C H 3 C 0 0 ) 3 ) 

(CU(CH3COO)2 H 2O) 2 

(Cr(CH C00)2
 h

2
0 ) 2 

V R-C 
\ 

0 — M 
Bidentate abridging 

0 ...•M asymmetrical 
CU(HC00) 2 

CU(HCOO)2 4H2O 

continued 



Table 10.1-3 continued 

Type Coordination Examples 

0 
/ \ 

VI R-C M Bidentate,chelating 
\ Q / symmetrical and UCCH^COO)^ 

bridging asymmetrical 

0 . 
VII R-C Bidentate, chelating - / nxj \ / i . -, 6 Sn(CH COO). asymmetrical 3 ^ 
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as shown in chapter 8, one mole of water is associated with 
two moles of iron up to the saturation loading of HV with 
Fe(lll). However, the role of water in the organic phase 
is not well understood, and has been treated either as a 
member of the octahedral coordination sphere of Fe(IIl)^8^'^ ^ 
or as being attached to the metal carboxylate by a weak 
bonding/ 6 5^ The possibility of the presence of OH and 

— ( ) 

the absence of NO^ ^ in carboxylate extracts has been 
discussed in section 3-4. Miihl et a / 8 ^ were 
able to identify neutral and basic Fe(lll) caprylates in 
n-decane and benzene diluents respectively. It was 
observed that the two antisymmetrical stretching vibrations 
observed at l6l0 and 1560 cm in the case of the neutral 

_ L 

caprylate, were shifted to 1590 and 1535 cm for the basic 
caprylate. It appears, therefore, that bonding of OH to 
the Fe(lll) atom will result in a decrease of the carbonyl 
frequencies. 

Metal carboxylates may polymerise in the organic 
phase through the formation of carboxyl bridges, evidence 

/ ) 

for which should appear in the infrared spectrum. 
Polymerization may as well occur through formation of 

1 bonds^8 

(36),(40) 
( 3 6 ) ( 6 2 ) hydroxyl bridges or metal-metal bonds , although the 

latter are unlikely to be present. 

The infrared analysis described below involves 
evaluation of the free dimeric acid and of the total HV 
(associated + solvating) incorporated in Fe(IIl) versate 
extracts. Analysis was performed for extracts with low 
Fe(lll) concentrations and also for those corresponding org 
to near saturation of HV with Fe(lll). Further analysis 
was carried out by diluting the extracts using Escaid 110 
and by HV addition to the extracts. In these experiments 
the resultant changes in the infrared spectra were observed 
and quantitatively evaluated by measurement of the free HV 
dimer absorbance. 
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10.2 Experimental procedure 

Fe(III)-versate extracts were prepared as described 
in section 4.3. The equilibrium pH of each experimental 
run was kept constant and varied from 0.14 to O.89 for the 
different runs. Extraction in all cases was carried out 
with 15%V/V HV(0.8l4M). Infrared spectra of all inter-
mediate Fe(lll) extracts up to the saturation loading of 
HV with Fe(lll) were recorded using a Perkin-Elmer 577 
double-beam grating infrared spectrophotometer. The 
organic liquid samples were placed in a demountable type 
NaCl cell. CaF2 cells were used to check the analyses in 
case there was any alteration of the path length caused by 
the dissolution of NaCl by H o0 present in the organic phase 

tL 
Since the infrared output was in the transmittance mode, 
it was transformed to optical density (O.D.) as outlined 
in figure 10.2-1. 

&> 
CA 

3 
H-
RF 
D-
SU 
O 
CD 

CO 
O 
SU 
H 
(D 

base 
line 

Wavenumber 

O.D =log(T2y'T1) 

Figure 10.2-1 Optical density/transmittance relation 
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10.3 Results and discussion 
Infrared (IR) spectra of undiluted HV and of HV 

diluted with Escaid 110 are given in figure 10.3-1. The 
bands listed in tables 10.1-1 and 10.1-2 appear in the 

- 1 - 1 spectra, and the 1700 cm and 1750 cm bands are 
characteristic of the dimer and monomer C=0 stretch, 
respectively. 

The optical density of the free dimeric acid was 
correlated with the total concentration of HV and by so 

_ 1 

doing measurement of optical density at 1700 cm will 
• provide the concentration of both momeric and dimeric HV. 

The results are given in table 10.3-1 and the calibration 
line is shown in figure 10.3-2. It is seen that Beer's 
law is obeyed up to 0.0488M HV using O . I 6 7 mm path length. 

Table 10.3-1 
Correlation of HV concentration and 
HV optical density at 1700 cm ~1 

NaCl cells. 
• nominal 0.05 mm 

path length: 
measured O . I 6 7 mm 

Sample HVconcn. 
( % v/v ) 

HVconcn. 
(M) 

O.D. 

1 0.15 0.0081 0.102 
2 0.30 0.0162 0 . 1 9 9 

3 0.45 0.0244 0.285 
4 0.60 0.0325 O . 3 8 5 

5 0.75 0.0407 0.463 
6 0 . 9 0 0.0488 0.572 
7 1.20 0 . 0 6 5 1 0.796 
8 1.50 0.08l4 1.305 

IR spectra of an Fe(IIl) extract containing 
l4.63g/lt Fe(lll) (0.257M) diluted with Escaid 110 to 
various concentrations are given in figure 10.3-3* 



FIGURE 10.3-1 Infrared spectra of pure HV and of HV diluted with Escaid 
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FIGURE 10.3-2 A Beer's law plot for HV at 1700cm"1 
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FIGURE 10.3-3 Effect of dilution of an Fe(lII)-HV extract with Escaid 110 
on the infrared spectra pattern 
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It can be seen that a band appears at 1685 cm as a 
shoulder which progressively increases with less diluted 
extracts. This may be ascribed to the solvating HV 
m o l e c u l e s . ' ( 3 6 ) , ( 4 2 ) neat extract exhibits a 

— 1 — 1 strong band at 1575 cm , an inflection at 1600 cm and 
_ y a weak band at l4l5 cm . These bands are assigned to the 

versate anion (V~) and the frequencies are indicative of 
( 35 ) ( 37 ) ( 42 ) the molecular structure. ' ' The appearance of 

_ y 

the 1415 cm band strongly suggests the presence of 
bidentate b r i d g i n g . ^ ^ ' ^ ^ Although in monodentate 
bridging the antisymmetric stretching frequency increases 
from its free ion value as the vibration takes on more 
ketonic character, and the symmetric frequency decreases, 
a smaller splitting between the two frequencies does not 
exclude the possibility of the monodentate bridging 

(38) (44) 
presence ' which can therefore only tentatively be 
ruled out. Ambiguity also exists in differentiating between 

(37) (44) chelating and bidentate b r i d g i n g . w ' Again it can 
_ y 

only be tentatively postulated that the 1600 cm band is 
indicative of chelation, however, the increased intensity 
of the 1415 cm band as the dilution factor of the extract 
decreases implies that bidentate bridging is predominant 1 ^ ' ^ ^ ^ 

The absorbance of all diluted extracts shown in 
figure 10.3-3 "was measured and the total free HV concen-
tration was calculated using the calibration line in 
figure 10.3-2. The results are given in table 10.3-2. It 
can be seen that the total free HV concentration as measured 
is independent of the dilution factor of the extract except 
for sample (5) which lies outside the linear range of the 
calibration line. This observation contradicts previous 

( 36 ) 
work of cobalt versate extracts , where it was 
suggested that the free dimeric acid increases as the 
dilution factor increases. As is seen from figure 10.3-3 

- 1 - 1 the intensity of both 1700 cm and 1685 cm bands 
increases with less diluted extracts, because of the 
increased concentration of both free and solvating HV. The 
different behaviour of cobalt versate and iron(IIl) versate 
system may be due to a difference in ability for structural 
rearrangements of the extracts upon dilution. 
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Table 10.3-2 

Effect of dilution on free HV and V absorbances 

HV: 1700 cm"1 

- 1 

V : 1575 cm 
Path length: O . I67 mm 
Sample d.f. Fe(lll) Fe(III) v" HV Sample org org org org 

(ppm) (M) (O.D.) (O.D.) 

F1 100 1 4 6 . 3 0.00262 0 . 0 1 7 8 -

F2 25 5 7 4 . 4 0 . 0 1 0 2 8 0 . 1 2 0 8 0 . 0 7 1 
F3 1 2 . 5 1 1 4 8 . 8 0.02057 0 . 2 5 2 4 0 . 1 4 3 
F4 6 . 2 5 2 2 9 7 . 6 o . o 4 n 4 0 . 5 2 2 9 0 . 2 8 6 

F5 2 . 5 0 5 7 4 4 . 0 0 . 1 0 2 8 5 1 . 1 7 3 1 O . 5 0 3 

The standard method of additions, common in spectro-
photometric analysis, was used in order to accurately 
determine the free dimeric HV concentration. An extract 
containing l4.63g/lt Fe(III)(0.262M) with 0.8l4M total HV 
was diluted to 585ppm Fe(lll) and various amounts of HV 
were added. Results for free dimeric HV and V" absorbances 
as a function of the concentration of the added HV are 
given in table 10.3-3 and a plot of the relevant quantities 
is shown in figure 10.3-4. 

Table 10.3-3 
Effect of HV addition to the V absorbance 

of an Fe(IIl) versate extract 
Path length: 0.167mm 
NaCl cells. 

Sample Concn. of HV HV V" 
added absorbance absorbance 
(M) (1700cm"1) (1.575cm-1) 

HFO 0 0.080 0 . 1 1 7 

HF1 0.0163 0.248 0.138 
HF2 0.0325 0.415 0.159 
HF3 0.0488 0.593 0.159 
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H V addition ,[M] • 

FIGURE 10.3-4 Effect of HV addition on the V" and 
HV optical densities of the extract 
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No changes were observed in the IR spectra due to 
the addition of HV. However, as is shown in figure 10.3-4 

- 1 

the V absorbance at 1575 cm increases with the addition 
of HV and eventually approaches a plateau which means that 
part of the HV added is incorporated in the Fe-V complex 
as associated HV. Furthermore, a solid and a dashed line 
are shown in figure 10.3-4 which correlate with experi-
mental and the calculated HV dimeric absorbance with the 
concentration of HV added in the extract. The dashed line 
is made up of the sum of the HV absorbance of the diluted 
extract without any addition of HV, and of the calculated 
absorbance that will result from the addition of HV, as 
found by interpolation from the calibration line of HV 
shown in figure 10.3-2. It can be seen that the solid 
line (experimental) is located below the dashed one 
(calculated), and the difference on the vertical axis 
between the two, converted into HV concentration units, 
provides the amount of HV added which is incorporated 
into the Fe-V complex in the organic phase. At the point 
where the V absorbance approaches a plateau, which means 
that the valency requirement of Fe(lll) is fulfilled with 
V" anions, one can tentatively suggest that only the 
solvation number of the Fe-V complex is altered, because 
there exists the possibility of different complex formation 
with different extinction coefficient. 

It can therefore conclusively be said that the 
standard method of additions cannot be applied in this case 
for the determination of free HV, because this technique 
indicates a higher HV concentration than the true one. 

Furthermore, the fact that no IR spectral changes 
were observed, despite the occurrence of a change of the 
solvation number, renders the direct evaluation of the 
solvation number of the diluted extracts impossible, unless 
derivative spectroscopy is employed. On the other hand the 
sum of the association and solvation numbers can be evalu-
ated from the knowledge of the initial HV concentration and 

- 1 

of the free HV concentration measured at 1700 cm . The 
calculation procedure is detailed below. 
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- Evaluati on of the sum of association and solvation numbers 

It has been stated already that the solvating HV 
— 1 — 1 absorbs at 1685 cm and this is hidden in the 1700 cm" band 

when dilute extracts are analyzed. Thus, direct measurement 
- 1 of the solvating HV is not possible unless the 1700 cm band 

is resolved into its component bands. Nevertheless it is 
_ 1 

possible to measure the free HV at 1700 cm and to obtain 
the total HV bonded to Fe(lll) by difference from the 
initial HV concentration. The calculation procedure for 
all the experimental runs performed is shown in tables 
10.3-(4-8) in Appendix 10-1 and the molar ratio (r ) of HV 
(associated +solvating) over Fe(lll) is plotted in figure 
10.3-5 versus the molar concentration of Fe(lll) in the 
organic phase. 

It can be seen that the ratio (r) decreases as the 
concentration of Fe(lll) increases, varying from 6 to 

[HV3r ° r s 

2.3 as the -varies from approximately 5^ "to 3-4 
[FeCIII l0«j 

respectively. Tnis is to be expected, since as more Fe(lII) 
is extracted into the organic phase, both association and 
solvation numbers will decrease and the structure of the 
octahedral complex is likely to be altered in order to 
accommodate more Fe(lll) in the organic phase. Nothing can 
be said however about the individual values of the associ-
ation and solvation numbers, and the value of (r) only 
represents the total HV requirements for Fe(lll) extraction 
at different points on the loading isotherm. 

It must be mentioned that the (r) ratio cannot be 
accurately estimated at low Fe(lll) concentrations, since org 
the difference between the initial and the equilibrium HV 
concentration becomes very small. It has been calculated 
that a 3-6% experimental difference in the free HV 
absorbance of an extract containing 0.03M Fe(lll) will org 
result 66% difference for the (r) ratio. 

- Structure of Fe(IIl)-HV complexes 
The study of the structure of metal carboxylates is 

by no means an easy task and as has been stated already 
structural assignments from infrared spectra alone seldom 
yield meaningful results and can be hazardous. Magnetic 
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[Fe(lll)] ..I'M) 
orq 

FIGURE 10.3-5 Effect of Fe(lll) concentration of org 
the extract, on the total HV (associated + 
solvating) coordinated with Fe(IIl) 

- Extraction of Fe(IIl) with 15% V / v HV 
from 2.372M Al(N0o)o solutions. 
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and X-ray diffraction data are necessary for firm 
conclusions to be drawn. Nevertheless, tentative 
structures can be assigned from infrared spectra as 
detailed below, however, the limitations of such assign-
ments must be born in mind. 

As has been described before, extracts nearly 
saturated with Fe(lll) exhibit a peak at 1575 cm and an 

— 1 — 1 inflection at 1600 cm . The band at 1600 cm becomes 
more pronounced and takes the form of a weak peak as shown 
in figure 10.3-6, when the Fe(lll) concentration of the 
extract obtained with the same HV concentration is lowered. 
As the Fe(lll) concentration increases and the (r) ratio org _± 
approaches the value of 3-0 the weak peak at 1600 cm 
converts to an inflection and eventually disappears. The 

— 1 

1600 cm has been assigned for monodentate or chelating 
bonding of HV with Fe(lll) and it seems therefore that as 
the Fe(lll) concentration of the extract increases, the 

_ I 

bidentate bridging associated with the 1575 cm band 
becomes predominant. 

It is reasonable to postulate from structural 
considerations alone that, as the Fe(IIl) concentration org 
increases, the bonding of HV with Fe(lll) will change from 
a monodentate to a chelating and bidentate bridging type. 
The reason for this argument is that with monodentate 
bonding only one coordination site of the Fe(lll) octahedral 
configuration is occupied while with chelation and bidentate 
bridging two coordination sites are occupied. It is 
likely, therefore, that monodentate bonding will prevail 
when the Fe(lll) concentration in the extract is low, 
because in that case the excess HV present can solvate the 
complex and complete the remaining coordination sites. 

A very common structure for trivalent metals is the 
trinuclear cluster [ M ^ L ^ O ( R C 0 2 ) s h o w n in figure 10.3-7-
An oxygen atom is located at the centre of an equilateral 
triangle of metal atoms. Two carboxylate groups bridge each 
pair of metal atoms, and a monodentate ligand is coordinated 
to each metal atom to give these an octahedral configur-
ation. However, this structure has been proposed for solid 
metal carboxylates and it is hazardous to suggest its 
presence in solutions. Furthermore, as can be seen from 
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figure 10.3-7, all carboxylic acid molecules are identically 
bonded to the iron(lll) atom, and therefore the structure 

_ -i 
cannot explain the presence of the 1685 cm band present 

R 

/ C
R \ 

0 ^ C . 0 

Fe Fe 

/1 

CR 

Fe-

Figure 10.3-7 Structure of [Fe(IIl) OL^RCOg)^] 

(After Martin ̂  ^) 

even with Fe(lll) saturated extracts. Additionally the 
proposed structure involves two HV molecules per iron(IIl) 
atom and the maximum that can be achieved is 2.5 HV mole-
cules per iron(lll) atom, in cases where a carboxylic acid 
molecule bridges two adjacent trimers. Therefore such a 
trimeric structure is not likely to be present in extracts 
Of low Fe(lll) concentration, where 4 to 6 HV molecules are 
coordinated with Fe(lll). 

( 3 6 ) 

Crabtree and Rice have proposed several structures 
for cobalt versate and cobalt octanoate with monodentate, 
chelation and bidentate bridging present in the same complex. 
This is also likely to be the case for Fe(lll), taking into 
account the infrared spectra bands of the Fe(lIl)-HV 
complexes. 
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10.4 Conclusions 

1. Infrared spectra reveal the presence of free mono-
meric HV at 1750 cm""1 and of free dimeric HV at 1700 cm"1. 

- - 1 Associated V anions in the complex appears at 1575 c m as 
_ I a peak and as a weak band at 1600 cm 

2. An increase of Fe(III) concentration in the extract 
— 1 — 1 

intensifies the 1415 cm band and decreases the 1600 cm" 
one, which is likely to be related to a prevailing bidentat 
bridging. 
3. Addition of HV to an Fe(IIl) extract causes 
rearrangements of the structure of the complexes and result 
in increases in the association (n) and the solvation (s) 
numbers. 
4. The total HV incorporated in the Fe(IIl)-HV complex 
decreases as the Fe(lll) concentration of the extract 
increases and varies from approximately 6 to 2.2, corres-
ponding to low and nearly saturation loadings of HV with 
Fe(lll). 
5- An increase of Fe(IIl) concentration of the extract 
causes a change of monodentate to bidentate chelation and 
bridging types of bonding. 
6. Nothing can be said conclusively about the structure 
of the resultant complexes from infrared studies alone. It 
is likely, however, that dimers and trimers with HV as 
bidentate bridges prevail in the organic phase. 
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CHAPTER 11 

CHEMICAL MODELLING OF COUNTERCURRENT EQUILIBRIUM DATA 

11.1 Introduction 

The solvent extraction of metals is usually accom-
plished in countercurrent cascades of mixer-settler units 
that are intended to operate as equilibrium stages. Devel-
opmental investigations of such processes are generally 
conducted experimentally, either on a bench scale with 
separatory funnels or with a pilot plant model of commercial 
process equipment. 

The standard procedure for designing staged chemical 
separations is first to calculate equilibrium stage perform-
ance. This accounts for mass balance constraints and 
equilibrium considerations, so that the major features of 

( 4 7 ) 

the process are elucidated. The discussion below is 
based on the concept of theoretical stages but this 
limitation is not essential if the stage efficiency is known, 

(124) Additional simplifying assumptions frequently made are: 
1. The phases are completely immiscible. 
2. No backmixing or entrainment occurs. 
3. The volume of aqueous and organic phases is 

unchanged during the course of the extraction. 
4. The temperature and pressure remain constant. 

Schematically a mixer-settler cascade is shown in 
figure 11.1-1, where L,G,Y,X,YO and XF represent aqueous 
flow rate, organic flow rate, organic metal concentration, 
aqueous metal concentration, metal concentration in the 
entering solvent and metal concentration in the feed. The 
index in parenthesis refers to the number of the stage. 

A material balance around the first K stages of the 
extraction bank as shown in figure 11.1-1 gives, 

Y(K)•G + X(1)•L = YO-G + X(K+1).L ( 1 1 . 1 - 1 ) 



00 

FIGURE 11.1-1 Schematic diagram of a countercurrent cascade 
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or by rearrangement, 

Y ( K ) = £ . X(K + 1) + Y O - £ - X ( L ) ( 1 1 . 1 - 2 ) 
G G 

The above equation represents the conservation of mass at 
a point between any two stages. The slope of the line is 
the flow ratio L/G and its intercept is YO - tt-X(1). The 
line L/G is called the operating line. 

The extraction of Fe(lll) with HV according to the 
equation, 

x F e
3 + + X ( n + S ) (HV)_ = (FeV • sHV) + nxH+ . 
aq 2 2,org n x;org (11.1-3) 

will result in the liberation of hydrogen ions into the 
aqueous phase and a material balance around the first (K-l) 
stages for acid conservation gives, 

H( 1) • L = H(K)-L + L-g-(X(K)-X(l)) 

or, 

H(K) = H(l) - g * (X( K) -X( 1) ) (11.1-4) 

where H denotes acid concentration and g is the stoichio-
metric relation between metal extracted and acid produced. 

Furthermore, the organic Fe(IIl) concentration, 
Y(K), is related to the Fe(lll) aqueous concentration X( K) 
and its acidity H(.K) by the equilibrium expression, 

Y(K) = f (X(K), H(K)) (11.1-5) 

The technique for the establishment of equation (11.1-5) 
characterizes a chemical from an empirical model. In the 
former case the equilibrium constant of the reaction (11.1-3) 
is used, while in the latter case a polynomial or any other 
algebraic expression is used to correlate Y(K) with X(K) 
and H(K). 

In this work the extraction characteristics of a 
countercurrent cascade of Fe(IIl) extraction with HV are 
studied, and comparison is made between the experimental 
equilibrium data and the predicted ones, using the values 
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of equilibrium constants established with the statistical 
analysis at different levels of Fe(lII) concentration J org 
in chapter 8. The modelling procedure is not purely 
chemical, because an empirical relationship had to be 
established between the pH change of the aqueous phase and 
the amount of Fe(lll) extracted. The reasons for replace-
ment of acidity with pH are outlined in section 4.2.3. A 
program written in Fortran IV was used to perform the 
stagewise calculations of the cascade. Modification of this 
program provides a solution of the cascade, with the pH 
of one of the stages fixed at any desired value. 

The use of chemical modelling, if successful, will 
provide a better understanding of the influence of various 
operating variables on the performance of the extraction 
circuit, than would be feasible with a purely empirical 
model. This will lead to more thorough process optimization 
and to more efficient process control. 

11.2 Computer-aided solution of solvent-extraction cascade 

If the assumption is made that the distribution 
curve and the solute concentration in the entering streams 
are fixed the four remaining variables are: 

a. the phase ratio 
b. the number of equilibrium stages 
c. the solute concentration in the raffinate, and 
d. the solute concentration in the loaded organic. 

However, only two of the variables can be fixed 
(124) 

independently. If the phase ratio and the number of 
stages are fixed, the terminal solute concentrations are 
calculated by a trial and error procedure. 

A program was written by the author based on the one 
(124) 

given by Forrest for countercurrent cascade calcul-
ations of zinc extraction with D2EHPA. Several modifications 
were introduced in order to incorporate an equilibrium 
constant expression instead of an empirical regression 
equation and also to replace the acidity of the aqueous 
phase with the pH function. 
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The program involves the algorithm shown in figure 
(137) (138) 11.2-1, adopted by Robinson et al1 J f J and Goto J for 

their countercurrent studies. The method of convergence 
for the trial and error solution is the one recommended 
by Sebenik et a l ^ 4 ^ , which involves resetting the raffinate 
metal concentration by reducing amounts as the desired 
loading of the organic phase is approached. 

The calculation procedure for the countercurrent 
(1 38 ) 

cascade may be described by the following steps. The 
nomenclature . is the same as in section 11.1 unless other-
wise specified: 
1. The metal concentration is set in the raffinate, x(l) 
This value is arbitrary, hut should vary from zero in case 

) + 

XF 
, , , , . , G - Y O + L - X F of complete extraction to m case of no 

extraction. 

2. If the X(l) is set, then YN - the concentration of 
metal in the organic phase leaving the last stage - can 
be calculated according to the material balance: 

YN-G + L•X(1) = YO-G + XF-L, 
therefore, 

YO•G + XF•L - X(1) • L YN = 

3- If X(1) and YN are assumed then the pH of the aqueous 
phase leaving the first stage, pH(l) - raffinate end - can 
be calculated by a formula relating the pH change of the 
aqueous phase with the amount of metal extracted. Therefore 
in this case, 

pHF - pH(1) = f(XF-X(1)) (11.2-1) 

and 

pH(l) = pHF - f(XF-X(l)) 

where pHF is the pH of the aqueous feed. 

4. Since pH(l), X(l) and YO are set for the first 
stage, the metal concentration in the organic phase can be 
calculated using the values of equilibrium constants 
derived by the statistical analysis of equilibrium data in 
chapter 8. The appropriate value of K is selected 
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FIGURE 11.2-1 Flow chart for countercurrent 
calculations 
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automatically by the program according to the metal 
concentration in the organic phase. Therefore Y(l) is 
calculated by the formula: 

Y(l) = f(KX,X(1),pH(l)) (11.2-2) 

5- The metal concentration entering the first stage 
can then be calculated from a material balance since Y(l), 
X(1) and YO are set. Thus, 

X( 2) a + X (1) • XF - YO • G 
XF 

The pH of the aqueous phase which enters the first stage, 
pH(2), can be calculated using the same principle as in 
equation (11.2-1). Therefore 

pH(2) - pH(1) = f (X(2) - X(l)), 

and 
pH(2) = pH(l) + f(X(2) - X(1)). 

6. If X(2) and pH(2) are known, Y(2) can be calculated 
as described by equation 11.2-2 and X(3) and pH(3) are 
calculated in turn and so forth, until the stage-by-stage 
calculations reach and pass the Nth stage. 

7. If Y(N) of the Nth stage is equal to the foregoing 
YN with a sufficiently small difference, the assumed value 
of X(l) was correct and each X(l), pH(l) and Y(l) give the 
correct distributions in the countercurrent extraction 
system. However, YN will usually differ considerably from 
Y(N), because an arbitrary value of X(l) is set and there-
fore amendment of X(l) is required until YN and Y(N) 
coincide. It is necessary to amend X(l) automatically, 
judging from the sign of ((Y(N) - YN). As the value of X(l) 
becomes closer to the correct value, that is, as (f(N) - YN ) 
approaches zero, the amendment is made smaller. 

If the pHK of the Kth stage is required to be 
constant, a guess of the made and the program is 
run as explained above with a second constraint, namely, 
that pHK = pH(K). The pHF is automatically amended until 
convergence is achieved. 
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It is clear from the above description that a number 
of variables can be investigated very quickly provided that 
the chemical model is adequate. 

11.3 Experimental 
Three types of experiments were carried out: 

A. Shake-out tests in order to establish a relationship 
between the amount of Fe(lll) extracted and the pH change in 
the aqueous phase. 

The aqueous phase was prepared by dissolving 
Fe(NOP)Q 9Ho0 with a stock solution of Al(NO„)_ containing 

v/ 
64g/lt AI(III). The organic phase contained 15% 'v HV in 
Escaid 110. 

The two phases were shaken for one hour at a unit 
volume ratio, in a thermostated bath kept at 25°C. After 
equilibration and phase separation the aqueous phase was 
removed and analysed for Fe(lll) by titration with KgCrgO^. 
The amount of Fe(lll) extracted was calculated by difference 
from the mass balance. The pH of the aqueous phase was 
measured before and after extraction at 25°C. The organic 
phase was equilibrated again with fresh aqueous at a unit 
volume ratio and the same procedure was repeated four 
times. The reason for the repeated contacts of the organic 
phase with fresh aqueous solutions was to establish a 
relationship between the pH change of the aqueous phase and 
greater amounts of Fe(lll) extracted, because this could 
not he achieved in a single contact without alkali addition. 
B. Countercurrent experiments using a CRODA bench scale 
mixer-settler unit. The details of this unit are described 

(34) 
elsewhere. The reactor consists of five independent 
stages and interstage pumping is achieved by the actions 
of the stirrer. Therefore it can be operated with only 
two external pumps, one for the aqueous feed and one for 
the solvent. Unfortunately the retention time of the two 
phases in the mixing chambers had to be at least 15 minutes 
in order to ensure complete equilibration, and this resulted 
in a variable, time dependent flow rate for the extract and 
the raffinate due to limitations imposed by the design of 
the reactor. Therefore the equilibrium data obtained in 
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this unit are suspect and are given in Appendix 11-1. The 
inability of the system to cope with low flow rates made 
it impossible to investigate the potentially attractive 
system involving controlling the extraction stage at a 
constant pH. 

C. The only alternative after the failure of the CRODA 
mixer-settler unit, was batch simulation of the counter 
current cascade by shake-out tests. The details of the 

( 2 ) 

procedure followed are given elsewhere. 
A batch simulation of a 4-stage countercurrent 

cascade is shown diagramatically in figure 11.4.2-1. Each 
of the circles represents a batch shake-out, i.e. a 
separatory-funnel extraction. Starting at stage a, a batch 
of feed solution of amount F was extracted with a batch of 
solvent of amount S; the extract Ea was withdrawn, and the 
raffinate Ra was extracted with solvent S in funnel b. From 
b, the extract was removed to funnel f, to be contacted 
with feed solution F, and the raffinate to funnel c to be 
extracted with solvent S, and so forth. Extracts move 
toward the left and raffinates toward the right. F and S 
were in the same ratio that it was desired to simulate . in 
the flowsheet at the bottom of the figure. 

Although theoretically the results of this batch 
operation will never duplicate those of the continuous 
flowsheet, they approach them asymptotically and in 
practice may be brought to as close an agreement as desired 
by carrying the operation through enough cycles, or hori-

(2) 
zontal rows. The extracts from the left were analyzed 
and when no detectable change in composition occurred, it 
was presumed that conditions corresponding to steady state 
had been achieved. Twenty four shake-out tests were 
necessary to simulate a 4-stage countercurrent cascade and 
in this case the contents of the funnels 1 through 4 simulate 
in every respect those of the correspondingly numbered 
stages of the continuous flowsheet at the bottom of figure 
1 1 . 4 . 2 - 1 . A distribution curve and an operation line were 
then obtained by plotting Fe(lll) concentration in E^ 
versus R 2 and E^ versus R^, respectively. 

Four series of batch simulations were performed in 
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all, namely, T,U,V and W using in all cases 15% VAr HV in 
Escaid 110 as the organic phase. 

With experiments T and U the concentration of the 
aqueous feed was 2.021g/lt Fe(lll) in AKNO^)^ stock 
solution containing 64g/lt Al(lll) and the pH was equal to 
0.63 without adding any alkali for pH adjustment. The 
volume ratio (A/0) employed was 2/1 and 4/1, respectively. 
With experiments V and W the concentration of the aqueous 
feed was 4.771g/lt Fe(lll) in AKNO^)^ stock solution con-
taining 64g/lt Al(lll) and the pH was raised to 0.59 by 
addition of NaOH(lN). 

The pH adjustment of the feed was made before it was 
brought into contact with the organic phase by gradual 
addition of NaOH(lN). Local Fe(IIl) precipitate initially 
formed was redissolved by thorough stirring of the feed 
solution. The volume ratio (A/0) was kept at 2/1 for 
experiment V and 4/1 for experiment W. 

Shake-out tests were carried out using a thermostated 
f bath kept at 25°C and pH measurements were made at the same 

temperature. 
Fe(IIl) in the aqueous phase was analyzed by titration 

with K^Cr^O,., and in the organic phase by the use of UV 
spectrophotometry. 

11.4 Results and discussion 

llj.4.1 Relationship between Fe(IIl) extracted into the 
organic phase and pH change of the aqueous phase 

When Fe(IIl) is extracted with HV, an increase of 
hydrogen ion concentration in the aqueous phase will occur 
because H + are exchanged with Fe(lll) during extraction. A 
simple formula relating the two quantities will be: 

% - 4 = 8 F e ( I I I )extd. (11.4.1-1) 

where g is a proportionality factor dependent on the 
equilibrium reaction which takes place. Therefore, 
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= g F e ( H I ) e x t d - , or 
Y H + 

1 0 „ = 1 + —77 Fe(Hl) . , (11.4.1-2) 
10~pHi 10"pHi e x t d ' 

When the procedure of multiple contacts of the organic 
phase with fresh aqueous is followed, summation in both 
sides of equation (11.4.1-2) gives, 

M M M 
1 0-P Hf V " ! + V g Y H

+ Fe (III) 
1 0 - P H I / I I O " P H I 

M=1 M=1 M=1 
extd. 

(11.4.1-3) 

where M denotes the number of contacts. 
Y PJ"̂ * 

In cases where - — tt is constant for single 
i o " p H i 

contact experiments, it can be proved mathematically that 
corresponding line for multiple contact shake-out tests 
given by equation (11.4.1-3) will pass through zero. 

The results of multiple contact experiments as 
described in section 11.3 are given in table 11.4.1-1. A 
plot of 10 for single and multiple contact 
experiments versus Fe(lll) ^ is given in figure 11.4.1-1. 
Regression analysis of the data gave: 

single contact experiments, 

1 0-P Hf 
— — — = 1.13 + 0.715 x Fe(lll) (11.4.1-4) 
-jLo"P i " 

multiple contact experiments, 

1 0 - P H F 
= 0.0395 + 2.38 x Fe(IIl) . . (11.4.1-5) 

10 -pHjj extd. 



Table 11.4.1-1 
Multiple contact experiments relating pH change of the aqueous phase 

with Fe(IIl) extracted 

Contact Fe(III). Fe(III) Fe(III). Fe(IIl) A/0 pH. pH Sum of 
m.aq eq.aq in.org eq.org r m.aq eq.aq JNO' (g/lt) (g/lt) (g/lt) (g/lt) (mls/mls) 10""pHf/10-PHi 

11 1.023 0.478 0. 0.545 100/100 0.58 0.42 1 .445 
12 ii 0.344 0.545 1.224 90/90 O . 5 8 0 . 3 7 3 . 0 6 7 
13 ii 0.438 1.224 1.809 75/75 0.57 o .4o 4.546 
i4 II O . 2 9 6 1.809 2.536 60/60 0.57 0 . 3 8 6 . 1 3 2 

21 2.128 1.337 0 . 0.791 100/100 0.4.7 0 . 1 9 1.905 
22 II 1.600 0.791 1.318 90/90 0.47 0 . 2 8 3.454 
2 3 II 1.262 1.318 2.184 75/75 0.45 0 .14 5.496 
24 II 1.156 2.184 3 . 1 5 5 60/60 0.45 0 . 11 7 .684 

31 3.094 2 . 3 2 3 0. 0 . 7 7 1 100/100 0.35 0 . 1 0 1.778 
32 ti 2.204 0.771 1 . 6 6 1 90/90 0.35 0 . 0 3 3.867 
33- 11 2.047 1.661 2 . 7 0 7 75/76 0.35 - 0 . 0 2 6.212 
34 it 2.174 2.707 3 . 6 2 7 60/60 0.35 0 . 0 1 8.399 
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FIGURE 11.4.1-1 Empirical relationship between the pH 
change of the aqueous phase and Fe(lll) 
into the organic phase, for single and 
multiple contact shake-out tests 

- pHf = final pH. 
- ptb = initial pH 

extd 
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The two empirically established equations 11.4.1-4 
and 11.4.1-5 were incorporated in the computer program 
(MIXSETl) in order to perform the necessary calculations. 

11.4.2 Batch simulation of countercurrent extraction and 
modelling of the equilibrium data of the cascade 

A schematic presentation of the shake-out tests for the 
batch simulation of a four stage countercurrent cascade is 
shown in figure 11.4.2-1 and the experimental results 
obtained are summarized in table 11.4.2-1 together with the 
predicted equilibrium data. The distribution curves and 
operating lines are given in figure 11.4.2-2. The predicted 
equilibrium compositions were calculated using the program 
MIXSETl as described in section 11.2. The equilibrium 
constant values (K) incorporated in the program are those 
derived by the statistical analysis and correspond to the 
most probable Fe(lIl)-HV complexes present in the organic 
phase. The appropriate K value for the last stage (N) is 
selected automatically by the program according to the 
Fe(lll) concentration of the outgoing organic stream. For 
the remaining N-l stages the value logK=1.471 is used which 
corresponds to the complex (FeV"2 1.75HV)2- This complex has 
been shown to predominate in extracts containing 0.0 to 
3.4g/lt Fe(IIl), therefore if alkali addition is made on one 
of the (N-l) number stages the extract of those stages might 
contain more than 3-4g/lt Fe(IIl), and the program has to be 
modified in order to use the appropriate logK value with 
respect to the Fe(lll) concentration. 

* org 
As can be seen from table 11.4.2-1 there is quite 

good agreement between the predicted and the experimental 
data. Comparing the predicted and the experimental pH 
values, it is seen that the agreement is better when no 
alkali was added to the aqueous feed. This is probably 
related to the formation of colloidal hydroxides when alkali 
was added, which increased the buffering capacity of the 
system during extraction. In all cases the percentage 
error between the predicted and experimental Fe(IIl) and org (X„ , - X „) was calculated and is also shown in table feed ra± 11.4.2-1. The quantity (X„ , - X ) provides the error 

feed raf 
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Ea 

Eb 

R. 

E-

E. 

r 3 
R. 

E 2 

RJ 

EI 

FIGURE 11.4.2-1 Batch simulation of a 4-stage continuous 
countercurrent cascade 



Table 11.4.2-1 
Equilibrium data of simulated counter current cascade and predicted 

values by the model 

T simulation: A/0=2/l, Fe(lll) _ =2.021g/lt,pH_ ,=0.63, Fe(lll) . =0.0g/lt; 
aq.feed feed org.feed 

no alkali addition to the aqueous feed 

Stage 
No. 

Fe(lll) org 

(g/lt) 

Fe(III) 
org 

(model) 
(g/lt) 

Fe(lll) aq 

(g/lt) 

Fe(lII) 
aq 

(model) 
(g/lt) 

pH PH 
(model) 

X Y feed" raf 

(g/lt) 

X^ -X % feed raf ' 
(model) ^ r r o r 

(g/lt) F e e d 

" r a f ) 

°/o 
error 
(Fe(III) ) org 

1 
2 
3 
4 

0.150 
0.304 
0.803 
3.476 

0. 1 3 8 
0.357 
O . 9 8 5 
3.362 

0.283 
0.358 
0.435 
0.684 

0.345 
o.4i4 
0.524 
0 . 8 3 7 

0 . 0 7 
0 . 1 3 
0 . 1 9 
0 . 3 1 

0.025 
0.096 
0.178 
0.310 

1.739 1.677 -3.7 
-8.7 

+ 14.8 
+ 1 8 . 5 

U simulation: A/0=4/l , Fe(III) . ,=2.021g/lt, pH. ,=0.63, Fe(lll) _ =0.0g/lt; 
aq.feed 1=5 1 ^ feed org.feed ° 

no alkali addition to the aqueous feed 

l O . 2 5 1 0.314 0.405 0.464 0.11 0 . 0 5 6 + 20.1 
2 0.536 0.740 0.467 0.543 0 . 1 3 0 . 1 3 0 

1.771 1.558 -13.7 
+ 27.6 

3 1 . 4 3 6 1.633 0.539 0.649 0 . 2 2 0 . 2 1 2 1.771 1.558 -13.7 + 12. 1 
4 6.464 6.220 0.764 0 . 8 7 3 0 . 3 6 0.3 2 2 -3.9 

continued 



V simulation: A/0-2/1, Fe(III) a q > f e e d=4.771g/lt, PH f e e d=0-59, Fe(III) o r g > f e e d=0.Og/lt; 
alkali addition to the aqueous feed 

Stage Fe(III) Fe(lll) Fe(lll) Fe(III) pH pH ,-X . -X ^ % % 
XT
 G org org aq aq * , * . _ v feed raf feed raf No. / j i t / j i \ (model) , , _ , error error (model) (model) (model) (X- . (Fe(lII) ) feed org 

_ Xraf) 
1 0 . 3 0 6 0 . 2 6 4 1.973 1.814 0 . 0 0 - 0 . 2 5 -15.9 
2 0 . 6 9 6 O . 6 1 3 2 . 1 2 6 1 . 9 4 6 -0.03 - O . 1 7 2 7 9 8 2 9 5 7 +5 4 - 1 3 . 5 
3 1.272 1.376 2.321 2.120 0.08 -0.07 * " + 7.6 
4 5.595 5.919 2 . 6 0 9 2 . 5 0 2 0.14 0 . 0 7 + 5.5 

W simulation: A/0=4/l, Fe(III) _ .=4.771g/lt, pH., =0.59, Fe(III) - ,=0.0g/lt; 
aq .feed '«<=>' v feed ' org.feed & ' m-

VO alkali addition to the aqueous feed 
1 0 . 7 2 5 0 . 7 8 0 2 . 1 7 6 2 . 3 2 4 0 . 0 0 - 0 . 1 7 + 7 . 1 
2 1.409 1 . 7 0 8 2.357 2.519 0 . 0 0 -0.07 2 . 5 9 6 2.447 - 6 . 1 + T 7 . 5 
3 3.401 3.186 2.528 2.751 0.12 0.03 " * * - 6.7 
4 10.379 9.790 3.026 3.121 0.30 0.18 - 6.0 
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FIGURE 11.4.2-2 Distribution curves and operating 

lines for countercurrent experiments 
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between the experimental and the predicted values for the 
whole extraction bank. A mean error ^7.8% was found for 

+ (X_ . - X _) and -13.2% for Fe(lll) feed raf ^ org The program 
(MIXSETl) was modified so as to preset the equilibrium pH(N) 
of the last stage (N) to a desired value. The procedure is 
described in section 11.2. The results of the cal-
culations for a 4-stage cascade with pH(4)=0.67 are given 
in table 11.4.2-2. 

Table 11.4.2-2 
Equilibrium composition profile of a counter-

current cascade with preset pH(N) 

Fe(lll) 

Fe(lll) 

pH(4) 
A/0 

aq feed = 2.021g/lt 

org feed = 0 . 0 

0.67 
2/1 

P Hfeed = 1- 1 6 

Stage No. Fe(lll) Fe(lll) 05 org aq 
(g/lt) (g/lt) 

pH 

0.012 
0.044 
0.239 
4.093 

0 . 0 1 2 

0 . 0 1 8 

0.034 
0 . 1 3 2 

0.47 
0.53 
O . 5 8 

O . 6 7 

It can be seen that 12 ppm of Fe(IIl) remain in the 
raffinate containing 64g/lt Al(lll) which is within the re-

(l4l) 
quirements of alumina manufacture. However, it is 
obvious that stages 1, 2 and 3 are inefficiently used 
effecting 120 ppm decrease of the Fe(lll) raffinate concen-
tration. Therefore, neutralization must be preferably made 
on more than one stages, and economical evaluation of the 
several parameters will reveal the most profitable way of 
conducting the extraction, in terms of operating pH, 
extractant concentration and number of stages. 

The program (MIXSETl) and a sample output and the 
modifications required for MIXSETl in order to preset pH(N) 
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are given in Appendix 11-2. It must be mentioned that the 
convergence time of the program MIXSET1 is 2.5 sees., 
while the modified version in which pH(N) is preset can be 
quite long (100 sees.). The increased processing time in 
the latter case is due to the increase of iteration cycles 
forced by the low Fe(IIl) concentration in the raffinate. 
Unfortunately, time did not permit development of a better 
algorithm or full evaluation of the several variables with 
the program. 

11.5 Conclusions 

The use of statistically derived equilibrium 
constants of several reactions occurring during extraction 
of Fe(lll) with HV, provided a good agreement between the 
experimental data from a batch simulated countercurrent 
cascade and those predicted by a chemically based computer 
model. A percentage difference of -13% between the two 
renders the model adequate for a thorough investigation of 
the variables affecting the extraction reactions. 
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Chapter 12 

FURTHER DISCUSSION AND CONCLUSIONS 

Factorial design of experiments has proved to be a 
very useful tool for the determination of the significance 
levels of effects and interactions in this solvent 
extraction study. Less effort and cost was involved and 
the results gave as much information as could be obtained 
by classical analysis. Therefore one must seriously 
consider the statistical design of experiments in any 

* fundamental or optimization problem. 

Construction of extraction isotherms for the treat-
ment of equilibrium data in solvent extraction studies, is 
considered to be a better experimental approach than the 
use of logD/pH plots. The results can be directly used for 
process design analysis and can be further evaluated to 
provide information identical to that given by classical 
slope analysis method. In this respect the AKUFVE apparatus 

I 
is considered as an indispensable tool, especially for 
studies of cation-type exchange reactions. Although fast 
data acquisition was not possible in this work, because of 
the slow kinetics of iron(lll) extraction with Versatic 10 
acid, nevertheless the simultaneous extraction and neutraliz-
ation achieved and the continuous mode of phase separation 
constitute a clear advantage. It is considered that an 
AKUFVE apparatus, combined with a pH-stat device, and 
continuous distribution measurements with radiotracer 
techniques for systems with fast kinetics would be an 
excellent experimental set-up for obtaining equilibrium data. 

Equilibrium data in solvent extraction can be analyzed 
either by the classical method of slope analysis or by the 

/ 6 7 ) 

statistical technique introduced by Van der Zeeuw. In 
the latter case, a statistical evaluation of the 
equilibrium data is performed and equilibrium constant values 
are calculated for extraction reactions involving different 
combinations of association (n), solvation (s) and polymeriz-
ation (x) numbers, corresponding to various Fe(lIl)-HV 
complexes that might occur in the organic phase. A computer 
program was employed for the permutations involving the 



calculation of equilibrium constants for combination of x, 
n and s, and the statistical evaluation of the presence of 
the corresponding complexes (x,n,s) in the organic phase 
was made via a student's t-test. The t-test was used to 
evaluate whether the values of the apparent equilibrium 
constants could be regarded as being statistically constant . 
Both slope analysis and statistical analysis therefore, 
assess indirectly the existence of particular species, 
because no direct measurement of the composition of the 
complexes is made. Comparison between the association (n), 
solvation (s) and polymerization (x) numbers obtained by 
both methods is given in table 12-1. 

Table 12-1 
Comparison of the results obtained by slope and 

statistical analysis of equilibrium data 

HV. ... -| 
i n i t i a l=15»/o% 

Fe(IIl) org 
g/lt) 

Slope analysis Statistical analysis Fe(IIl) org 
g/lt) (n) (s) (x) (n) (s) (x) 

2 2 . 0 5 V - i i 
3 2.15 \ 

\ \ 
i i \ 2.50 i \ 

\ 

4 
5 2 . 0 3 

0 . 7 6 / 

\ 

\ 

2 / 1 2 
/ 

i * 
• 

2 i 

i 

i 

\ 

'2 or 3 
i 
i 
I 

6 

7 
— 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ i 
/ 

/ 

i 
i 
i 
i 

\ 
\ 
11.40 

1 
1 
i 
i 

8 1.91 i / i i 
i i i 

I 

9 
1 0 1 . 8 6 

— — 

jl.88 / i 
\ 0 • 75 i 

\ 
\ \ i 

11 - - -
i 
\ 

i i •3 or 2 / 
1 2 

13 
1.72 — — 

\ 

\l .86 
/ 

/ i 

\ 

)0.50 
i i 

i 
i 
i 
i 
i 

14 1.72 — \ 1.00 \ \ 0 . 6 0 » 
\ 

i i i 

It can be seen from table 12-1 that the composition 
of the complexes derived by both methods agree reasonably 
well. The differences in the solvation numbers derived by 
each method is thought to be due to inaccuracies in the 
estimation of this parameter by slope analysis because of 
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insufficient available equilibrium data. 
Irrespective of the agreement of the results derived 

by slope and statistical analysis, it was desirable to 
acquire evidence of the presence of the proposed complexes 
by direct methods in order to confirm the results of these 
analyses. This was achieved by infra-red analysis of the 
Fe(III)-HV extracts. 

Infra-red spectra revealed that Fe(IIl) extracts 
contain free dimeric HV and to a lesser extent free 
monomeric HV. V anions, which fulfil the electroneutrality 
of the complex (associated HV), and HV solvating the mole-
cule are also present. The shifts or changes in the 
intensities of the characteristic frequency bands for 
associated (V~) and solvating (HV) are related to changes 
in molecular structure in the organic phase. It was found 
that bidentate bridging is predominant in the organic phase 
when the concentration of Fe(lll) in the extract is rela-
tively high. At low Fe(lll) concentrations - less than org 
6g/lt Fe(lII) extracted with 15% v/v HV - bidentate org 
chelation and probably monodentate bonding also occur. It 
is thus likely that dimeric or trimeric complexes exhibiting 
a bidentate bridging mode of bonding prevail in the organic 
phase, and that is in good agreement with the dimers and 
trimers found by slope and statistical analysis of the data. 

Furthermore, it was possible to calculate the total 
HV (associated +solvating) incorporated in the Fe(lIl)-HV 
complex from the infra-red spectra alone. These are 
compared with the results derived from the statistical 
analysis in figure 12-1 for different levels of Fe(lll) 
concentration in the extract. As can be seen, the agreement 
is very good considering the different nature of the two 
approaches. 

It thus seems that statistical analysis of equilibrium 
data is a powerful and useful tool for the determination of 
the compositions of complexes in solvent extraction studies, 
where more than one complex can exist in equilibrium in the 
organic phase. 

It would be better if independent measurements of 
associated and solvatin'gHV could have been made, but 
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[Fe(l 11)] ..I'M) 
orq 

FIGURE 12-1 Comparison of statistical and infra-red 
analysis for the evaluation of the sum 
of associated and solvating HV 
Extraction of Fe(lll) with 15% V/v HV 
from 2 . 3 7 2 M A 1 ( N 0 Q ) _ solutions. 
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unfortunately the band of the solvating HV is hidden in 
the band of the free dimeric HV, so derivative spectro-
scopy is required for its independent measurement. 

A further experimental refinement would be to work 
with solutions of constant free HV concentration as is 
frequently desired in solvent extraction studies. This 
could be achieved with the AKUFVE apparatus by incorpor-
ating an on-line microprocessor-controlled infrared 
instrument combined with an automatic burette for adding 
Versatic acid. 

The equilibrium data obtained in this work extend 
from low to saturation loading of Versatic 10 with Fe(lll). 
This results in an appreciable change of activity 
coefficients and consequently variable apparent equilibrium 
constant values. Therefore the full range of Fe(lll) & org 
concentration had to be divided into several sub-ranges in 
order to avoid gross variation of activity coefficients and 
thus ensure lesser variation of the calculated equilibrium 
constants. Statistical evaluation of the equilibrium data 
was carried out as previously described in each sub-range 
and the following organic complexes, corresponding to 
increasing iron loading in the organic phase, were found 
to be the most probable. 

(FeV2 1.75HV)2, (FeV2 2.75HV)2, (FeV2 1.75HV)2 

( F e V1 . 8 8 °-75HV)3, (FeV 1 > 8 6 0.5HV)3, (FeV 0.75HV>3 

The equilibrium constants for the extraction reactions 
resulting in the above complexes were calculated and it 
was interesting and challenging to examine the adequacy 
of the derived chemical model by comparing the data pre-
dicted by the model with the experimental equilibrium data 
of a countercurrent cascade. 

A program was written for the prediction of the 
equilibrium data of a countercurrent cascade and a very 
good agreement was obtained with the experimental data as 
shown in table 11.4.2-1. A mean error of -13% was calcul-
ated for the prediction of Fe(lll) org 
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It seems therefore that the derived chemical model 
is adequate and consequently a thorough process design 
evaluation can be made at a minimum cost. Parameters such 
as operating pH, number of stages, extractant concen-
tration and aqueous Fe(IIl) concentration can be better 
evaluated than in a purely experimental program. The main 
advantage of the derived chemical model is that it allows 
extrapolation of the results, whereas if an empirical model 
had been used it would be strictly confined to interpolation 
analyses. 

It is hoped that this work in which factorial 
experiments, classical slope analysis, statistical analysis 
and infrared analysis of equilibrium data are combined in 
a study of extract compositions corresponding to low and 
saturation loading of Versatic 10 with iron(lll) will be 
of some value in the understanding of the extraction of 
iron(IIl) with carboxylic acids. 

Furthermore, the initial objective of the purifi-
cation of leach liquors arising from the acid treatment 
of non-bauxitic aluminium bearing materials for the 
production of alumina, has been fulfilled and it can be 
said that it is technically feasible. The acceptable 
iron impurity level in smelter-grade alumina, according 
to the British Aluminium Company, is 0.025% Fe 0„, which 

2 j 
means that the weight ratio of aluminium over iron should 
be : 

A l = 3,122. 

Therefore the iron impurity in leach liquors containing 
64 and 40g/lt AI(III) has to be reduced to 21 and 13ppm 
respectively. 

It was found that the target iron impurity levels 
in the aluminium leach liquors cannot be realized without 
alkali additions during extraction. The number of stages 
required to produce the desired raffinate purity depends 
entirely on the operating pH and the extractant concen-
tration used. The results of this work indicate that 
countercurrent solvent extraction of iron from a leach 
liquor containing 64g/lt Al(lll) should be preferably 
conducted at a pH in the range 0.40 to 0.70. The upper pH 
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level is related to formation of colloidal hydroxides in 
the aqueous phase and the lower limit to the S-shape of 
the extraction isotherms. Although increase of the 
extractant concentration will decrease the number of 
stages required to achieve the desired raffinate purity, 
it will also result in slow phase separation. It is there-
fore better to keep the extractant concentration below 
K0% VAR. Economic evaluation of the process will provide 
the optimum between capital investment and operating cost. 

Another important variable of the system is the 
aluminium concentration of the aqueous phase. It is 
considered advisable to conduct extraction from as concen-
trated aluminium leach liquors as possible because of the 
observed beneficial effect of high ionic strengths on the 
distribution of iron(lll). If the leaching operation does 
not produce solutions containing as high as 64g/lt Al(lll) 
it is thought better to conduct partial water evaporation 
before the solvent extraction section, rather than to 
carry-out solvent extraction of iron(lll) from a dilute 
solution and then proceed with total water evaporation and 
A1(N03)39H20 crystallization. 

Since alkali consumption is likely to be a major 
cost factor, it is preferable from the solvent extraction 
point of view, that leaching is carried out with less than 
the stoichiometric amount of acid required to leach out 
aluminium and iron to produce a leach liquor composition 
corresponding to the formation of basic iron and aluminium 
salts in order to avoid neutralization of excess acid. 

Although increasing the temperature from 30°C to 
60 C decreases the iron distribution from solutions with 
ionic strengths greater than 9-0M (1=0.9M), the decrease is 
not very significant and therefore extraction can be 
carried out from the hot leach liquor, with the advantage 
of obtaining a better phase separation. Work, however, is 
required to examine quantitatively the loss or the decom-
position of HV at high temperatures, the exact decrease of 
the iron distribution ratio and the merits of increasing 
the operating extractant concentration at high temperatures. 
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Since the extraction of Fe(IIl) with Versatic 10 
requires a rather long equilibration time, varying 
approximately from 9 to 20 minutes, depending on the pH 
and extractant concentration used, it might be preferable 
to run the extraction bank under non-equilibrium 
conditions, allowing for example 5 minutes equilibration 
time, and using more extraction stages. 

There is no doubt that more data will be required 
for a full process evaluation of the solvent extraction 
of iron from aluminium nitrate solutions. It is hoped, 
however, that this work will provide some information for 
the initial engineering design of the solvent extraction 
sections of potential industrial processes for the 
production of alumina from non-bauxitic aluminium bearing 
materials. 
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APPENDIX 10-1 

CALCULATION OF STANDARD ERROR OF EFFECTS 
AND ANALYSIS OF VARIANCE 

1. Calculation of standard error when a genuine replicate 
is available as, 

2 di2 
s = with 2g degrees of freedom 

2g 
2 where s = estimate of variance 

di = difference between the duplicate observations 
for the ith set of conditions 

g = replicates of g sets of conditions 

The variance of each main effect and interaction is a 
statistic of the form y + - y_ and is given as, 

V( effect) = V(y+ - y_) J ^ + 

\2k 2 k 

where y , y is the average response of the variable for 
the (+) and (-) level respectively, and k is the: number of 
variables studied in a two-level factorial design. If a 
total of N runs is made in conducting a two-level factorial 
or replicated factorial design, then 

V( effect) = _4 a 2 
N 

2 2 On substituting O for the estimate s , the estimated 
standard error of an effect will be 

standard error = 4 2 
N S 

2. In cases where a replicate is not available one may 
make use of high order interactions on the assumption that 
they are insignificant and that they simply measure 
differences arising, principally, from experimental error. 
The evaluation of standard error can be described by the 
following procedure: 
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/ \ 2 xnteraction effect (effect) 

123 a. a 2 
1 1 

124 

134 

2 3 4 

1234 a 

a2 a2 
a 3 a 3 

2 
2 
2 
3 
2 . 

4 a 4 
2 
5 

5 

Sum Y- a? 
i = l 

Accordingly an estimated value for the variance of an 
effect with five degrees of freedom is given as, 

^ 2 
L a ! 

V( effect) = i=1 and 

standard error (effect) = V V(effect) 

In the two cases of calculation of standard error 
described, one may further test the significance of each 
effect and interaction by Student's t-test at a certain 
significance level . This is defined as, 

(Effect) 
s 

The effect is considered to be significant if the 
calculated t value is greater than the one quoted in the 
Student's t-table at the chosen significance level a and at 
the operating number of degrees of freedom. 

% 
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APPENDIX 10-1 

CALCULATION OF STANDARD ERROR FOR EFFECTS USING 
HIGH ORDER INTERACTIONS 

A pooled standard error estimate was obtained from 
Design No. 2 and Design No. 3, assuming that high order 
interactions are insignificant. The normal plot of effects 
of both designs justified such a method, which may be des-
cribed as : 

O Design No. Interaction Effect (logD) (Effect) 
2 ( 2 5 ) 0 . 0 3 2 0.001024 

2 (35) -0.002 0.000004 

2 (235) - 0 . 0 0 3 0.000009 

3 ( 2 5 ) 0.021 o .ooo44 i 

3 (35) -0.03 0 . 0 0 0 9 0 0 

3 (235) 0.02 0.000400 

Sum 0.002778 

The variance and standard error for the effects are, 

V(effect) = 1 ( e f f e c t ) 2
 = 0.002778 _ 0 , 0 0 0 4 6 3 

$ 6 

standard error(effect) = V V(effect) = 0.0215 

It is this standard error which is used to evaluate 
the standard error for effects of the Design No. 1, where 
the normal plot of effects does not provide a clear indi-
cation of the insignificant interactions. This is done 
using the slope of the logD/pH lines shown in figure 6.2.2-2 
and the standard error of the logD of Fe(lll) as calculated 
above. 

The average slope of the logD/pH lines is 2.67, 
so the standard error of pH_ _ response will be, 

0 . 5 

, , , , TT N standard error (lotrD) __ „ standard error(pHQ = = 0.0215 = 0.008l 
2.67 2 - 6 7 

It is these standard errors that are shown in tables 6.2.2-2, 
6.2.2-5 and 6.2.2-6. 



APPENDIX 6.3 
FACTORIAL EXPERIMENTATION DATA 

Aqueous Organic Fe(lII) Fe(lll) Fe(IIl) temp-
Sample Volume Volume aqueous organic extra- pH era- ^ 

concn. concn. ction ture s 

(ml) (ml) (g/lt) (g/lt) % °C 

Run 34 
1 4oo 4oo 2 . 4 6 o 0 . 2 3 1 8 . 5 - 0 . 2 6 3 0 . 7 - 1 . 0 2 7 
2 398 398 2.240 0.450 16.6 -0.17 30.4 -0.697 
3 3 9 6 3 9 6 2 . 0 0 1 0 . 6 6 4 24.9 - 0 . 0 7 3 0 . 2 - 0 . 4 7 9 
4 399 394 1 . 3 0 1 1 . 4 1 9 5 1 . 8 0 . 1 3 2 9 . 6 0 . 0 3 8 
5 399 392 0 . 9 8 9 1 . 732 6 3 . 2 0 . 2 4 2 9 . 7 0 . 2 4 3 
6 3 9 8 3 9 0 0 . 6 8 8 1 . 9 0 0 7 3 . 0 . 3 6 2 9 . 5 0 . 4 4 1 
7 3 9 8 3 8 8 0 . 3 9 8 2 . 1 6 0 8 4 . 1 O . 5 1 2 9 . 4 O . 7 3 5 
8 3 9 5 3 8 6 0 . 2 1 2 2 . 2 9 0 9 1 . 3 0 . 6 6 2 9 . 2 1 . 0 3 3 
9 3 9 4 3 8 4 0 . 0 8 4 2 . 3 4 0 9 6 . 4 0 . 9 2 2 9 . 3 1 . 4 4 5 

Run 24 
1 4oo 4oo 0 . 8 5 0 0 . 3 0 7 2 6 . 3 - 0 . 1 5 3 0 . 0 - 0 . 4 4 2 

2 399 3 9 8 0 . 6 4 2 0.577 4 7 . 2 0 . 0 0 2 9 . 2 - 0 . 0 4 6 
3 397 3 9 6 0 . 4 0 2 0 . 7 8 8 6 6 . 1 0 . i 4 2 9 . 4 0 . 2 9 2 
4 395 394 0 . 2 0 0 0 . 9 6 5 8 2 . 8 0 . 2 8 2 9 . 6 0 . 6 8 3 
5 393 3 9 2 0 . 1 1 7 0 . 9 8 7 8 9 . 4 0 . 4 3 2 9 . 7 0 . 9 2 6 
6 395 3 9 0 0 . 0 6 0 1 . 0 0 3 9 4 . 1 0 . 6 4 2 9 . 6 1 . 2 2 3 

Run T 
1 4 2 0 4oo 1 . 0 3 9 0 . 0 6 7 5 . 7 1 . 0 0 2 8 . 7 - 1 . 1 9 1 
2 4 2 2 3 9 8 0 . 6 3 6 0.469 4 1 . 0 1 . 1 7 2 9 .4 - 0 . 1 3 2 
3 4 2 3 3 9 6 0 . 4 0 9 0 . 7 4 0 6 2 . 5 1 . 2 8 2 9 . 6 0 . 2 5 8 
4 4 2 3 3 9 4 0 . 2 2 3 0 . 9 8 5 8 0 . 4 1 . 4 3 2 9 . 8 0 . 6 4 5 
5 423 3 9 2 0 . 0 6 0 1 . 1 3 4 94.3 1.59 3 0 . 0 1 . 2 7 6 

Run 23 
1 4oo 4oo 2 . 4 9 0 0 . 2 4 8 9 . 0 0.79 2 8 . 7 - 1 . 0 0 2 
2 4 o i 3 9 8 2 . 2 0 7 0 . 5 5 6 2 0 . 0 0 . 8 7 2 9 . 0 - 0 . 5 9 9 
3 4 0 3 3 9 6 1 . 7 9 5 0 . 9 7 2 3 4 . 7 0 . 9 6 2 9 . 2 - 0 . 2 6 6 
4 4o6 394 1 . 2 1 1 1 . 4 7 1 54 . 1 1 . 0 6 2 9 . 2 o .o84 
5 409 392 O . 7 1 7 1.945 7 2 . 2 1 . 1 8 29.4 0.433 
6 4 l l 3 9 0 O . 2 7 0 2 . 3 6 0 8 9 . 2 1 . 3 4 3 0 . 0 0 . 9 4 2 
7 412 3 8 8 0 . 0 5 0 2 . 5 5 8 97-9 1 . 5 6 3 0 . 3 1 . 7 0 9 
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Sample Aqueous Volume 

(ml) 

Organic 
Volume 

(ml) 

Fe(IIl) 
aqueous 
concn. 
(g/lt) 

Fe(IIl) 
organic 
concn. 
(g/lt) 

Fe(ill) 
extra- TT , . pH ct ion 
% 

temp-
era- ^^ ^ 
ture ° 
°C 

Run 14 

1 400 400 0.932 0.242 2 0 . 5 0 . 1 3 59-9 - 0 . 5 8 9 
2 4oo 398 0.759 0.405 34.7 0 .24 60 .9 - O . 2 7 3 
3 4oo 396 0.619 0.541 46.3 0 . 3 2 60.4 - 0 . 0 5 8 
4 4oi 394 0.475 0 . 6 7 8 5 8 . 2 0.42 60 .5 0.155 
5 402 392 0.405 0.747 64.2 0 . 5 0 60 .7 0 . 2 6 6 
6 403 390 0 . 2 9 8 0 . 8 5 2 73.4 0 .57 61.1 0.456 

Run 12 
1 405 4oo 1.093 0.024 2 . 1 0 . 7 8 60 .7 - 1 . 6 5 8 
2 4o6 397 0.894 0 . 2 1 6 19-1 0 . 9 3 6 0 . 0 - 0 . 6 1 7 
3 405 39^ 0 . 6 2 3 0.488 43.0 1 . 0 2 6 0 . 4 - 0 . 1 0 6 
4 405 391 0.336 0 . 7 8 3 6 9 . 2 1.19 6 0 . 4 0 . 3 6 7 
5 405 3 8 8 0 . 1 5 6 0 . 9 6 8 85-5 1.38 60 .3 0 . 7 9 3 

Run 13 

1 405 4oo 2 . 6 8 0 0 . 0 0.0 0.68 60 .7 
2 405 400 2.532 0 . 1 2 9 1 . 7 9 0 . 8 1 6 0 . 8 - 1 . 2 9 
3 407 398 2 . 1 3 8 0 . 4 9 2 1 8 . 3 0 . 9 4 60 .6 - 0 . 6 3 8 
4 408 394 1 . 6 7 2 0 . 9 4 7 3 5 . 3 1 . 0 6 6 0 . 8 -0.246 
5 409 390 1 . 1 0 3 1 . 5 2 3 5 6 . 7 1 . 1 9 60 .6 0. i4o 
6 410 3 8 8 0 . 5 4 9 2 . 0 9 7 7 8 . 2 1.3^ 60 .6 0 . 5 8 2 
7 4 l l 3 8 6 0.246 2.410 90 .1 1 . 5 8 6 0 . 8 0.99 
8 412 384 0 . 1 9 8 2.460 9 2 . 0 1 . 6 7 60 .7 1 . 0 9 

Run 123¥ 

1 4oo 4oo 2.159 0 . 5 9 6 21.6 - 0 . 1 3 59-9 -0.559 
2 4oo 397 1 . 7 8 6 0.950 3 4 . 5 -0.02 6 0 . 0 -0.274 
3 4oi 395 1.364 1-354 4 9 . 4 0.10 60 .5 - 0 . 0 0 3 
4 4 0 3 393 0.955 1.749 64.1 0.25 60 .7 0 . 2 6 2 
5 4 0 5 391 0 . 5 9 4 2 . 1 0 8 77-4 o . 4 i 60 .9 0.55 
6 4 0 7 389 0.357 2 . 3 4 5 86.2 0 . 5 4 6 0 . 8 0 . 8 1 7 
7 4 0 9 387 0.268 2 . 4 3 8 8 9 . 8 0 . 6 6 60 .7 0 . 9 5 8 



210 

APPENDIX 6 . 4 

COMHINED EEEECT OF TONIC STRF.NC.T1I AND TEMPERATURE ON 
Fe(III) EXTRACTION 

Run Y 
IIV = 15"'. v / v , pll=0.fi3, temperatures 30°C, solution A=3.001g/lt Fe(IIT) in AlfNO ) 

Aqueous Organic Aqueous Organic Fe(III) Fe(III) NaOlI Solution Mass Ionic 
Sample volume volume sample sample aqueous organic added A balance Strength logO 

concn. concn. (5N) adder! 
(ml) (ml) (ml) (ml) (g/lt) (g/lt) (ml) (ml) % (M) 

1 4 00 4 00 6 1 . 8 0 5 n .932 0. .0034 6, .80 0* 98. .8 0. 32 - 2 , .84 

•» 39 5 395 1 1 0 . 2 0 5 .890 0, ,0025 5. .18 50 99. , 5 1 . 82 _ 0 .of. 

3 390 390 1 0 7 . 5 2. .926 0, .0079 0 .02 100 99. 5. ,06 _ 0 .56 

/, 385 385 1 0 7 . 5 5 2. .356 0, . 4 7 7 0 2 .41 100 95. .9 7 . .50 - 0 , .69 

5 380 380 1 0 9 . 5 5 1 . , 200 1, . 5 8 7 4, .51 100 89. .4 9. 33 0, . 12 

(i 375 375 1 0 8 . 5 0, .625 0 .648 3. .00 100 9 1 , 10. .69 0, .62 
7 370 370 1 0 8 . 7 5 0, . 3 1 7 3. .868 3. .70 100 94, 1 1 . .70 1, .Of. 

8 365 365 1 0 8 . 7 5 0. .205 4. .654 0 .60 100 97. .7 1 2 . ,46 1, • 35 

9 360 360 1 0 7 . 7 5 0. ,164 5. . 5 2 5 0 .74 100 98. .9 13. ,01 1. .52 

10 355 355 f i n a l f i 11a I 0. . 1 5 6 6, . 4 2 2 2, .83 100 100, .4 13. • 37 1. .61 

initial aqueous f eed = 3 . Ol 9g/l t Fe(TIT) in llo0 

Run Z 
llv =r 15"„ v / v , p!l = 0.83, tempe rat lire = 60°C, solution A=3.071g/lt Fe(TIl) in Al(NO ) 

1 400 4 00 1 1 6 . 5 n .834 0 .022 11 . .07 0* 99. • 3 0. • 32 _ 0 . 10 
o 395 395 1 0 7 . 0 5 2, .806 0. .005 2 .64 100 96. .3 3. .63 _ 0 , .70 

3 390 390 106. , 1 5 0 . 5 5 1 o, . 3 1 1 1 , . " 9 100 96. .0 6. .41 - 0 . .91 

4 385 385 108. . 1 5 1 . . 7 9 5 1 . 2 1 2 3, . 10 100 96. .9 8. .49 -O, . 17 

5 3O0 380 108. • 5 5 1 , .044 2, .260 3. .44 100 96. .4 10, .06 0. .33 

6 375 375 108. 5 0. .709 3 . 1 5 2 3. .0 100 9 7 . .4 1 1 . .23 O, .64 

7 370 370 108. • 3 5 0. . 5 3 1 4, .054 3. .3 100 99. .7 12, . 10 0. .88 

8 365 365 109. .9 5 0, .402 4. .800 4. .9 100 98. • 3 12. .73 1. .07 

9 360 360 f i n a l 5 0. .399 5 • 532 4. .85 100 98. .4 13. .22 1. . l 4 

initial aqueous feed=2.95lg/lt Fe(III) in 11^0 
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Run (• 
UV 

APPENDIX 7.1 
EXTRACTION ISOTHERM DATA 

2.372M Al(NO^)j background solution 

. . ̂  . , = 15".. V/v, p||=0. f>3, tempemturc = 30°C, Solution A=136.7g/lt F e ( U T ) concn . initial in II /) 

SAMPLE 
Aqueous 
volume 

Organic Aqueous Organic Fe(TII) Fe(III) NaOII Solution Mass 
volume sample sample aqueous org;inic added A Hnlnncc Comment.' 

(ml) (ml) (ml) (ml) 
concn. 
(g/it) 

concn. 
(g/lt) 

(3N) 
(ml) 

added 
(ml) ("..) 

1 403. .8 4oo 5 5 0. • 195 1 , . 16 3. .8 O' ' 94 .9 
2 'ill. .9 395 5 5 0. ,2'tO 1, .77 7, .7* T 95 . 1 
3 'il2. .8 390 5 5 0. .299 0 3. .9 O 97 O 

'i 13. . 5 38", 5 5 0. 315 3. .09 3. • 75 O 96 .9 
5 '11 4. , S 380 5 5 0. .550 3. .72 3. .9 2 101 .6 
6 '1I6. .'1 375 5 5 0. , 6 '12 'l. .36 3. .98 2 104 . 2 
7 ^19. • 7 370 5 5 0. .846 5. .40 5. .32 3 104 . 
8 'l 22. • 7 365 5 5 1. .256 6. .06 4. .94 3 103 .2 
9 425 . • 3 360 5 5 1. .517 6. .84 4. .62 3 105 

10 427. .0 355 5 5 1. .882 7 • .74 4. .56 3 101 .4 
1 1 '130, . 0 350 5 5 2. .289 8. .23 4 . .19 3 102 

12 '131 . , 5 3'' 5 5 5 0 , 842 8. .72 3. .45 3 102. 

13 4 34. .9 3'i0 5 5 3. .665 9. . 11 4. .48 4 101 . 1 

'IN NaOII 

* ' INITIAL 
aqueous 
Teed: 
1 . 4 2 9 g /11 
I"e ( T T 1 ) 

Run B 
'"concn initial = 1 5 ?" ' Pl, = 0-/,0< temperature: 30°C, Solution A=136.9g/lt Fe(Tir) 

1 402 4 00 14 . . 1 '> O, .223 0. .344 5. . 1 * 0' ' 98. ' 5.N NaOII 
2 398 398 11. .4 2 0. .363 2 .577 6. • 3* 5 98. , 2 * * Initial 
3 396 396 10 . .8 0 0. .485 3. .531 3. .79' 4 107. aqueous 

feed=1.9 1 
'1 394 394 ' 13. 2 0. .722 5. .070 6. * 5 103. 3 .c/lt 
5 392 392 12. .6 0 1. .068 6. .55 5. .57* 5 101. . 3 l'o( T I r) 

(. 300 390 12. 2 I, .622 7. .73 5. .02' 5 100. 7 
388 388 final final 2.177 8.82 4.9 ' 5 101. 3 

Run A 
H\' , . ... ,=l5N. V/V, pll = 0.63, temperature=30°C, Solution A=13f>.9c/lt l'O(iri) conin . 1 II I t Id L * in ll20 

Aqueous Organic Aqueous Organic Fe(III) Pe(III) NaOII Solution Mass 
Sample volume volume sample sample aqueous organic added A balance Comments 

concn. concn. (5N) added 
(ml) (ml) (..1 il) (ml) (g/lt) (g/lt) (ml) (ml) 

1 4 00 4 00 3. 9 2 O, . 173 l, .23 1. .53 0' 99. . 5 * Initial 
2 'to 1 398 11 . 7 0 O. .159 0 .25 3. .70 3 98. .5 aqueous 398 .25 .70 f eed = 
3 306 396 8. 5 2 0. .241 3. .24 3. .55 3 99. .8 1.4l0g/lt 

394 394 8. 8 2 0, .318 4, .26 3-.81 3 101 . .0 Fe(IIT) 

3 392 392 8. 7 2 O . .410 5. .27 3-• 72 3 101 . .8 
6 390 390 10. 3 O. .597 6. .29 3-.31 3 103. .9 
7 388 388 1 2 . 6 0 O , . 924 7, .74 5. .61 5 103, .3 
8 38(. 386 12. 2 «•> 1 . . 423 8. .95 5. .16 5 102, .2 
' ) 384 384 fin al final 2. .036 10. .04 4. .75 5 102. . 0 
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linn D 
IIV . . . =15".. V/v, p||=0.07, tempernture=30°C, solution A= 1(). 10g/l t Kef III) concn.initial " i n A l ( N O ) 

Aqueous Organic Aqueous Organic Kef III) Kef III) NaOII Solution Mass 
ample volume volume sample sample aqueous organic added A balancc 

concn. c oncn. (5N) added 
(ml) (ml) (ml) (ml) (g/lt) (g/lt) (ml) (ml) (Bi) 

1 '102. 3 '»00 56. .7 0 0.7'lfi 0 .577 0 .'10 O* 105. .6 
2 396 398 56. .9 0 1.108 1 .535 2. . 5'i 50 108. .8 

3 396 396 52. • 7 2 1 .'il2 0 .759 2 .70 50 117. . 7 
k 39'i 39'i 5'«. .8 0 1 .563 3 .581 2 .82 50 1 10. .8 
5 392 392 5*1. . 7 2 1.773 'i .580 2, .70 50 Ill . . 1 
f» 390 390 5'i. .6 0 1.999 5 . 'no 0 .59 SO 109 . .2 
7 388 288 fi nn 1 Kin a I 2 . 2 8 3 6 .025 0 .'in 50 JO(>. , 5 

Comments 

* Tni tin 1 
aqueous 
I'EPD-
I ,255R/IT 
Kef Til) 

linn A 
IIV concn.ini t i i<.il=15""V/'v, pll=0.01, temperature=30°C, solution A=10.23g/lt Ke(TTI) 

ALFVÔ J) 

1 '103 '100 59. .2 2 0. . 928 O .'•17 '1. .20 o* 108. 3 * Initial 
0 

3 
398 
396 

398 

396 

5'i. 
53-

. 7 

.9 
2 

2 

1 . 
1 . 
.312 
.712 

1 
2 
. 22'i 
.020 

2. 
2 
.70 
.95 

50 

50 
lO'l . 

1 0 5 . 

8 

5 

aqueous 
f eed = 
1 .289 

39'i 39'i 55. ,2 0 1 . .988 2 .972 3. .29 50 1 0 7 . 6 g/lt 
FeflTI ) 

5 392 392 5'i. .8 2 2, .216 3 . 8'iO 2, .83 50 1 0 7 . 3 

g/lt 
FeflTI ) 

(» 390 390 5'i. .7 0 2 . 'i90 '1 .'158 0 .70 50 lO'l . 0 

1 388 388 f ina 1 f ina 1 0 .839 5 . 108 2 .39 50 lO'l . 1 

linn K 
iiv c oncn.: initial" 

v / / v . , pll = 0.87 , t emperatu re = 3 0 ° c , solution a = 9. 7'iOg/lt 
in 

Kef II I ) 
ai(no3) 

1 '100 'lOO 109 . .5 2 0, .089 2 . 2 5 7 7. .'18 0* 96. 'l * Ini t i 1 
0 

3 

398 

396 

398 
398 

109 , 
109 , 

.9 

.8 

O 

O 

0 . 

O. 
• l 3'i 
. 2 1 '1 

'1 
8 

.'137 

. 7 1 5 

7. 
7. 
.73 
.88 

100 

100 

9'i. 1 
95.9 

aqueous 
fecd = 
2.'i35g/ll 

'1 39'i 39'i 109 , .8 2 O, . 32'l 9 . 1 0 5 7. .59 100 97.5 Fe( [T T ) 

5 392 392 109 , .8 0 0, . 520 11 . 31 '| 7. .55 100 97.9 
6 390 390 109 , .0 0 0 . .862 13 . 3 6 1 7. .03 100 98.5 
7 388 388 108. 2 0 1 . .813 l'i .925 8. .17 100 99.0 
8 386 388 final final 0 .700 15 .850 5. .31 100 97.8 

. ... , = 15'V. V/ v, p|| = 0.'iO, tcrnpernture=30°C, Solution A= lO. 0 38 c/11 Kef TIT) concn. 1111 tin 1 1 ' • : in AlfN'O ) 

1 '1OI.9 '100 112.9 0 0, . 377 n .l'i 5 8. .9 o* • 101 . , 1 
2 398. 398 109.8 0 0. .538 It. .'185 7. .6 100 98. .9 
3 398 398 109 • '1 2 0. .89'I 8. .830 7. .37 100 99. .7 
'1 39'i 39'i 108.9 0 0 . .988 8. .970 6. .86 100 99. .6 

392 392 108. l 2 1 . .'182 11. .050 8. . 1 100 101 . .8 
8 390 390 final final 2 ,09'i 12. . 300 5. .l'i 100 98. .'i 

* 'Tniti.il 
aqueous 
f e e cl = 
2.509 
S/IT 
Kef IT I ) 



213 

Run M 
HV c o n c n . m i . ... 1 = 1 5 % v / v . pH=0.60, temperature=30°C, solution A=9.308g/lt Fe(III) initial * .. ,..A \ in A1(N0_) 3 3 

Sample 
Aqueous 
volume 

(ml) 

Organic 
volume 

(ml) 

Aqueous 
sample 

(ml) 

Organi 
sample 

(ml) 

c Fe(IIl) 
aqueous 
concn. 
(s/it) 

Fe(lll) 
organic 
concn. 
(g/lt) 

NaOH 
added 
(5N) 
(ml) 

Solution Mass 
A balance Comments 

added 
(ml) {%) 

1 400.2 400 110 • 5 3 0.129 2.102 7.50 0* 9 5 . 9 * Initial 
2 
3 

397 
394 

397 
394 

110 
110 

.7 

.6 
3 
3 

0.211 
0.266 

4.296 
6.520 

7.74 
7.65 

100 
100 

97.9 
97.7 

aqueous 
feed=2.327 
g/lt 

4 391 391 110 .2 3 0.419 8.570 7.20 100 97.2 Fe(III) 

5 388 388 110 . 1 3 0.622 10.514 7 . 1 0 100 96.6 
6 385 385 109 .7 3 0.989 12.085 6.75 100 95.0 
7 382 382 103 . 2 3 1.608 14.065 6.20 100 98.5 
8 379 379 final final 2.591 14.971 5 . 1 1 100 98.1 

Run N 
HV . ... ,=15°/o 

concn.initial 
V / v , pH= :0 . 28 , temperature=30°C, solution A=9. •79g/lt Fe(III) 

in A 1 ( N 0 3 ) 3 

1 401 400 109 3 0.426 1.966 6.05 0* 97.9 •Initial 
2 

3 

398 
394 

397 
39*» 

109 
110 

.5 

.5 
3 
3 

0.743 
O . 9 8 O 

3.941 
5.904 

6.50 
6.53 

100 
100 

97-8 
97.4 

aqueous 
feed=2.447 
g/lt 

4 391 391 108 .9 3 1.326 7.714 5.92 100 97.6 Fe(III) 

5 388 388 108 .5 3 1.798 9.260 5.50 100 96.6 
6 385 385 107, .8 3 2.420 1 0 . 5 7 0 4.80 100 96.3 
7 382 382 107, .0 3 3.140 11.610 4.05 100 95.8 
8 379 379 final final 3.900 12.708 3.74 100 97.1 
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Him S3 
IIV . , = 15"- V/v, pll = 0.7'i, temperature 30°C, solution A=9.870g/lt l'e(rTI) concn.initial j n 

Aqueous Organic Aqueous Organic Fe(lII) Fe(III) NaOH Solution Mass 
Sample volume volume sample sample aqueous organic added A Ha lance Comments 

concn. concn. (5N) added 
(ml) (ml) (ml) (ml) (g/lt) (g/lt) (ml) (ml) ("..) 

1 4 no 4 00 109 6 3 0. 070 0 .903 6 60 0* 98.7 "Initial 
•> 397 397 112 4 3 O. 131 3 .257 9 4 3 100 98.2 aqueous 

feeds 
3 394 394 112 4 3 0. 223 5 .646 9 42 100 97.0 0.987 
't 391 391 112 1 3 0. 309 8 .012 9 08 100 99 .4 g/lt 

Fc(TlT) 
388 388 1 11 9 3 O. 485 10 .37» 8 91 100 100. 4 

<> 385 385 111 3 3 0. 879 12 .509 8 29 100 1 0 1 .1 
t 382 382 110 9 3 1. 608 13 .976 7 94 100 100. 2 

8 ill ill f ina 1 final 2 742 15 .259 6 11 100 1 0 1 . 2 

Run 54 
IIV . ... , = 15".'.v/v, pll = 0.R9, temperature 30°C, solution As9.490g/lt Fe(TTI) concn. initial ' ,„ a K n i.^ 

" INITIAL 
aqueous 
feed = 
0.9'i9 
g/lt 
F e ( r 1 r) 

1 4oo 400 115.6 3 0. .046 0. .844 12. .61 0* 94. . 1 
0 397 397 113.9 3 0. . 122 3. .085 10. .9 100 96. .6 
3 394 394 112.5 3 0 . .174 5. • 319 9. .5 100 96. . 5 
4 301 391 112.9 3 O. .296 7. .595 9. .96 100 97. .8 
- 388 388 113. 3 O. . 4 10 9. .689 10. .01 IOO 96. .9 
6 3»5 385 112. 3 3 0 . .670 12. .090 9. .34 100 100, 

1 382 382 112.1 3 1 . .270 13. .905 9. .15 100 100. .9 
8 ill ill final f ina 1 0 . 301 15. . 190 8. .84 100 101, .4 

" V c o n c n . i n i t i a f 1 5 ?" V y / v' pH=0 . 5 1 , temperatures 30°C , solution A=10.462g/lt in A1(N0 ) 

Aqueous Organic Aqueous Organic Fe(III) Fe(III) NaOH Solution Mass 
Sample volume volume sample sample aqueous organic added A balance Comments 

(ml) (ml) (ml) (ml) 
concn. 
(g/lt) 

concn. 
(g/lt) 

(5N) 
(ml) 

added 
(ml) (%) 

1 400 400 62 8 0. .088 0 .416 4.18 0* 96. .4 *Ini t ia1 
2 

3 
392 

384 
392 
384 

63 
113. .3 

8 
8 

0. 
0, 
. 177 
.166 

1 
2 
.655 
.992 

4.70 
5.28 

50 
50 

99. 
98. 

.3 

.4 

aqueous 
feeds 
0.523g/lt 

4 376 376 117. .3 8 0, . 3 4 3 5 .562 9.28 100 98. .5 Fe(III) 

5 368 368 117. 8 0. .538 8 .095 8.89 100 97. .6 
6 360 360 116. .5 8 0. .893 10 .506 8.46 100 96. .8 

7 352 352 115-.7 8 1. .591 12 -541 7.66 100 97. • 3 
8 34 4 344 f ina 1 final 2. .638 14 .046 6.37 100 97. 8 
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HV . ... ,=15% V / ,
v p||=0.l4, tempernture=30°C, solution A=lf).6l1g/lt l'c(ITT) c oncn. m i t inl ' ' ,v .,,.,„ \ in rtl(NOj) 

\queous Organic Aqueous Organic Fe(III) Fe(III) NnOH Solution Mass 
Sample volume volume sample sample aqueous organic added A balance Comments 

concn. cnncn. (5N) added 
(ml) (ml) (ml) (ml) (g/lt) (g/lt) (ml) (ml) (".'.) 

I ' i 0 1 . 3 4 0 0 5 7 - 2 3 0 . . 5 1 6 0 , . 8 i 4 2 , . 9 9 0 * 1 0 0 . . 5 " I n i t i a l 

2 3 9 7 3 9 7 1 0 5 . 9 3 0 , . 8 9 3 1 . . 6 9 3 2 . . 9 2 5 0 1 0 0 . . 0 
a q u e o u s 

f e e d = 

3 3 9 ' ) 3 9 ' ) 1 0 9 . 3 3 1 . • 3 8 5 3 . . 6 1 1 6 . . 3 0 1 0 0 9 9 . .3 1 . 3 2 6 g / l t 

4 3 9 1 3 9 1 1 0 8 . 8 3 1 . .870 5 . . 3 7 8 5 . . 8 5 1 0 0 98. • 5 
1' e ( T T T ) 

5 3 8 8 3 8 8 108. l 3 2 , • 3 7 9 7 . .068 5 . . 0 6 1 0 0 98. . 6 

b m < ? 3 8 5 108. l 3 o . 9 3 2 8, .'176 5 . . 10 100 9 9 . . 9 

/ 3 8 2 3 8 2 1 0 7 . 'i 3 3 . .667 9 . . 7 9 9 4 . . 4 2 1 0 0 98. . 7 

H 3 7 0 3 7 9 f i n a l f i n a 1 4 . . 4 6 8 1 0 . .870 3 . . 8 8 1 0 0 9 9 . . 4 

liun S2 
"^c oncn i n i t i i l = 1 5 " ' P I I =0.61, t empe ra turo= 30°C , solution A=9.388g/lt l ' o ( l l l ) 

in Al(NO ) 

1 4 o n 4 o o 1 0 6 8 3 0 078 1 . 0 9 3 3 82 0 * 99 8 " T n i t i n 1 

0 

3 

307 

394 

397 

394 

1 1 2 

1 1 1 6 

3 

3 

0 

0 

173 

2 38 

3 

5 

339 

608 

8 

8 

99 

63 

100 

100 

99 

100 

9 

0 

a q u e o u s 

f e e d = 

1 . l ? 3 g / l t 

4 391 391 1 1 1 6 3 0 3')9 7 8 2 7 8 6 100 100 F e ( f 1 T ) 

- 388 388 1 1 1 3 3 f) 469 9 869 8 3 100 98 4 

b 385 385 H O 9 3 0 7 6 5 1 1 9 8 9 7 9 100 99 6 

( 382 382 1 10 3 3 1 2 9 0 13 7 3 0 7 27 100 99 9 
8 379 379 f i n a l f i n a l 2 214 14 9 1 0 6 32 100 99 9 

linn 1. 
15°^V/V( pH = O.80, tPw.criuurr-IC."-, solution \ = 0 . H01 .u/I t I'>(1II) 

in AK.N'Oj) 

1 4 0 0 4 00 1 1 7 . . 4 3 0 . . 0 8 1 1 . . 9 5 4 1 4 . . 4 0 0 * 90. .5 
0 

3 9 7 3 9 7 i l l . . 9 3 O . . 1 2 9 4 , . 2 4 4 8 . . 8 8 t o o 9 7 . . 1 

3 3 0 4 3 9 4 1 1 1 . . 3 3 0 , . 1 8 7 6 . . 4 7 8 8 . , 2 6 1 0 0 98. .7 
4 3 9 1 3 9 1 i l l . . 3 3 O , . 2 9 4 8 , . 4 8 9 8 . . 2 9 1 0 0 9 7 . . 6 

5 388 388 i l l . 0 3 0, . 4 1 5 1 0 . . 7 2 3 8 . . 1 6 1 0 0 9 9 . . l 

6 3 8 5 3 8 5 1 1 0 . . 9 3 0. .607 1 2 . . 8 2 9 7 . . 9 0 1 0 0 9 9 . . 9 

- 382 382 1 1 0 . . 7 3 1 . .067 l 4 . . 4 2 2 7 . 65 1 0 0 9 9 - . 1 

8 3 7 9 3 7 9 1 1 0 . O 
3 1 . . 9 3 3 1 5 . . 6 4 9 7 . . 2 6 1 0 0 9 9 . . 4 

9 3 7 6 3 7 6 f i n a l f i n n 1 2 . . 8 8 0 16. . 6 2 7 . . 5 " 1 0 0 1 0 0 , .0 

INITIAL 
aqueous 
feed-2.25 
g/lt 
FE( I R R) 
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Hun IIV2 
IIV • • * • i=30% V / v , pll=0. 39 , temperature=30°C, solution A= 1 6 . 6 3fi/lt Fe(lII) i.initial ,, a m ^ in Al(N0.j) 

Aqueous Organic Aqueous 
S.nnple volume volume sample 

(ml) (ml) (ml) 

Organic Fe(III) Fe(III) NaOH Solution Mass 
sample aqueous organic added A balance Comments 

concn. concn. (5N) added 
(ml) (g/lt) (g/lt) (ml) (ml) (%) 

600 
395 
390 
390 
380 

375 
370 
385 

6 00 

395 
390 
385 
380 

375 
370 
385 

59-5 
110.2 
111.7 
121.6 
116.'1 
116.7 
116.1 
final 

5 
5 
5 
5 
5 
5 
5 

final 

O.LLL 
0 . 1 1 8 

0.209 
0.29'» 
0 . 6 0 6 

O.68O 
0 . 7 6 2 

I . 0 3 3 

1.350 
3-275 
6.825 

1 0 . 3 5 0 

l'» .150 
17.800 
2 1 . 2 0 6 

23.650 

6.19 
11.78 
11.60 
1 1 . 6 6 

11.72 
11 .09 

10.92 

0' 
50 
100 

100 

100 

100 

100 

100 

100. 1 
1 0 0 . 7 

1 0 1 . 8 

1 0 0 . 5 

1 0 1 . 8 

101.5 
1 0 1 . 0 

97 

* T n i t i a 1 
aqueous 
f eod = 
1 .663 
s / i t 
F E ( I I I ) 

Hun IIV3 

'"'concn i n i t i a l ^ 5 " " ' P M = ° - 3 9 , temperature 3O°0, solution A=l6.766g/lt Fe(ITI) 
in A 1 ( N 0 3 ) 

I 600 6 00 59.8 5 0 , .055* 1 . .373 'l. .BO .0 

2 395 395 111.5 5 0. ,069 3. . 188 6. .51 50 
3 390 390 112.5 5 0, . 108 6. .856 12. .52 100 
•'1 385 385 112 . 6 5 0. .153 10. .550 12, .60 100 
5 380 380 112.5 5 0 . . 170 16. .310 12, .55 100 
6 375 375 112.7 5 0. , 182 18. , 120 12. ,68 100 
7 370 370 112.6 5 0. , 192 21 , .980 12. 100 
8 365 365 f ina 1 f i n a 1 0. ,206 25. .890 12, .95 100 

* Organ i c 
calculated 
by differ-
enc e 

' 'INITIAL 
aqueous 
f ecd = 
l.'l7g/lt 
F e ( T IT ) 
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APPENDIX 10-1 

REGRESSION PROGRAM REG 

The program was run using TSF subsystem. 

OUTPUT FROM THE REGRESSION PROGRAM "REG" 

SURFACE DATA GENERATION PROGRAM "SURFGEN" 

The program "SURFGEN" and the data file were 
incorporated in a procedure file called "SURF". 
M N F 5 was used to run the program. The contents of 
SURF are: 

SURF 

G E T , S U R F G E N 

G E T , T A P E 4 = S U R F G E N 

M N F 5 ( I = S U R F G E N , K , B ) 

F I L E ( T A P E 6 0 , R I = S , B T = C ) 

L G O . 

S A V E ( T A P E 6 0 = M A T D A T A ) 
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A. R E G R E S S I O N A N A L Y S I S P R O G R A M " R E G " 

00050C * * * * * * P R O G R A M REG * * * * * * 
0 0 1 0 0 PROGRAM REG(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT,TAPE4) 
0 0 1 1 0 DIMENSION X ( 1 8 , 9 ) , Y ( 1 8 ) , A ( 4 0 0 ) , B ( 9 ) , X B A R ( 9 ) , Y H A T ( 1 8 ) 
00114 DIMENSION A A ( 9 , 9 ) , I S T M T ( 8 ) , M S G ( 4 ) 
00120C DIMENSION STATEMENT I S X ( M , N A ) , Y ( M ) , A ( ( N A * * 2 ) ) , B ( N A ) , 
00130C X B A R ( N A ) , Y H A T ( M ) , A A ( N A , N A ) WHERE NA=NUMBER OF UNKNOWN 
00140C COEFFICIENTS MINUS ONE BECAUSE AZERO ISCALCULATED 
00141C SEPERATELY,NX=NUMBER OF INDEPEDENT VARIABLES AND 
00150C M=NUMBER OF DATA POINTS 
00160C IMPORTANT: DIMENSION STATEMENT MUST BE ADJUSTED 
00170C ACCORDING TO ABOVE INFORMATION FOR EACH DIFFERENT PROBLEM. 
0 0 1 8 0 N I = 5 
0 0 1 9 0 NO=6 
00200C * * * * * I N P U T INFORMATION * * * * * 
0 0 2 1 0 I F ( N I . E Q . 5 ) P R I N T * , " T Y P E I N VALUES NA,NX AND M" 
0 0 2 2 0 R E A D ( N I , * ) N A , N X , M 
0 0 2 3 0 P R I N T * , " D O YOU WANT TO READ X 1 , X 2 , E T C AND Y FROM A F I L E " 
0 0 2 4 0 P R I N T * , "ANSWER MUST BE YES OR NO" 
0 0 2 5 0 READ 1001,NSWER 
0 0 2 6 0 1001 FORMAT(AL) 
0 0 2 7 0 I F ( N S W E R . N E . I H Y ) GO TO 300 
0 0 2 8 0 N I = 4 
00290 P R I N T * , " E N T E R INPUT DATA F I L E NAME" 
0 0 2 9 2 I S T M T ( 1 ) = " G E T ( T A P E 4 = " 
00300 R E A D ( 5 , 1 0 ) N D F 
00302 I S T M T ( 3 ) = " ) " 
00304 I S T M T ( 2 ) = N D F 
0 0 3 1 0 10 FORMAT(A7) 
0 0 3 2 0 CALL PFREQ(ISTMT,MSG, ICODE) 
0 0 3 2 2 I F ( I C O D E . E Q . 0 ) GOTO 2000 
00324 W R I T E ( 6 , 2 0 0 1 ) M S G 
00326 2 0 0 1 FORMAT(1X,4A10) 
0 0 3 2 8 2 0 0 0 CONTINUE 
0 0 3 3 0 NN=NA*NA 
00340 300 I F ( N I . E Q . 5 ) P R I N T * , " E N T E R X I AND X2 VALUES I N A NEW L I N E " 
0 0 3 5 0 DO 100 1 = 1 , N X 
0 0 3 6 0 R E A D ( N I , * ) ( X ( J , I ) , J = 1 , M ) 
0 0 3 7 0 100 CONTINUE 
00372C DO 800 J = 1 , M 
00374C X ( J , 1 ) = 1 0 * * ( - X ( J , 1 ) ) 
00376C 800 CONTINUE 
00380C * * * * * * SETTING UP FUNCTION * * * * * 
0 0 3 9 0 DO 200 K = 1 , M 
0 0 4 0 0 X ( K , 3 ) = X ( K , 1 ) * * 2 
0 0 4 1 0 X ( K , 4 ) = X ( K , 2 ) * * 2 
0 0 4 2 0 X ( K , 5 ) = X ( K , 1 ) * X ( K , 2 ) 
0 0 4 3 0 X ( K , 6 ) = X ( K , 1 ) * * 3 
0 0 4 4 0 X ( K , 7 ) = ( X ( K , 1 ) * * 2 ) * X ( K , 2 ) 
0 0 4 5 0 X ( K , 8 ) = X ( K , 1 ) * ( X ( K , 2 ) * * 2 ) 
0 0 4 6 0 X ( K , 9 ) = X ( K , 2 ) * * 3 
0 0 4 7 0 X ( K , 1 0 ) = X ( K , 1 ) * * 4 
0 0 4 8 0 X ( K , 1 1 ) = ( X ( K , 1 ) * * 3 ) * X ( K , 2 ) 
0 0 4 9 0 X ( K , 1 2 ) = ( X ( K , 1 ) * * 2 ) * ( X ( K , 2 ) * * 2 ) 
0 0 5 0 0 X ( K , 1 3 ) = X ( K , 1 ) * ( X ( K , 2 ) * * 3 ) 
0 0 5 1 0 X ( K , 1 4 ) = X ( K , 2 ) * * 4 
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0 0 5 2 0 X ( K , 1 5 ) = X ( K , 1 ) * * 5 
0 0 5 3 0 X ( K , 1 6 ) = ( X ( K , 1 ) * * 4 ) * X ( K , 2 ) 
0 0 5 4 0 X ( K , 1 7 ) = ( X ( K , 1 ) * * 3 ) * ( X ( K , 2 ) * * 2 ) 
0 0 5 5 0 X ( K , 1 8 ) = ( X ( K , 1 ) * * 2 ) * ( X ( K , 2 ) * * 3 ) 
0 0 5 6 0 X ( K , 1 9 ) = X ( K , 1 ) * ( X ( K , 2 ) * * 4 ) 
0 0 5 7 0 X ( K , 2 0 ) = X ( K , 2 ) * * 5 
0 0 5 8 0 200 CONTINUE 
0 0 5 9 0 NN=NA*NA 
0 0 6 0 0 I F ( N I . E Q . 5 ) P R I N T * , " E N T E R Y VALUES SEPERATED BY COMMA" 
00610 R E A D ( N I , * ) ( Y ( I ) , I = 1 , M ) 
0 0 6 2 0 CALL LINREG ( X , Y , N A , M , A , B , X B A R , Y H A T , A A , N N , N O ) 
0 0 6 3 0 STOP 
0 0 6 4 0 END 
00650C * * * * * SUBROUTINE LINREG * * * * * 
0 0 6 6 0 SUBROUTINE L I N R E G ( X , Y , N , M , A , B , X B A R , Y H A T , A A , N 2 , N O ) 
0 0 6 7 0 DIMENSION X ( M , N ) , Y ( M ) , A ( N 2 ) , B ( N ) , X B A R ( N ) , Y H A T ( M ) , A A ( N , N ) 
00680 WRITE(NO,001 ) 
0 0 6 9 0 0 0 1 FORMAT(1H,10X,36HMULTIPLE LINEAR REGRESSION ALGORITHM) 
00700C CALCULATE AVERAGE X AND Y VALUES 
0 0 7 1 0 DO 200 1 = 1 , N 
0 0 7 2 0 SUMX=0.0 
0 0 7 3 0 DO 100 J = 1 , M 
00740 100 SUMX=SUMX+X(J, I ) 
0 0 7 5 0 200 XBAR(I )=SUMX/FLOAT(M) 
0 0 7 6 0 SUMY=0.0 
0 0 7 7 0 DO 300 K=1,M 
00780 300 SUMY= SUMY+Y(K) 
0 0 7 9 0 YBAR=SUMY/FLOAT(M) 
0 0 8 0 0 WRITE(NO,002 ) 
00810 002 FORMAT(//,12X,23HVARIABLE AVERAGE VALUES ) 
0 0 8 2 0 WRITE(NO,003 ) ( I I , X B A R ( I I ) , 1 1 = 1 , N ) 
00830 003 F O R M A T ( / / , 3 ( 2 X , 5 H B A R ( , 1 2 , 4 H ) = , 1 P E 9 . 3 ) ) 
00840 WRITE(NO,004)YBAR 
0 0 8 5 0 004 FORMAT(/ ,12X,7HYBAR = , 1 P E 1 4 . 7 ) 
00860C * * * * * CALCULATE REGRESSION MATRICES * * * * * 
0 0 8 7 0 KK=1 
0 0 8 8 0 DO 500 1 = 1 , N 
00890 DO 500 J = 1 , N 
0 0 9 0 0 SUMA=0.0 
0 0 9 1 0 SUMB=0.0 
0 0 9 2 0 DO 400 K=1,M 
00930 S U M A = S U M A + ( X ( K , I ) - X B A R ( I ) ) * ( X ( K , J ) - X B A R ( J ) ) 
0 0 9 4 0 400 S U M B = S U M B + ( Y ( K ) - Y B A R ) * ( X ( K , I ) - X B A R ( I ) ) 
0 0 9 5 0 A A ( I , J ) = S U M A 
00960 A(KK)=SUMA 
0 0 9 7 0 KK=KK+1 
0 0 9 8 0 500 B( I )=SUMB 
00990C WRITE(NO,005 ) 
01000C 005 FORMAT( / / , 1OX,8HA MATRIX ) 
01010C DO 550 1 1 = 1 , N 
01020C 550 WRITE(NO,006 ) ( A A ( I I , J J ) , J J = 1 , N ) 
01030C 006 F O R M A T ( / , 8 ( 2 X , E 1 0 . 5 ) ) 
01040C WRITE(NO,007 ) 
01050C 007 FORMAT(//,1OX,8HB MATRIX ) 
01060C WRITE(NO,006) ( B ( K K ) , K K = 1 , N ) 
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01070C :::::SOLVE REGRESSION MATRICES FOR COEFFICIENTS:::::: 
01080 CALL SIMQ(A,B,N,KS,N2) 
01090 SUMX=0.0 
01100 DO 600 1=1,N 
OHIO 600 SUMX= SUMX+B(I)*XBAR(I) 
01120 AZERO=YBAR-SUMX 
01130 WRITE(NO,008) 
01140 008 FORMAT(///,12X,37HVALUES OF THE REGRESSION COEFFICIENTS) 
01150 WRITE(NO,009)(JJ,B(JJ),JJ=1,N) 
01160 009 FORMAT(/,12X,5HAHAT(,12,4H) = ,1PE20.10) 
01170 WRITE(NO,010)AZERO 
01180 010 FORMAT(/,12X,8HAZER0 = ,1PE20.10) 
01190C CALCULATE S AND R TEST VALUES 
01200 STEST=0.0 
01210 DO 800 J=1,M 
01220 SUMS1=0.0 
01230 DO 700 K=1,N 
01240 700 SUMS1=SUMS1+B(K)*X(J,K) 
01250 YHAT(J)=AZERO+SUMS1 
01260 DIFF=(Y(J)-YHAT(J))**2 
01270 800 STEST=STEST+DIFF 
01280 SUMST=0.0 
01290 DO 900 1=1,M 
01300 900 SUMST=SUMST+(Y(I)-YBAR)**2 
01310 SUMSR=SUMST-STEST 
01320 RTEST=SUMSR/SUMST 
01330 WRITE(NO,011) 
01340 Oil FORMAT(///,12X,19H0BSERVED FEORG(G/L),5X, 
01350+18HREGRES. FEORG(G/L),5X,2HPH,4X,9HFEAQ(G/L)) 
01360 DO 1000 KK=1,M 
01370 1000 WRITE(NO,012)KK,Y(KK),YHAT(KK),X(KK,1),X(KK,2) 
01380 012 FORMAT(/,12X,2HY(,13,4H) = ,F9.5,9X, 
01390+1F9.5,4X,1F11.2,3X,1F6.3) 
01400 WRITE(NO,013)SUMST,STEST 
01410 013 FORMAT(///,12X,8HSUMST = ,1PE16.8,/12X,4HS = ,1PE16.8) 
01420 WRITE(NO,092)RTEST 
01430 092 FORMAT(/,12X,32HMULTIPLE CORRELATION COEF.=R**2=, 
01432+1PE16.8) 
01440 RETURN 
01450 END 
01460C **********SUBR0UTINE SIMQ ********* 
01470 SUBROUTINE SIMQ(A,B,N,KS,NS) 
01480 DIMENSION A(NS),B(N) 
01490C FORWARD SOLUTION 
01500 TOL=0.0 
01510 KS=0 
01520 JJ=-N 
01530 DO 65 J=1,N 
01540 JY=J+1 
01550 JJ=JJ+N+1 
01560 BIGA=0.0 
01570 IT=JJ-J 
01580 DO 30 I=J,N 
01590C SEARCH FOR MAXIMUM COEFFICIENT IN COLUMN 
01600 IJ=IT+I 
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01610 I F (ABS(B IGA) -ABS(A( IJ ) )) 20,30,30 
01620 20 BIGA=A(IJ) 
01630 IMAX=I 
01640 30 CONTINUE 
01650C TEST FOR SINGULAR MATRIX 
01660 IF(ABS(BIGA)-TOL)35,35,40 
01670 35 KS=1 
01680 RETURN 
01690C INTERCHANGE ROWS IF NECESSARY 
01700 40 Il=J+N*(J-2) 
01710 IT=IMAX-J 
01720 DO 50 K=J,N 
01730 I1=I1+N 
01740 I2=I1+IT 
01750 SAVE=A(I1) 
01760 A(I1)=A(I2) 
01770 A(I2)=SAVE 
01780C DIVIDE EQUATION BY LEADING COEFFICIENT 
01790 50 A(I1)=A(I1)/BIGA 
01800 SAVE=B(IMAX) 
01810 B(IMAX)=B(J) 
01820 B(J)=SAVE/BIGA 
01830C ELIMINATE NEXT VARIABLE 
01840 IF(J-N)55,70,55 
01850 55 IQS=N*(J-l) 
01860 DO 65 IX=JY,N 
01870 IXJ=IQS+IX 
01880 IT=J-IX 
01890 DO 60 JX=JY,N 
01900 IXJX=N*(JX-1)+IX 
01910 JJX=IXJX+IT 
01920 60 A(IXJX)=A(IXJX)-(A(IXJ)*A(JJX)) 
01930 65 B(IX)=B(IX)-(B(J)*A(IXJ)) 
01940C BACK SOLUTION 
01950 70 NY=N-1 
01960 IT=N*N 
01970 DO 80 J=1,NY 
01980 IA=IT-J 
01990 IB=N-J 
02000 IC=N 
02010 DO 80 K=1,J 
02020 B(IB)=B(IB)-A(IA)*B(IC) 
02030 IA=IA-N 
02040 80 IC=IC-1 
02050 RETURN 
02060 END 
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B. OUTPUT FROM REGRESSION ANALYSIS PROGRAM "REG" 

MULTIPLE LINEAR REGRESSION ALGORITHM 

VARIABLE AVERAGE VALUES 

BAR( , 1) = 2.968E-01 BAR( , 2) = 1 .662E+00 BAR( , 3) = 1 .441E-01 
BAR( , 4) = 3.180E+00 BAR( , 5) = 4 .809E-01 BAR( , 6) = 7 .968E-02 
BAR( , 7) = 2.339E-01 BAR( , 8) = 9 .107E-01 BAR( , 9) = 6 .750E+00 
BAR( , 10) = 4.653E-02 BAR( ,11) = 1 .299E-01 BAR( ,12) = 4 .455E-01 
BAR( , 13) = 1.932E+00 BAR( ,14) = 1 .539E+01 BAR( ,15) = 2 .797E-02 
BAR( , 16) = 7.615E-02 BAR( ,17) = 2 .492E-01 BAR( ,18) = 9 .524E-01 
BAR( , 19) = 4.417E+00 BAR( ,20) = 3 .688E+01 BAR( , 
YBAR = i J.0081622E+00 

VALUES OF THE REGRESSION COEFFICIENTS 

AHAT 1) = -1 .0114950173E+02 
AHAT 2) = - 2 .9781982236E+01 
AHAT 3) = 1 .8458945737E+02 
AHAT 4) = 3 .0610841883E+01 
AHAT 5) = 1 .9960738613E+02 
AHAT 6) = 3 .3639757792E+02 
AHAT 7) = -3 .3901448356E+02 
AHAT 8) = -1 .0749827570E+02 
AHAT 9) = -1 .4285391445E+01 
AHAT 10) = -1 .0779434559E+03 
AHAT 11) = 1 .9333251171E+02 
AHAT 12) = 1 .2340091191E+02 
AHAT 13) = 2 .4201953243E+01 
AHAT 14) = 3 .3954951058E+00 
AHAT 15) = 7 .6863584561E+02 
AHAT 16) = -7 .1273419230E+01 
AHAT 17) = -1 .6415992644E+01 
AHAT 18) = -1 .8429913807E+01 
AHAT 19) = -1 .6639802837E+00 
AHAT 20) = -3 .3577563549E-01 
AZERO = 1 .1073977806E+02 

OBSERVED FEORG(G/L) REGRES. FEORG(G/L) PH FEAQ(G/L) 

Y( 1) = .41700 .42648 .01 .926 
Y( 2) = .57700 .55372 .08 .748 
Y( 3) = 1 .22400 1.09687 .01 1.312 
Y( 4) = 1.53500 1.57709 .07 1.108 
Y( 5) = 1 .69300 1.72745 .14 .893 
Y ( 6) = 2.02000 2.33585 .01 1.712 
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7) = 2.97200 3.21854 .01 1.988 
Y( 8) = 3.58100 3.32523 .07 1.563 
Y( 9) = 3.61100 4.11479 .14 1.385 
Y( 10) = 3.84000 3.89597 .01 2.216 
Y( 11) = 3.94100 4.01807 .28 .743 
Y( 12) = 4.58000 4.08736 .07 1.773 
Y( 13) = 5.10800 5.11082 .01 2.839 
Y( 14) = 5.37800 6.13013 .15 1.870 
Y( 15) = 5.41000 4.84624 .07 1.999 
Y( 16) = 5.90400 5.64807 .28 .980 

17) = 6.02500 5.71715 .07 2.283 
Y( 18) = 7.06800 7.58796 .15 2.379 
Y( 19) = 7.71400 7.47524 .28 1.326 
Y( 20) = 8.74600 8.72366 .14 2.932 
Y( 21) = 8.97000 8.95107 .40 .968 
Y( 22) = 9.26000 8.99579 .28 1.798 
Y( 23) = 10.50600 10.73066 .51 .893 
Y( 24) = 10.57000 10.29641 .28 2.420 
Y( 25) = 11.05000 11.08578 .40 1.482 
Y( 26) = 11.98900 11.73162 .61 .765 
Y( 27) = 12.08500 12.30970 .60 .989 
Y( 28) = 12.30000 12.21355 .40 2.094 
Y ( 29) = 12.54000 13.01490 .51 1.591 
Y( 30) = 13.36100 13.49183 .67 .862 
Y( 31) = 13.73000 13.27470 .61 1.290 
Y( 32) = 14.04600 14.17881 .51 2.630 
Y( 33) = 14.08500 13.85731 .60 1.608 
Y( 34) = 14.91000 14.93371 .61 2.214 
Y( 35) = 14.92500 15.08032 .67 1.613 
Y( 36) = 14.97100 14.87131 .60 2.591 
Y( 37) = 15.66000 15.66784 .67 2.700 

SUMST = 8.51691585E+02 
S = 2.99802663E+00 

MULTIPLE CORRELATION COEF.=R**2= 9.96479915E-01 
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C. S U R F A C E D A T A G E N E R A T I O N P R O G R A M " S U R F G E N " F O R 
M A T M A T T H R E E D I M E N S I O N A L P L O T T I N G 

00100C ******PROGRAM SURFGEN******* 
001IOC THE PROGRAM GENERATES DATA BY A SELECTED FUNCTION FOR 
00120C SUBSEQUENT THREE DIMENSIONAL PLOTTING BY MATMAP ROUTINE 
00130 PROGRAM SURFGEN(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT, 
00135+TAPE60,TAPE4) 
00140 DIMENSION Z(100,100),A(20) 
00150C Z DIMENSION IS SELECTED ACCORDING TO THE REQUIRED 
00152C MATRIX SIZE AND A DIMENSION ACCORDING TO THE 
00154C SELECTED FUNCTION 
00156C DATA LIKE NA=NUMBER OF COEFFICIENTS,AO, 
00158C Al,A2,ETC ARE READ FROM A FILE INCORPORATED 
00160C IN THE PROCEDURE FILE 
00162 NI=4 
00164 READ(NI,*)NA,AO 
00166 READ(NI,*)(A(I),I=1,NA) 
00170 NI=5 
00176 WRITE(6,20) 
00210 20 FORMAT(//,"TYPE IN XMIN,XMAX") 
00220 READ(NI,*)XMIN,XMAX 
00230 WRITE(6,30) 
00240 30 FORMAT(//,"TYPE IN YMIN,YMAX") 
00250 READ(NI,*)YMIN,YMAX 
00260 WRITE(6,40) 
00270 40 FORMAT(//,"TYPE IN MATRIX SIZE NX,NY") 
00280 READ(NI,*)NX,NY 
00290 ID=1 
00300 DO 100 K=1,NX 
00310 X=XMIN+((XMAX-XMIN)/FLOAT(NX-1))* FLOAT(K-1) 
00320 DO 110 L=1,NY 
00330 Y=YMIN+((YMAX-YMIN)/FLOAT(NY-1))*FLOAT(L-l) 
00332C ** SET UP FUNCTION ** 
00334C UNWANTED COEFFICIENTS MAY BE REMOVED 
00336C BY EQUATING THEM TO ZERO WITHIN THIS PROGRAM 
00338C OR WITHIN THE DATA FILE. 
00342 Z1=X**2 
00344 Z2=X*Z1 
00346 Z3=Z2*X 
00348 Z4=Z3*X 
00350 Z11=Y**2 
00352 Z12=Z11*Y 
00354 Z13=Z12*Y 
00356 Z14=Z13*Y 
00358 Z(K,L)=A0+A(1)*X+A(2)*Y+A(3)*Z1+A(4)*Z11+ 
00360+A(5)*X*Y+A(6)*Z2+A(7)*Y*Zl+A(8)*X*Zll+A(9)*Z12+ 
00362+A(10)*Z3+A(l1)*Y*Z2+A(12)*Z1*Z11+A(13)*X*Z12+ 
00364+A(14)*Z13+A(15)*Z4+A(16)*Y*Z3+A(17)*Z2*Z11+ 
00366+A(18)*Z1*Z12+A(19)*X*Z13+A(20)*Z14 
00368CWRITE(6,*)K,L,Z(K,L) 
00410 110 CONTINUE 
00420 100 CONTINUE 
00430 WRITE(60)ID,NX,NY,((Z(K,L),K=1,NX),L=1,NY) 
00440 WRITE(6,50) 
00450 50 FORMAT("MATMAP DATA ARE ON TAPE60") 
00460 STOP 
00470 END 



225 

APPENDIX 7-3 
Slope Analysis 

Calculation of association number (n) 
LogD/pH data 

[Fe (Ill)] org lg/lt [ Fe (III)] org 2g/lt 

PH [Fe(III)] 
(g/lt) 

aq logD PH [ Fe (III )] L J aq 
(g/lt) 

logD 

0.67 o.o4o 1-39 0.67 0 . 0 6 0 1.52 
0 . 6 0 0 . 0 6 0 1 . 2 2 0 . 6 0 0 . 1 1 0 1 . 2 6 

0.40 0 . 1 8 0 0.74 o .4o 0 . 3 1 0 0 . 8 0 

0 . 2 8 0 . 2 6 0 O . 5 8 0 . 2 8 0.420 O . 6 7 

0.1k 0 . 6 2 0 0 . 2 0 0.1k 0 . 9 8 0 0.31 

0 . 0 7 0 . 9 7 0 0 . 0 1 0.07 1 . 3 3 0 0 . 1 8 

0 . 0 1 1 . 2 3 0 - 0 . 0 8 0 . 0 1 1 . 7 6 0 0 . 0 5 

s lope (n) = 2. 1 0 slope (n) = 2 .05 

[Fe (Ill)] J org 
3g/lt [ Fe (III)] J org 5g/lt 

0.67 0 . 0 9 0 1. 52 0.67 0.14 1-55 

0 . 6 0 0 . 1 5 0 1. 30 0 . 6 0 0 . 2 1 1-37 

0.40 0.410 0 . 8 6 0.40 0.57 0.94 

0 . 2 8 0 . 6 0 0 0 . 6 9 0 . 2 8 0.85 0.76 

0 .14 1 . 2 6 0 0 . 3 7 0. 14 1-75 0.45 

0 . 0 7 1 . 5 6 0 0 . 2 8 0.07 2 . 0 8 0 . 3 8 

0 . 0 1 2 . 1 2 0 0 . 1 5 

slope (n) = 2. 15 slope ( n) = 2 . 0 3 

contd. 
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» 

[Fe(III)]org = 8g/lt [Fe (III )] o r g = lOg/lt 

pH Fe(III) logD 
(g/lt)aq 

pH Fe(lll) logD 
(g/lt)aq 

0.67 0.25 1.50 
0.60 0.34 1-37 
0.40 O . 8 3 O . 9 8 

0 . 2 8 1 . 3 6 O . 7 6 

0.14 2 . 7 0 0.47 

slope (n) = 1.91 

O . 6 7 O . 3 8 1 . 4 2 

0.60 0.52 1.28 
0.40 1.20 0.92 
0.28 1.96 0.71 
0 . 1 4 3 . 7 2 0 . 4 3 

slope (n.) = 1.86 

[Fe(111)J o r g = 12g/lt [ Fe (III)] o r g = 13 . 2g/lt 

0.67 0.6l 1.29 
0.60 0.8l 1.17 
0.40 1.86 0.80 
0.28 2.96 0.60 

slope (n) = 1-72 

0 . 6 7 0 . 8 4 1 . 1 9 

0.60 1.12 1.07 
0.28 3-70 0.52 

slope ( n) = 1.73 



Calculation of pH at different levels of 
O . 5 

Fe(lll) total concentration 
logD/pH data 

[Fe(III) ] total = 3 * / l t [ F e ( l I l ) 3 t o t a l = 4 g / l t 

pH [ Fe(III) ] [ Fe (III)] org aq 
(g/lt) (g/lt) 

logD pH [ Fe (III)] org 
(g/lt) 

[ Fe ( III)] J aq 
(g/lt) 

logD 

0 .67 2.90 0 .085 1.53 0 . 67 3 .9 0 . 11 1 .55 

0 .60 2 .85 o . i 4 o 1 .31 0 .60 3 .8 0 .18 1.32 

0 .40 2.60 0 . 3 7 0 O.85 o .4o 3-5 0 .45 0 .89 

0 .28 2 .50 0 . 5 0 0 0 .70 0 . 2 8 3.3 0 . 6 4 0 . 71 

o . i 4 2 .00 1 . 0 0 0 .30 0 . 14 2 .8 1 . 2 0 0 .37 

0 . 0 7 1.75 1 . 2 5 0.15 0 . 0 7 2 .5 1.46 0 .23 

0 . 0 1 1.50 

p H 0 . 

1 . 5 0 

E = 0 . 0 1 
5 

0 .00 0 . 01 2 .2 

P H O . 5 

1 . 84 

= -0 .035 

0 . 08 

contd. 



t F e ( l I l )^total = 5*/lt [ Fe (III)] total = 6g/lt 

pH [Fe(lll)]org[Fe(lIl)]aq logD 
(g/lt) (g/lt) 

pH [ Fe (III)] o r g [ Fe (III)] a q 

(g/lt) (g/lt) 
logD 

0 .67 

0.60 
o .4o 

0 . 2 8 

0 .14 

0 . 0 7 

0 . 0 1 

4 . 8 5 

4 .8o 

4 . 5 0 

4.20 

3 . 6 0 

3 . 3 0 

2 . 9 0 

P H 
0 .5 

o . i 4 

0.20 

0 .54 

0 .74 

I . 4 O 

1 . 6 2 

2 . 0 8 

= - 0 . 0 6 0 

1 . 5 3 

1 . 3 8 

0 . 9 2 

0 . 7 5 

0 .41 

0 . 3 0 

0 . 14 

0 . 6 7 5 .8 O . 1 7 1.53 

0 . 6 0 5 .7 0 .24 1.37 

o .4o 5 .4 O . 5 8 0 . 9 6 

0 . 2 8 5 .1 0 . 8 6 0 .77 

o . i 4 4 . 4 1 . 6 0 0 .44 

0 . 0 7 4.2 H- * CO
 

0 . 3 6 

P H 0 . 5 = - 0 . 0 7 5 

contd. 



[Fe(III)] total = 7g/lt [ F e ( l I l ) ] total = 

pH [ Fe (III)] [ Fe (III)] logD org aq 
(g/lt) (g/lt) 

pH [ Fe(lII)] [Fe(lll)l ^ org aq 
(g/lt) (g/lt) 

logD 

0 .67 

0.60 
0 .4 0 

0 . 2 8 

0 .14 

0 . 0 7 

0 . 0 1 

6.8 
6.8 
6 .3 

6.0 
5 .2 

4 .8 

4 . 3 

pH 

0 .20 1.53 0 .67 7 . 75 O . 2 3 1.53 

0 .24 1.45 0 . 6 0 7 .70 0 . 3 0 l . 4 l 

0 . 6 6 0 .97 0 .40 7 .20 0 .74 0 .99 

1 . 0 0 0 . 77 0 .28 6 . 9 0 1.14 0 . 7 8 

1 . 8 2 0.45 0 .14 6 .00 2 .04 0 .47 

2. 10 0 .35 

2 .60 0 .21 

0 .5 
= - O . 0 9 

P H 0 .5 = - ° ' 1 0 
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Calculation of polymerization number 

PH0.5 •• lo*[ F e ( 1 1 1 >]total d a t a 

lo S[Fe(III)] t o t a l (g/lt) pH 
slope=-0.236 

0 . 4 7 7 0 . 0 1 0 

0.602 -0.035 (x) = 2.12 
0.699 -0.060 
0.778 -0.075 

0.845 -0.090 

0.903 -0.100 



Calculation of solvation number (s) 

(logD-(x-l)log[Fe(III)] ) / (log [ (HV) J ) relation 
ao ' £ , , . aq - . . . _ 

org,initial 

[HV1 . .. /[Fe(IIl)] = 22.73, x=2.12, n=2.05 L Jorg,mit./ L J org 

[HV] [Fe (III)] [Fe(IIl)] , n log[Fe(Hl)] V ^ o i rT? / T T T) n /n> / \ / org I \ aq logD ® 1.121og [Fe (III) ] (%v/v) (g/lt) 6 (g/lt) H 6 (m) aq . L J 

15 2 O . 3 6 O 0.744 -2.191 3 - 1 9 8 
30 4 0 . 2 0 0 1 . 3 0 1 - 2 . 4 4 6 4 . 0 4 0 
45 6 0.110 1.736 -2.705 4.765 

s=0.78 
[HV] . . , (M) /r_ , T T Ts] = 15-16 x=2. 12, n=2.15 org.imt. /LFe(III)J (M) ' org, 

15 3 0.445 0.828 -2.098 3.178 
30 6 0.220 1.435 -2.404 4.127 
45 9 0.135 1.824 -2.616 4.754 

s=0.64 

[HV]org,init.'(M)/[Fe(IIl)] , (M) = 9-° 9 x= 2' 1 2' n = 2 ' 0 3 

' ORG 

1 5 5 0 . 5 7 0.943 - 1 . 9 9 1 3.173 
30 10 0 . 2 8 1.545 - 2 . 2 9 2 4.112 
45 15 0 . 1 7 1 . 9 4 6 - 2 . 5 1 7 4.765 

s = o . 7 6 

contd. 



[HV] . . , ,(M)/r„ , t t t V I = 6.42 x=2.12, n=l. 95 org , m i t . / [Fe(III)J , (M) 

[HV] [ F e (111)] [Fe(III)] logD log[Fe(Hl)] logD _ 
(%v/v) (g/lt) o rS (g/lt) a q , ( M) a q 1.121og[Fe(lIl) 

15 7 0.72 0 . 9 8 8 - 1 . 8 9 3.105 
30 14 0.39 1.555 - 2 . 1 5 3.970 
^5 21 0 . 1 8 2.055 -2.48 4.833 

s=0.88 
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APPENDIX 7.4 
Relation between NaOH consumption and amount of 

Fe(lll) extracted 

RUN F pH=0.01 HV . ... =15% v/v initial 

Fe(lll) Fe(IIl) NaOH(5N) moles NaOH org extracted consumed moles Fe(lll) extd 
(g/lt) (g) (ml) 

1.312 0. 3 2 0 2.70 2.35 
1.712 0.312 2.95 2.64 
1.988 0.371 3-29 2.48 
3.840 0.334 2.83 2.36 
4.458 0.233 2.70 3.23 
5.108 0.243 2.39 2.74 

RUN D pH=0.07 HV . , , . -,=15% V//v initial 

1.535 0.380 2.54 1.86 
2.759 o.48i 2.70 1.57 
3.581 0 . 3 1 8 2.82 2.47 
4.580 0.384 2.70 1.96 
5.410 0.314 2.59 2 . 30 
6 . 0 2 5 0 . 2 2 7 2. 40 2.95 

RUN 0 pH=0.14 HV . ... =15%v/v initial 

2.147 0 . 4 5 4 3.54 2.17 
4 . 2 5 0 0 . 8 2 2 6.27 2. 13 
6.240 0 . 7 6 5 6.16 2.23 
7 . 9 7 0 0 . 6 5 2 5.50 2.35 
9 . 5 3 0 0 . 5 7 6 4.80 2.32 
10.840 0.471 4.43 2.62 
11.920 0 . 3 7 6 3.76 2.79 
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RUN SI pH=0.l4 HV . ... ,= initial 15% v / v 30°C 

Fe(lll) Fe(IIl) NaOH(5N) moles NaOH org extracted consumed moles Fe(III) extd. 
(g/lt) (g) (ml) 

moles Fe(III) extd. 

1.693 0.346 2.92 2.35 
3.611 0.750 6.30 2.34 
5.378 0.680 5.85 2.40 
7.068 0.639 5.06 2.21 
8.476 0.520 5.10 2 . 7 3 
9.799 0.470 4.42 2.62 

10.870 0.376 3.88 2.88 
RUN N pH=0.28 HV . ... ,= mitral 15% v/v 30°C 

3.9^1 0.778 6.50 2.33 
5.904 0.761 6.53 2.39 
7.714 0.690 5.92 2.39 
9.260 0.576 5.50 2 . 6 6 

10.570 0.476 4.80 2 . 8 1 
11.610 0.365 4.05 3 . 0 9 
12.708 O . 3 8 I 3.74 2.74 
RUN C pH=O.4O HV . ... 1 initial =15% v / v 30°C 

4.485 0 . 9 2 7 7.6 2.28 
6 . 8 3 0 0 . 9 1 9 7.35 2.23 
8.970 0 . 8 2 9 6.86 2 . 3 1 

11.050 0 . 7 9 7 6.10 2 . 1 3 
1 2 . 3 0 0 0.465 5.14 3 . 0 8 

RUN HV2 pH=0.39 HV . ... _ initial =30% v/v 30°C 

3.275 0.753 6.19 2..29 
6.825 1.368 11.76 2. 40 

10.350 1.323 11.60 2.44 
1 4 . 1 5 0 1.392 11.44 2. 29 
1 7 . 8 0 0 1 . 2 9 8 11.72 2.52 
2 1 . 2 0 6 1.171 11.09 2.64 
2 3 . 6 5 0 0 . 7 6 8 10.92 3 . 8 6 

contd. 
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RUN HV3 pH=0.39 HV. ... ,=45% initial 
V / / V 30°C 

Fe(IIl) Fe(IIl) Na0H(5N) moles NaOH org 
(rr /It/ extracted ( g ) c^nsi^ned moles Fe(lll)extd. 
3.188 0.710 6.51 1 2 . 5 6 
6.854 1.413 12.52 2.47 

10.550 1.388 12.40 2.49 
1 4 . 3 1 0 1.376 12.55 2 . 5 6 
18.120 1.357 12.68 2.60 
21.980 1.337 12.45 2.60 
25.890 1.317 12.95 2.74 

RUN S5 pH=0.51 HV. ... =15% initial 
v/v 30°C 

1.655 0.482 4.70 2.72 
2.992 0 . 5 0 0 5-98 2.94 
5.562 0 . 9 4 2 9.28 2.75 
8.095 0 . 8 8 7 8 . 8 9 2.79 
10.506 0 . 8 0 3 8.46 2.9^ 
12.541 0 . 6 3 2 7.66 3.38 
14.046 0.417 6.37 4.26 

RUN S2 pH=0.6l HV. ... =15% initial 
V/v 30°C 

3.339 0.888 8.99 2.82 
5.608 0 . 8 8 3 8 . 6 3 2.72 
7.827 0 . 8 5 0 8.60 2.82 
9.869 0 . 7 6 8 8 . 3 0 3.01 

11.989 0 . 7 8 6 7.90 2.80 
13.730 0 . 6 2 9 7.27 3.22 
14.910 o.4o6 6.32 4.34 

contd. 
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RUN M pH=0.60 HV . ... , = initial 15°/o
 v/v 30°C 

Fe(IIl) Fe(lll) NaOH(5N) moles NaOH org extracted consumed moles Fe(lll) extd. 
(g/lt) (g) (ml) 

4.296 0.864 7.74 2.50 
6.520 0.863 7.65 2.47 
8.570 0.781 7.20 2.57 
10.510 0.727 7.10 2.72 
12.085 0.574 6.75 3.28 
14.065 0.720 6.20 2.40 
14.971 0.301 5.11 4.74 

RUN K pH=0.67 HV . ... ,= initial 15°/O
 v/v 30°c 

4.437 0.863 7.73 2.50 
6.715 0.893 7.66 2.39 
9.105 0.928 7.59 2.28 
11.314 0.847 7.55 2.48 
13.361 0.776 7.03 2. 52 
14.925 0.579 6.17 2.97 

RUN S3 pH=0.74 HV . ... _= initial 15% v/v 30°C 

3.257 0.931 9.43 2.82 
5.646 0.931 9.42 2.82 
8.012 0.908 9.08 2.79 

10.378 0.893 8.91 2.78 
12.509 0.789 8.29 2.93 
13.976 0.522 7.94 4.24 
15.259 0.413 6.11 4.13 

contd. 
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RUN S4 pH=0.89 HV. ... = 15% v/v 30°C pH=0.89 initial 15% v/v 30°C 

Fe(III) Fe(lll) NaOH(5N) moles NaOH org extracted consumed moles Fe(lll) extd. 
(g/lt) (g) (ml) 

3.085 0.887 10.90 3.43 
5.319 O . 8 7 O 9.50 3.04 
7.595 0.873 9.96 3-19 
9.689 O . 7 8 9 10.01 3-57 

12.090 0.895 9-34 2.91 
13.905 0.657 9.15 3.88 
15.190 o.4i4 8.84 5.96 

RUN L pH=o.88 HV. ... _: initial =15%
 V/v 30°C 

4.244 0 . 9 0 3 8.88 2.74 
6.478 0 . 8 6 7 8.26 2.66 
8.489 0 . 7 6 6 8.29 3.02 

10.723 0.841 8.16 2 . 7 0 
1 2 . 8 2 9 0 . 7 7 8 7.90 2 . 8 3 
14.422 0.570 7.65 3-74 
15.649 0.421 7.26 4.8l 
16.620 0 . 3 1 8 7.50 6 . 5 8 



APPENDIX 7.5 
L-S RUN 

Effect of loading-stripping cycle on Fe(IIl) distribution 
HV . ... _=15% v/v, Fe(III) , 

concn.initial feed concn. 
=2.792g/lt in A1(N03)3 

Sample Aq. 
volume 
(ml) 

Org. 
volume 
(ml) 

Aq. 
sample 
(ml) 

Org. 
sample 
(ml) 

Fe(IIl) 
aq.concn. 

(g/lt) 

Fe(lll) org. 

(g/lt) 

NaOH concn. / add.(IN) 
(ml) 

HNO3 

add.(SN) 
(ml) 

logD pH 

1 4oo 4oo 5 5 1.270 1.522 0 - 0.078 0.06 

2 399 395 6 6 1.095 1.707 4 - 0.193 0.07 

3 399 389 6 6 0.885 1.920 6 - 0.336 0 . 1 6 

4 398 383 6 6 0.725 2.076 5 - 0.456 0.23 

5 399 377 6 6 0.579 2.220 5 - 0.583 0 .31 

6 397 371 6 6 0.472 2. 319 6 - O . 6 8 5 0.41 

7 397 365 6 6 0.313 2.491 6 - 0.901 0.53 

8 393 359 6 6 0.438 2.354 - 2 0.731 0.48 

9 387 353 6 6 0.556 2.223 - 2 0.602 0.39 

1 0 384 347 6 6 0.713 2.038 - 3 0.456 0 . 3 1 

11 382 341 6 6 1.178 1.506 - 4 0.106 0 . 2 3 

12 3 8 6 335 final final 1.684 0.891 - 4 -0.276 O . 1 3 
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APPENDIX 10-1 

A. PROGRAM "KSTAT" 

The program was run using MNF5 compiler as: 

/ GET, KSTAT 

/ GET, TAPE3=DATAFILE 

/ MNF5(I=KSTAT,T,B,K) 

/ CALL NAG7F 

/ x,LIBRARY,NAG7F 

/ LGO(DATAFILE) 

B. PROGRAM "KPREDG" 

The program was run using MNF5 compiler as: 

/ GET,KPREDG 

/ GET,TAPE5=DATAFILE 

/ MNF5(I=KPREDG,T,K,B) 

/ - MICLOOK 

/ - QLSAVE 
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A. PROGRAM "KSTAT" 

00100C * * * * * * PROGRAM KSTAT * * * * * * 
00101C PROGRAM KSTAT PERFORMS THE CALCULATION OF EQUILIBRIUM 
00102C CONSTANT OF EXTRACTION REACTION FOR VARIABLE POLYMERIZATION 
00103C ( I X ) , A S S O C I A T I O N S ) AND SOVATION ( M I - 1 ) NUMBERS. 
00104C FEED DATA FOR THE PROGRAM: 
00105C I N I T I A L HV CONCENTRATION 
00106C IRON CONCN I N AQ. AND ORG. PHASE I N ( G / L ) 
00107C PH OF THE AQ. PHASE 
00108C UPPER AND LOWER L I M I T S OF N I , I X , M I 
0 0 1 0 9 C G02CCF ROUTINE OF THE NAG LIBRARY I S CALLED WITHIN 
0 0 1 I O C THE PROGRAM TO PROVIDE THE STATISTICAL DEGREE OF LOGK 
00111C CONSTANCY OVER THE PH RANGE STUDIED. 
00112C SYMBOLS USED : 
00113C FA,FO=FEAQ,FEORG CONCNS. I N G / L 
00114C FAM,FOM=FEAQ,FEORG CONCNS. I N [M 
00115C P=PH OF THE AQ. PHASE 
00116C A=CALCTD AMOUNT OF FREE HV FOR EACH COMPLEX CONSIDERED. 
00117C WHEN A TAKES A NEGATIVE VALUE THE PROGRAM JUMPS TO THE 
00118C NEXT COMPLEX I N THE DO LOOP. 
00119C Y , R =LOGK ARRAYS 
0 0 1 3 2 PROGRAM KSTAT( INPUT,OUTPUT,TAPE3,TAPE7) 
00134 DIMENSION P ( 1 0 0 ) , F O ( 1 0 0 ) , F A ( 1 0 0 ) , Y ( 1 0 0 ) , R E S U L T ( 2 1 ) , F O M ( 1 0 0 ) , 
0 0 1 3 6 + F A M ( 1 0 0 ) , T F ( 1 0 0 ) , A ( 1 0 0 ) , R ( 1 0 0 ) 
00137C **READ DATA FROM A F I L E AND TRANSFORM G/LT TO [M * * 
0 0 1 3 8 READ(3, * ) N 
0 0 1 5 6 DO 15 1 = 1 , N 
0 0 1 5 8 R E A D ( 3 , * ) P ( I ) , F O ( I ) , F A ( I ) 
0 0 1 6 0 15 CONTINUE 
0 0 1 7 0 DO 10 1 = 1 , N 
0 0 1 8 0 T F ( I ) = F O ( I ) + F A ( I ) 
0 0 1 9 0 F O M ( I ) = F O ( I ) / 5 5 . 8 5 
0 0 2 0 0 F A M ( I ) = F A ( I ) / 5 5 . 8 5 
0 0 2 1 0 10 CONTINUE 
00212C * * * *STAGEWISE CALCULATION OF LOGK FOR ALL POSSIBLE 
00214C COMBINATIONS OF I X , N I AND M I * * * * 
0 0 2 2 0 DO 120 I X = 3 , 3 
0 0 2 3 0 DO 130 N I = 1 , 1 
0 0 2 4 0 DO 140 M I = 1 , 1 
0 0 2 4 2 B= IX 
0 0 2 4 4 C=NI 
0 0 2 4 6 D=MI 
0 0 2 5 0 W R I T E ( 7 , 3 0 0 ) B , C , ( D - 1 ) 
0 0 2 5 2 300 FORMAT(7X,"COMPLEX EXTRACTED",4X,"X=L F , F 4 . 2 , 4 X , " N = M , 
0 0 2 5 4 + F 4 . 2 , 4 X , " S = " , F 4 . 2 ) 
0 0 2 5 6 W R I T E ( 7 , 3 0 1 ) 
0 0 2 5 8 301 F O R M A T ( / / / , I X , " L O G K ( M ) M , 4 X , " P H " , 4 X , " F E O R G ( G / L T ) M , 3 X , 
0 0 2 5 9 + " F E A Q ( G / L T ) " , 4 X , " F E T O T ( G / L T ) U , / ) 
0 0 2 6 0 DO 150 1 = 1 , N 
0 0 3 0 0 A ( I ) = 0 . 3 9 9 - ( C + ( D - 1 . ) ) / 2 . * F O M ( I ) 
0 0 3 1 0 I F ( A ( I ) . L E . O . ) G O TO 100 
0 0 3 2 0 R L = A L 0 G 1 0 ( F O M ( I ) / F A M ( I ) ) 
0 0 3 2 1 R L 1 = R 1 - ( B - 1 . ) / B * A L O G 1 0 ( F O M ( I ) ) 
0 0 3 2 2 R L 1 1 = R 1 1 - 1 . / B * A L O G 1 0 ( B ) 
0 0 3 3 0 R ( I ) = R 1 1 1 - C * P ( I ) - ( C + ( D - 1 . ) ) / 2 . * A L O G 1 0 ( 0 . 3 9 9 - ( C + ( D - L . ) ) / 2 . * F O M ( 
0 0 3 4 0 W R I T E ( 7 , 2 0 0 ) R ( I ) , P ( I ) , F O ( I ) , F A ( I ) , T F ( I ) 
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00350 200 FORMAT(F8.5,3X,F4.2,3X,F6.3,8X,F6.3,9X,F7.3) 
00360 Y(I)=R(I) 
00370 GO TO 150 
00380 100 WRITE(7,201)P(I),F0(I),FA(I),TF(I) 
00390 201 FORMAT(17X,F4.2,2X,F6.3,2X,F6.3,2X,F7.3) 
00400 150 CONTINUE 
00410 DO 5 1=1,N 
00420 IF(A(I).LE.O.) GO TO 140 
00430 5 CONTINUE 
00440 PM=1000 
00450 YM=2000 
00460 IFAIL=1 
00461 **REGRESSION ANALYSIS BY G02CCF OF THE NAG LIBRARY** 
00462 WRITE(7,1200) 
00464 1200 F0RMAT(//,5X,"REGRESSION ANALYSIS OF LOGK VERSUS PH") 
00470 CALL G02CCF(N,P,Y,PM,YM,RESULT,IFAIL) 
00480 IF(IFAIL)20,40,20 
00490 20 W R I T E(7,99995 ) I F A I L 
00500 GO TO 120 
00510 40 WRITE(7,99994) (RESULT(K),K=1,5) 
00520 WRITE(7,99993)RESULT(6),RESULT(8),RESULT(10) 
00530 WRITE(7,99992)RESULT(7),RESULT(9),RESULT(11) 
00540 WRITE(7,99991)(RESULT(K),K=12,20) 
00550 WRITE(7,99990) RESULT(21) 
00560 99995 FORMAT (22HOROUTINE FAILS, IFAIL=, 12/) 
00570 99994 FORMAT(/,46H0MEAN OF INDEPENDENT VARIABLE = , 
00580+ F8.4/46H MEAN OF DEPENDENT VARIABLE = , 
00590+ F8.4/46H STANDARD DEVIATION OF INDEPENDENT VARIABLE = , 
00600+ F8.4/46H STANDARD DEVIATION OF DEPENDENT VARIABLE = , 
00610+ F8.4/46H CORRELATION COEFFICIENT = , F8.4) 
00620 99993 FORMAT (46H0REGRESSI0N COEFFICIENT = , 
00630+ F8.4/46H STANDARD ERROR OF COEFFICIENT = , 
00640+ F8.4/46H T-VALUE FOR COEFFICIENT = , F8.4) 
00650 99992 FORMAT (46H0REGRESSI0N CONSTANT = , 
00660+ F8.4/46H STANDARD ERROR OF CONSTANT = , 
00670+ F8.4/46H T-VALUE FOR CONSTANT = , F8.4) 
00680 99991 FORMAT (32H0ANALYSIS OF REGRESSION TABLE :-//13H SOURCE, 
00690+ 55H SUM OF SQUARES D.F. MEAN SQUARE F-VALUE// 
00700+ 18H DUE TO REGRESSION, F14.4, F8.0, 2F14.4/14H ABOUT REGRES, 
00710+ 4HSION, F14.4, F8.0, F14.4/18H TOTAL , F14.4, 
00720+ F8.0) 
00730 99990 FORMAT (24HONUMBER OF CASES USED = , F3.0) 
00740 140 CONTINUE 
00750 130 CONTINUE 
00760 120 CONTINUE 
00770 STOP 
00780 END 
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B . PROGRAM " K P R E D G " 

00100C * * * * * * PROGRAM KPREDG * * * * * * 
00101C PROGRAM KPREDG PERFORMS THE CALCULATION OF IRON I N THE 
00102C ORGANIC PHASE FOR DATA THAT CAN BE DESCRIBED BY AN AVERA-
00103C -GE LOGK AS FOUND WITH PROGRAM KSTAT. THE FEED DATA 
00104C REQUIRED BY THE PROGRAM ARE: 
00105C AVERAGE LOGK DEFINED AS THK 
00106C I N I T I A L HV CONCENTRATION 
00107C IRON CONCN. AND PH OF THE AQ. PHASE 
00108C COMPLEX CONSIDERED EXPRESSED I N B , C , ( D - 1 ) VALUES 
00109C THE PROGRAM EMPLOYS AN ITERATION PROCEDURE PROVIDING 
0 0 1 I O C A F IRST GUESS FOR IRON CONCN . A GRAPH OF CALCTD AND 
00111C EXP IRON CONCN I S DRAWN BY ROUTINE GRAPH. 
00112C SYMBOLS USED I N THE PROGRAM: 
00113C FA,FO =FEAQ,FEORG RESPECTIVELY I N G / L 
00114C FAM,FOM=FEAQ-EXP,FEORG-EXP RESPECTIVELY I N [M 
00115C CFO,CFOM=FEAQ-CALCTD,FEAQ-CALCTD I N G / L AND[M RESPECTIVELY 
00116C X , Y ARRAYS=FO,CFO ARRAYS RESP. 
00117C B ,C , (D-L )=POLYMERIZATION,ASSOCIATION AND SOLVATION NUMBERS 
00118C OF THE COMPLEX CONSIDERED 
00119C NUM=NUMBER OF CURVES TO BE DRAWN ON EACH GRAPH 
00120C N=NUMBER OF DATA POINTS AND NUMBER OF POINTS ON EACH CURVE 
0 0 1 3 0 PROGRAM KPREDG(INPUT,OUTPUT,TAPE5,TAPE6,TAPE62) 
0 0 1 3 1 DIMENSION F A ( 1 0 0 ) , F A M ( 1 0 0 ) , F O ( 1 0 0 ) , F O M ( 1 0 0 ) , C F O ( 1 0 0 ) , C F O M ( 1 0 0 ) 
0 0 1 3 2 DIMENSION Y ( 1 0 0 ) , X ( 1 0 0 ) , N U M ( 1 0 ) , C K ( 1 0 0 ) , R A T I O ( 1 0 0 ) , P ( 1 0 0 ) 
00133 R E A D ( 5 , * ) T H K , B , C , D 
00134 READ( 5 , * ) N 
0 0 1 3 5 DO 10 1 = 1 , N 
0 0 1 5 0 R E A D ( 5 , * ) P ( I ) , F O ( I ) , F A ( I ) 
0 0 1 6 0 10 CONTINUE 
00162C ***CONVERGENCE SECTION OF CK TO THK * * * 
00164C THE DENOMINATORS I N EACH OF I F STATEMENTS ARE EMPIRICALLY 
00166C DETERMINED, THEREFORE CARE SHOULD BE TAKEN ON GENERALIZATION 
0 0 1 7 0 DO 15 1 = 1 , N 
0 0 1 8 0 F A M ( I ) = F A ( I ) / 5 5 . 8 5 
0 0 1 9 0 C F O M ( I ) = 0 . 0 0 0 1 
0 0 1 9 2 100 CONTINUE 
00200 cki=alogio(cfom(i ) / fam(i ) ) 
0 0 2 1 2 C K 2 = ( B - 1 . ) / B * A L O G 1 0 ( C F O M ( I ) ) 
00214 C K 3 = 1 . / B * ( A L O G 1 0 ( B ) ) 
0 0 2 1 6 C K 4 = C * P ( I ) 
00217 C K 5 = ( ( C + D - L . ) / 2 . ) * ( A L O G 1 0 ( 0 . 3 9 9 - ( ( C + D - L . ) / 2 . ) * C F O M ( I ) ) ) 
00219 CK( I )=CK1-CK2-CK3-CK4-CK5 
0 0 2 2 0 I F ( A B S ( T H K - C K ( I ) ) . L T . 0 . 0 1 ) GO TO 101 
0 0 2 3 0 I F ( A B S ( T H K - C K ( I ) ) . G T . 0 . 4 ) GO TO 50 
0 0 2 4 0 I F ( A B S ( T H K - C K ( I ) ) . G T . 0 . 2 5 . A N D . A B S ( T H K - C K ( I ) ) . L T . 0 . 4 ) GO TO 51 
0 0 2 5 0 I F ( A B S ( T H K - C K ( I ) ) . G T . 0 . 1 .AND. A B S ( T H K - C K ( I ) ) . L T . O . 2 5 ) GO TO 53 
0 0 2 6 0 I F ( A B S ( T H K - C K ( I ) ) . L T . 0 . 1 ) GO TO 52 
0 0 2 7 0 50 C F O M ( I ) = C F 0 M ( I ) + A B S ( T H K - C K ( I ) ) / 3 0 0 . 
0 0 2 8 0 GO TO 100 
0 0 2 9 0 51 C F O M ( I ) = C F O M ( I ) + A B S ( T H K - C K ( I ) ) / 1 0 0 
0 0 3 0 0 GO TO 100 
00310 53 C F O M ( I ) = C F O M ( I ) + A B S ( T H K - C K ( I ) ) / 1 0 0 . 
0 0 3 2 0 GO TO 100 
0 0 3 3 0 52 C F O M ( I ) = C F O M ( I ) + A B S ( T H K - C K ( I ) ) / 1 0 0 . 
0 0 3 4 0 GO TO 100 
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0 0 3 5 0 101 C F 0 ( L ) = C F 0 M ( I ) * 5 5 . 8 5 
0 0 3 5 2 R A T I O ( L ) = ( C F O ( I ) / F O ( I ) ) * 1 0 0 
0 0 3 6 0 15 CONTINUE 
00362C ***OUTPUT FORMAT I S SET * * * 
0 0 3 6 3 WRITE(*6 ,505) 
0 0 3 6 5 505 FORMAT(19X,MCORRELATION BETWEEN OBSERVED", / , 
0 0 3 6 7 + 1 9 X , " A N D PREDICTED FEOORG I N G / L T " , / , 
0 0 3 6 8 + 1 9 X , " U S I N G THE STATISTICALLY D E R I V E D " , / , 
0 0 3 6 9 + 1 9 X , " L O G K " , / / ) 
0 0 3 7 0 W R I T E ( 6 , 2 0 0 ) B , C , ( D - 1 ) 
0 0 3 8 0 200 FORMAT( / / ,15X,"COMPLEX E X T R A C T E D " , 3 X , " X = " , F 4 . 2 , 3 X , " N = " , F 4 . 2 , 
0 0 3 8 2 + 3 X , " S = " , F 4 . 2 , / ) 
0 0 3 9 0 W R I T E ( 6 , 2 0 5 ) THK 
0 0 4 0 0 205 FORMAT(49X,"TH-LOGK[M = " , F 8 . 4 , / ) 
0 0 4 1 0 W R I T E ( 6 , 2 1 0 ) 
0 0 4 2 0 210 F O R M A T ( 1 I X , " P H " , 8 X , " F E A Q " , 5 X , " F E O R G ( E ) " , 3 X , " F E O R G ( P R D ) " , 3 X , 
0 0 4 2 2 + " R A T I O " , 2 X , " C A L - L O G K [ M " ) 
00424 W R I T E ( 6 , 5 0 7 ) 
00426 507 F 0 R M A T ( 2 0 X , " ( G / L T ) " , 4 X , " ( G / L T ) " , 7 X , " ( G / L T ) " , 5 X , " ( E / P R D ) " , / ) 
0 0 4 4 0 DO 20 1 = 1 , N 
0 0 4 5 0 W R I T E ( 6 , 2 2 0 ) P ( I ) , F A ( I ) , F O ( I ) , C F O ( I ) , R A T I O ( I ) , C K ( I ) 
0 0 4 6 0 220 F O R M A T ( 9 X , F 4 . 2 , 6 X , F 5 . 3 , 6 X , F 6 . 3 , 6 X , F 6 . 3 , 5 X , F 6 . 1 , 5 X , F 6 . 3 ) 
0 0 4 7 0 20 CONTINUE 
00472C * * * X AND Y ARRAYS ARE SET FOR ROUTINE GRAPH*** 
0 0 4 8 0 DO 310 1 = 1 , N 
0 0 4 9 0 Y ( I ) = C F O ( I ) 
0 0 5 0 0 310 CONTINUE 
0 0 5 1 0 DO 320 L = 1 , N 
0 0 5 2 0 I = N + L 
0 0 5 3 0 Y ( I ) = 0 . 8 * F O ( L ) 
0 0 5 4 0 I = 2 * N + L 
0 0 5 5 0 Y ( I ) = 0 . 9 * F 0 ( L ) 
0 0 5 6 0 I = 3 * N + L 
0 0 5 7 0 Y ( I ) = 1 . L * F O ( L ) 
0 0 5 8 0 I = 4 * N + L 
0 0 5 9 0 Y ( I ) = 1 . 2 * F O ( L ) 
0 0 6 0 0 320 CONTINUE 
0 0 6 1 0 DO 330 L = 1 , N 
0 0 6 2 0 X ( L ) = F O ( L ) 
0 0 6 3 0 I=N+L 
0 0 6 4 0 X ( I ) = F O ( L ) 
0 0 6 5 0 I = 2 * N + L 
0 0 6 6 0 X ( I ) = F O ( L ) 
0 0 6 7 0 I = 3 * N + L 
0 0 6 8 0 X ( I ) = F O ( L ) 
0 0 6 9 0 I = 4 * N + L 
0 0 7 0 0 X ( I ) = F O ( L ) 
0 0 7 1 0 330 CONTINUE 
0 0 7 2 0 NUM(1)=N 
0 0 7 3 0 NUM(2)=N 
0 0 7 4 0 NUM(3)=N 
0 0 7 5 0 NUM(4)=N 
00760 NUM(5)=N 
00770 CALL START(2) 
0 0 7 8 0 CALL G R A P H ( X , Y , N U M , 5 , 1 , 1 4 H F E O R G - E X P ( G / L ) , 1 4 , 1 4 H F E 0 R G - C A L ( G / L ) , 1 4 ) 
0 0 7 9 0 CALL ENPLOT 
0 0 8 0 0 STOP 
00810 END 
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APPENDIX .9.2 

Details of the subroutine G02CCF for correlation and 
regression analysis 

G02CCF of the NAG library fits a straight line of 
the form: 

y=a+bx , 

to the data points: 

( X 1 , Y 1 ) , ( X 2 , Y 2 ) , , (xN,y ), such that, 

y.=a+bx.+e. J I 1 1 

It calculates the regression coefficient b, the 
regression constant a and various other statistical 

2 
quantities given below, by minimising the sum of e^ . 

The quantities calculated are: 
(a) mean values. 

N N 

X . 
X = I T T 1 y = * 

N 
i= 1 

Y I 

N 

(b) standard deviations. 

"FT 

y ~ ( * . - X ) 
i= 1 s = 

y N- 1 x N-l 

(c) Pearson product-moment correlation coefficient 
N 

r = iU ( * I - * H Y I - Y ) 

N 

ill < X I - * > 2 {=i ( Y ± - 9 ) 2 
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(d) Regression coefficient and regression constant. 

N 

(x -x)(y.-y) 
b = i=1 

N 

i = l 

* _ 
a = y-bx 

(e) The sum of squares attributable to the regression (SSR), 
the sum of squares of deviations about the regression (SSD), 
and the total sum of squares (SST). 

N 

SST = ( yi"X ) 

i= 1 

N 
\ (y.-a-bx.) 

SSD = / 
i= 1 

SSR = SST-SSD 

(f) The degrees of freedom attributable to the regression 
(DFR), the degrees of freedoms of deviations about the 
regression (DFD), and the total degrees of freedom (DFT). 

DFT = N-l 
DFD = N-2 
DFR = 1 



246 

(g) The mean square attributable to the regression (MSR) 
and the mean square of deviations about the regression 
(MSD). 

MSR = S S R 

DFR 

SSD MSD = 
DFD 

(k) The F-value for the analysis of variance. 

F = M S R 

MSD 

(i) The standard error of the regression coefficient, 
se(b), and the standard error of the regression constant 
se(a). 

se(a) = 
MSD N + N 

i= 1 

- 2 x 

( — \ 2 

(j) The t-value for the regression coefficient t(b) and 
the t-value for the regression constant t(a). 

t(b) = t ( a) = 
se ( b ) se ( a) 
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APPENDIX 10-1 

T A B L E 9 . 3 . 2 - 3 

CORRELATION BETWEEN OBSERVED 
AND PREDICTED FEORG IN G/LT 
USING THE STATISTICALLY DERIVED 

LOGK 

COMPLEX EXTRACTED X=2.00 N=2.00 S=1.75 

TH-LOGK[M]= 1.4710 

PH FEAQ FEORG(E) FEORG(PRD) RATIO CAL--LOGK[: 
(G/LT) (G/LT) (G/LT) (E/PRD) 

52 .089 .416 .723 173.8 1.463 
01 .926 .417 .716 171.8 1.463 
08 .748 .577 .849 147.2 1.462 
14 .516 .814 .731 89.8 1.462 
61 .078 1.093 1.112 101.8 1.462 
01 1.312 1.224 1.208 98.7 1.462 
07 1.108 1.535 1.401 91.3 1.462 
51 .177 1.655 1.786 107.9 1.462 
14 .893 1.693 1.606 94.9 1.461 
28 .426 1.966 1.422 72.3 1.462 
01 1.712 2.020 1.712 84.8 1.461 
60 .129 2.102 2.000 95.2 1.461 
40 .377 2.145 2.358 109.9 1.461 
68 .089 2.257 1.994 88.4 1.461 
01 1.988 2.972 2.041 68.7 1.461 
51 .262 2.992 2.718 90.9 1.462 
61 .173 3.339 2.838 85.0 1.462 
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TABLE 9.3.2-9 

CORRELATION BETWEEN OBSERVED 
AND PREDICTED FEORG IN G/LT 
USING THE STATISTICALLY DERIVED 

LOGK 

COMPLEX EXTRACTED X=2.00 N=2.00 S=2.75 

TH-LOGK[M]= 2.1000 

PH FEAQ FEORG(E) FEORG(PRD) RATIO CAL--LOGK[M] 
(G/LT) (G/LT) (G/LT) (E/PRD) 

.07 1.563 3.581 3.500 97.7 2.090 

.14 1.385 3.611 3.866 107.1 2.091 

.01 2.216 3.840 3.633 94.6 2.090 

.28 .743 3.941 3.905 99.1 2.091 

.60 .211 4.296 4.280 99.6 2.090 

.40 .538 4.458 4.306 96.6 2.090 
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TABLE 9.3.2-9 

CORRELATION BETWEEN OBSERVED 
AND PREDICTED FEOORG IN G/LT 

USING THE STATISTICALLY DERIVED 
LOGK 

COMPLEX EXTRACTED X=2.00 N=2.00 S=1.25 

TH-LOGK[M1= 1.6200 

PH FEAQ FEORG(E) FEORG(PRD) RATIO CAL-L0GK[M] 
(G/LT) (G/LT) (G/LT) (E/PRD) 

07 1.773 4.580 4.662 101.8 1.610 
01 2.839 5.108 5.344 104.6 1.611 
15 1.870 5.378 6.124 113.9 1.611 
07 1.999 5.410 5.080 93.9 1.610 
51 .362 5.562 6.174 1 1 1 . 0 1.610 
61 .238 5.608 6.313 112.6 1.610 
28 .980 5.904 5.963 101.0 1.611 
07 2.283 6.025 5.545 92.0 1.611 
60 .266 6.520 6.531 100.2 1.610 
67 .214 6.715 6.870 102.3 1.610 
40 .694 6.830 6.657 97.5 1.611 
15 2.379 7.068 6.917 97.9 1.610 
28 1.326 7.714 6.962 90.3 1.610 
61 .349 7.827 7.538 96.3 1.610 
51 .538 8.095 7.453 92.1 1.610 
60 .419 8.570 7.942 92.7 1.610 
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TABLE 9.3.2-12 

CORRELATION BETWEEN OBSERVED 
AND PREDICTED FEORG IN G/LT 
USING THE STATISTICALLY DERIVED 

LOGK 

COMPLEX EXTRACTED X=3.00 N=1.88 S= .75 

TH-LOGK[M]= 1.5260 

PH FEAQ FEORG(E) FEORG(PRD) RATIO CAL-LOGK[: 
(G/LT) (G/LT) (G/LT) (E/PRD) 

14 2.932 8.746 8.604 98.4 1.516 
40 .968 8.970 8.692 96.9 1.516 
67 .324 9.105 9.062 99.5 1.516 
28 1.798 9.260 9.183 99.2 1.516 
15 3.667 9.799 9.893 101.0 1.516 
61 .469 9.869 9.592 97.2 1.516 
51 .893 10.506 10.528 100.2 1.516 
60 .622 10.514 10.650 101.3 1.516 
28 2.420 10.570 10.534 99.7 1.516 
15 4.468 10.877 10.747 98.8 1.516 
40 1.482 11.050 10.661 96.5 1.517 
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TABLE 9 . 3 . 2 - 1 5 

CORRELATION BETWEEN OBSERVED 
AND PREDICTED FEORG IN G/LT 
USING THE STATISTICALLY DERIVED 

LOGK 

COMPLEX EXTRACTED X=3.00 N=1.86 S= .25 

TH-LOGK[M]= 1.0980 

PH FEAQ FEORG(E) FEORG(PRD) RATIO CAL--LOGK[] 
(G/LT) (G/LT) (G/LT) (E/PRD) 

67 .520 11.314 9.936 87.8 1.088 
61 .765 11.989 10.927 91.1 1.088 
60 .989 12.085 12.449 103.0 1.088 
40 2.094 12.300 11.712 95.2 1.088 
51 1.591 12.541 13.038 104.0 1.088 
28 3.900 12.708 12.459 98.0 1.088 
67 .862 13.361 13.495 101.0 1.088 
61 1.290 13.730 14.347 104.5 1.088 
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TABLE 9.3.2-18 

CORRELATION BETWEEN OBSERVED 
AND PREDICTED FEORG IN G/LT 
USING THE STATISTICALLY DERIVED 

LOGK 

PH 

51 
,60 
,61 

,67 
,60 
,67 

COMPLEX EXTRACTED X=3.00 N=1.00 S= .75 

TH-L0GK[M]= 1.1270 

FEAQ 
(G/LT) 

2.630 
1.608 
2.214 
1.613 
2.591 
2.700 

FEORG(E) 
(G/LT) 

14.046 
14.065 
14.910 
14.925 
14.971 
15.660 

FEORG(PRD) 
(G/LT) 

14.163 
11.169 
14.730 
12.934 
15.966 
17.641 

RATIO CAL-LOGK[M] 
(E/PRD) 

100.8 
79.4 
98.8 
86.7 

106.6 
112.6 
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APPENDIX 10-1 

Table 10.3-4 
Evaluation of the sum of association (n) and 

solvation (s) numbers 
SI run 

Extraction conditions: 0.8l4M HV, pH=0.l4 
Path length: 0.l67mm; NaCl cells; Solvent: Escaid 110 

Sample df [Fe(III)] l. j org 
(M) 

HV 0.D 
(1700cm~ 

[HV] ^ L free 
1 (M) 

[HV] , \ 
(n+s),org 
(M) 

(r) * 

1 50 0.014 0.170 0.727 O . O 8 7 5.96 
2 n 0.030 0.162 0.694 0.120 3.95 
3 it 0 . 0 6 5 0.138 0.592 0.222 3.43 
4 h 0.093 0.121 0.519 0.294 3.05 
5 n 0 . 1 2 6 0.110 0.476 0.338 2.67 
6 u 0 . 1 5 2 0.098 0.427 O . 3 8 7 2.55 
7 4o 0 . 1 7 5 0 . 1 1 6 o . 4 o i 0.413 2.35 
8 40 0 . 1 9 5 0 . 1 1 6 0.399 0.415 2.13 

r= -J(n+s ) org , (M) 
[Fe(lll)] . . org,(M; 

Table 10.3-5 
Evaluation of the sum of association (n) and 

solvation (s) numbers 
S2 run 
Extraction conditions: 0.8l4M HV, pH=0.6l 
Path length: 0.167mm; NaCl cells; Solvent: Escaid 110 

S amp1e df [Fe(lllf org HV 0. D [HV] free [ H ^ + s ) o rg (n+s)org, (M) 

(M) 1700cm 1 (M) (M) [FeCTIl)] org, (M) 

1 5 0 0.015 0 . 1 7 0 0.726 0.088 5.81 
2 2 5 0.055 0.289 0.615 0.199 3.59 
3 II 0.096 0.245 0.521 0.293 3.06 
4 II 0 . 1 3 7 0.204 0.435 O . 3 8 O 2.77 
5 II 0.177 0. 174 0.373 0.441 2.44 
6 IT 0.215 0.135 0.290 0.525 2.44 
7 IT 0.246 0.113 0.243 0.571 2 . 3 2 
8 IT 0 . 2 6 7 0.099 0.214 0.600 2.24 

* 

reanalyzed 
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Table 10.3-6 
Evaluation of the sum of association (n) and 

solvation (s) numbers 
S3 run 

Extraction conditions: 0.8l4M HV; pH=0.73 
Path length: 0.167mm; NaCl cells; Solvent: Escaid 110 

Sample df [Fe ( I I ^ r g HV O.D [ H V ^ [HV]fa+g)ors [HV]fa+j0rg , (M) 

(M) 1700cm"1 (M) (M) [Fe(lll)] (M) 

1 25 0.016 0.349 0.740 0.074 4.56 
2 » 0.058 0.298 0.633 0.181 3 . H 
3 " 0.101 0.253 0.538 0.276 2.72 
4 " 0 . 1 4 3 0 . 2 0 2 0 . 4 3 0 0 . 3 8 4 2 . 6 7 
5 " 0 . 1 8 6 0 . 1 6 2 0 . 3 4 6 0 . 4 6 8 2 . 5 2 
6 " 0 . 2 2 4 0 . 1 3 4 0 . 2 8 7 0 . 5 2 7 2 . 3 5 
7 " 0.273 0 . 0 8 4 0 . 1 8 2 0 . 6 3 2 2 . 3 1 

Table 10.3-7 
Evaluation of the sum of association (n) and 

solvation (s) numbers 
S4 run 
Extraction conditions: 0.8l4M HV; pH=0.89 
Path length: 0.l67mm; NaCl cells; Solvent: Escaid 110 

Sample df [Fe(lll)]* HV 0J> IHVl [HV], , [HV], , (M) 
org c Jfree L fri+sjcrg fri+sjorg, 

(M) 1700"1 (M) (M) [ Fe (III)] (M) org, 

1 50 0 . 0 2 0 0 . 1 5 7 0 . 6 7 3 0 .141 6 . 9 3 
2 11 0.06l 0. 1 3 9 0 . 5 9 5 0 . 2 1 9 3 . 5 5 
3 ti 0. 1 0 3 0. 1 0 5 0 . 4 5 1 0 . 3 6 2 3 . 5 1 
4 it 0.143 0 . 0 9 0 0 . 3 8 8 0.462 2 . 9 7 
5 11 0. 1 8 1 0 . 0 6 8 0 . 2 9 8 0 . 5 1 5 2 . 8 1 
6 11 0 . 2 1 6 0 . 0 5 9 0 . 2 5 7 0 . 5 5 6 2 . 5 7 
7 11 0.249 0.042 0 . 1 8 8 0 . 6 2 5 2 . 5 1 
8 it 0 . 2 7 2 0 . 0 3 7 0. 1 6 5 0.648 2 . 3 8 

* 

reanalyzed 



21 5 

Table 10.3-8 
Evaluation of the sum of association (n) and 

solvation (s) numbers 

S5 run 
Extraction conditions: 0.8l4M HV, pH=0.51 
Path length: 0.l67mm; NaCl cells; Solvent: Escaid 110 

Sample df [Fe(lll)) 

(M) 
org HV 0.D [HV]^ 

1700cm"1(M) 
free ^HVV+s)org ^ ^ fri+s)org, 

(M) [FeClII )\ (M) org, 

1 
2 

7 
8 

5 
6 

3 
4 

25 0.007 0.361 O . 7 6 5 0 . 0 5 0 
" 0 . 0 3 0 O . 3 2 0 0.679 O . 1 3 6 
" 0.054 0 . 3 0 0 O . 6 3 6 O . 1 7 8 
" 0 . 1 0 0 0 . 2 5 5 0 . 5 4 2 0 . 2 7 2 
" 0 . 1 4 5 0 . 2 0 8 0.443 O . 3 7 I 
" 0 . 1 8 8 0 . 1 6 6 O . 3 5 5 0.459 
" 0.224 0.134 0 . 2 8 7 0 . 5 2 8 
" 0 . 2 5 1 0 . 1 2 4 0 . 2 6 7 0 . 5 4 7 

6.72 
4.58 
3-32 
2 . 7 3 
2 . 5 6 
2 . 4 3 
2 . 3 5 
2.17 



21 5 

APPENDIX 11-1 
Equilibrium data obtained with the CRODA 

solvent extraction bank 

1.385g/lt in 2.372M AKNO^)^ solution 
15% v/v in Escaid 110 

0.50 (23°C) 

1.50/1.20, (mls/min) 

Fe(IIl) 
org. 

(g/lt) 

Fe(IIl) aq. 
(g/lt) 

pH eq. 

Stage 
1 0.216 0.413 0.15 
2 0.249 0 . 4 2 7 0. 1 6 
3 0.409 0.464 0.18 
4 0.654 0.539 0.24 
5 1.603 0.659 0.32 

A. Fe(lll) aq .feed' 
HV 

pH 
org.feed 

aq.feed 
A/0 

B. Fe(lll) _ ,=0.743g/lt in 2.372M Al(N0o)„ solution aq.feed 3 3 
HV _ . = 15% v/v in Escaid 110 org.feed 
pH , = 0.47 (27°C) 
^ aq.feed 

A/0 = 1.24/0.87, (mls/min) 

Fe(lll) Fe(III) pH org. aq. eq. 
(g/lt) (g/lt) 

Stage 
1 0.034 0.137 0.33 
2 0 . 0 8 7 0 . 1 6 4 O . 3 5 
3 0 . 2 0 7 0 . 2 2 0 O . 3 6 
4 0 . 3 0 2 0 . 2 6 0 O . 3 6 
5 0 . 8 6 0 0 . 3 9 3 0 . 4 1 
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APPENDIX 10-1 

COMPUTER PROGRAM "MIXSETl" 

The program was run using TSF subsystem 

SAMPLE OUTPUT OF THE COMPUTER PROGRAM "MIXSETl" 

MODIFICATIONS OF THE PROGRAM "MIXSETl" IN ORDER 
TO PERFORM THE STAGEWISE CALCULATIONS OF THE 
COUNTERCURRENT CASCADE WITH A SET OPERATIONAL 
pH AT THE STAGE OF AQUEOUS FEED ENTRY, (N). 



2 3 8 

A. PROGRAM "MIXSETl" 

00100C ***** PROGRAM MIXSETl ****** 
00102 PROGRAM MIXSETl(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=0UTPUT) 
001IOC YIN(1)=CONCN. OF METAL IN THE ORG. FEED 
00120C F=AQ.PHASE FLOW 
00130C G=ORG. PHASE FLOW 
00140C N=NUMBER OF STAGES 
00150C PHF=PH OF THE AQ. FEED 
00160C XF=CONCN. OF METAL IN THE AQ. FEED 
00170C PHIN(I),PHOUT(I)=PH OF THE AQ. STREAM ENTERING OR LEAVING 
00180C STAGE I RESPECTIVELY 
00190C THK(I)=LOG VALUE OF EQ. CONSTANT OF EXTRACTION REACTION 
00200C AT DIFFERENT LEVELS OF IRON CONCN. 
00210 DIMENSION PHIN(IO),PHOUT(10),YIN(10),YOUT(10),B,C,D,THK 
00215 DIMENSION XOUT(IO),XIN(10),X1(10),X2(10),ANSW(3) 
00217 DATA ANSY/1HY/,ANSN/1HN/ 
00230 READ(5,*)YIN(1),XF,PHF,F,G,N 
00240 READ(5,*)THK,B,C,D 
00250C ::INITIAL GUESS FOR CONCN. OF METAL IN THE RAFFINATE:: 
00252 YN=0. 
00254 YOUT(N)=0. 
00260 X0UT(1)=0.0592+0.403*XF+0.119*(XF**2) 
00270 GO TO 6 
00280C ::CONVERGENCE SECTION:: 
00290 4 XOUT(1)=X0UT(1)*0.8 
00300 GO TO 6 
00310 5 IF(ABS(YN-YOUT(N)).LT.O.05) GO TO 50 
00320 IF(ABS(YN-YOUT(N)).LT.1.)G0 TO 51 
00330 IF(ABS(YN-YOUT(N)).LT.40.)GO TO 50 
00340 50 XOUT(1)=XOUT(1)+(YN-YOUT(N))/50. 
00350 GO TO 6 
00360 51 X0UT(1)=X0UT(1)+(YN-Y0UT(N))/50. 
00370C **MAIN PROGRAM ** 
00380 6 YN=YIN(1)+XF*F/G-X0UT(1)*F/G 
00390C USE OF AN EMPIRICAL RELATIONSHIP BASED ON THE PH CHANGE OBSERVED 
00400C WITH EXTRACTION OF CERTAIN AMOUNT OF IRON 
00410 PHOUT(1)=PHF-AL0G10(0.0395+2.38*(XF-XOUT(1))) 
00420C :: STAGEWISE CALCULATIONS:: 
00430 1=1 
00440 7 Xl(I)=XOUT(I) 
00450 X2(I)=PHOUT(I) 
00452 IF(X1(I).LT.0.0)CALL PMDSTOP 
00460 IF(I.EQ.N) GO TO 1050 
00510 CALL SUBPRED(I,X1(I),YOUT(I),X2(I),B,C,D,THK) 
00520 GO TO 500 
00570 1050 CONTINUE 
00580 WRITE(6,1002)XOUT(1),YOUT(N-l),YN 
00590 1002 FORMAT(3X,"XOUT(1)=",F6.3,3X,"Y0UT(N-1)=",F6.3,3X,"YN=I1,F6.3) 
00700C READ(5,90)(ANSW(IJ),IJ=1,3) 
00702C 90 FORMAT(3Al) 
007 IOC IF(ANSW(1).EQ.ANSY) GO TO 1000 
00703 IF(YN.LE.3.4.AND.YN.GE.0.)THEN 
00704 THK1=1.471 
00705 Bl=2 
00706 Cl=2 
00707 Dl=2.750 
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00710 ELSE IF(YN.LE.4.5.AND.YN.GE.3.4)THEN 
00711 THK1=2.10 
00712 BL=2 
00713 CL=2. 
00714 DL=3.75 
00716 ELSE IF(YN.LE.8.6.AND.YN.GE.4.5)THEN 
00717 THK1=1.769 
00738 BL=3. 
00719 CL=2. 
00720 DL=2.25 
00722 ELSE IF(YN.LE.11.1.AND.YN.GE.8.6)THEN 
00723 THK1=1.526 
00724 BL=3. 
00725 CL=L.88 
00726 DL=L.75 
00728 ELSE IF(YN.LE.13.7.AND.YN.GE.11.1)THEN 
00729 THK1=1.098 
00730 BL=3. 
00731 CL=L.86 
00732 DL=L.25 
00734 ELSE IF(YN.LE.15.7.AND.YN.GE.13.7)THEN 
00735 THK1=1.127 
00736 BL=3. 
00737 CL=L. 
00738 DL=L.75 
00739 ENDIF 
00740 CALL SUBPRED(I,X1(I),YOUT(I),X2(I),BL,C1,D1,THK1) 
00742 GO TO 8 
00744 500 XIN(I)=XOUT(I)+G/F*(YOUT(I)-YIN(I)) 
00746 PHIN(I)= PHOUT(I)+ALOG10(1.13+0.715*(XIN(I)-XOUT(I))) 
00748 XOUT(I+L)=XIN(I) 
00752C PHIN(I)=PHF-ALOG10(0.0395+2.38*(XF-XOUT(I+L))) 
00760 PHOUT(I+L)=PHIN(I) 
00770 YIN(1+1)=YOUT(I) 
00780 IF(I.EQ.N) GO TO 8 
00790 IF(YOUT(I).GT.YN) GO TO 4 
00800 1=1+1 

00810 GO TO 7 
00820 8 WRITE(6,9)YN,YOUT(N),XOUT(1) 
00830 9 FORMAT(/,20X,"YN=",F8.4,3X, L!Y0UT(N)=",F8.4,3X,MXOUT(1)=",F8.4) 
00840 IF(ABS(YN-YOUT(N))-0.01)10,10,5 
00850C ::PRINTOUT IN DO LOOP STAGEWISE RESULTS::: 
00860 10 WRITE(6,11) 
00870 11 FORMAT(///,20X,"YIN YOUT XIN XOUT PHIN PHOUT") 
00880 DO 13 1=1,N 
00890 WRITE(6,12)1,YIN(I),YOUT(I),XIN(I),XOUT(I),PHIN(I),PHOUT(I) 
00900 12FORMAT(/,3X,"STAGE",12,4X,6F10.4) 
00910 13 CONTINUE 
00920 WRITE(6,14)F,G 
00930 14 FORMAT(/,"NOTE THAT:",/,1IX,"1)ALL INPUT CONCNS.ARE IN GRAMS PER 
00940+LITRE",/,12X,"2)AQ FEED WAS "F7.3"LITRES,ORG BEING "F7.3" LITRES") 
00950C ::PRINTOUT OF XFEED-XRAFFINATE 
00960 XY=XF-XOUT(1) 
00970 WRITE(6,141)XY 
00980 141 FORMAT(//,12X,"XFEED-XRAFFINATE=",F7.4) 
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00990 STOP 
01000 END 
01010C *****SUBROUTINE SUBRED ****** 
01020 SUBROUTINE SUBPRED(I,XOUT,YOUT,PHOUT,Bl,C1,Dl,THK1) 
01040 X0UTM=X0UT/55.85 
01050 YOUTM=0.0001 
01060 100 CONTINUE 
01070 CK1=ALOG10(YOUTM/XOUTM) 
01080 CK2=(B1-1.)/Bl*ALOG10(YOUTM) 
01090 CK3=1./B1*ALOG10(B1) 
01100 CK4=C1*PH0UT 
OHIO CK5=((Cl+Dl-1)/2 . )*(ALOG10(0.399-( (Cl+Dl-1. )/2.*YOUTM) )) 
01120 CK=CK1-CK2-CK3-CK4-CK5 
01130 IF(ABS(THK1-CK).LT.0.01)GO TO 101 
01140 IF(ABS(THK1-CK).GT.0.4) GO TO 50 
01150 IF(ABS(THK1-CK).GT.0.25.AND.ABS(THKl-CK).LT.0.4) GO TO 51 
01160 IF(ABS(THK1-CK).GT.0.1.AND.ABS(THKl-CK).LT.0.25) GO TO 53 
01170 IF(ABS(THK1-CK).LT.0.1) GO TO 52 
01180 50 YOUTM=YOUTM+ABS(THK1-CK)/300. 
01190 GO TO 100 
01200 51 Y0UTM=Y0UTM+ABS(THK1-CK)/100. 
01210 GO TO 100 
01220 53 YOUTM=YOUTM+ABS(THK1-CK)/100. 
01230 GO TO 100 
01240 52 Y0UTM=Y0UTM+ABS(THK1-CK)/100. 
01250 GO TO 100 
01260 101 YOUT=YOUTM*55.85 
01270 WRITE(6,102) I,YOUT,XOUT,PHOUT 
01280 102 FORMAT(3X,"I=",12,3X,"YOUT=M,F10.6,3X,MXOUT=",F10.6,3X,llPHOUT=",F10.6) 
01290 RETURN 
01300 END 
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B. SAMPLE OUTPUT OF THE PROGRAM "MIXSETl"* 

YIN YOUT XIN XOUT pHIN pHOUT 

STAGE 1 0 0 . 1 3 8 0 . 4 1 4 0 . 3 4 5 0 . 0 9 6 0 . 0 2 4 

STAGE 2 0 . 1 3 8 0 . 3 5 7 0 • Ul to 0 . 4 l 4 0 . 1 7 8 0 . 0 9 6 

STAGE 3 0 . 3 5 7 0 . 9 8 5 0 

t^ CA 
CO • 0 . 5 2 4 0 . 3 1 0 0 . 1 7 8 

STAGE 4 0 . 9 8 5 3 . 3 6 2 I 0 . 8 3 7 I 0 . 3 1 0 

NOTE THAT: 

1) ALL INPUT CONCNS. ARE IN GRAMS PER LITRE 
2) AQ FEED WAS 0.130 LITRES, ORG BEING 0.065 LITRES 

XFEED-XRAFFINATE = I . 6 7 6 5 

* 

The output corresponds to the T run of batch 
simulated experiments. 

C. MODIFICATIONS TO THE PROGRAM "MIXSETl" 

The following modifications have to be made if the 
computer program "MIXSETl" is going to be run with a preset 
operational pH at the last stage, (N). 

Insert line: 
00218 

00981 
00982 
0 0 9 8 3 
00984 
0 0 9 8 5 

Change in 00230 
00340 
OO36O 
01050 
01180 
01200 
01220 
01240 

pHF = an estimate of the pH of the aqueous 
feed according to the set pH value 
pHN of the last stage. 

IF(ABS(pHN-pHOUT(N)).LT.0.01)GO TO 1021 
WRITE(6,*)pHF 
pHF=pHF+(pHN-pHOUT(N))/2. 
GO TO 300 
1021 CONTINUE 
pHF 
50. 
50. 
0.0001 
3 0 0 . 
1 0 0 . 
1 0 0 . 
1 0 0 . 

to 
to 
to 
to 
to 
to 
to 

pHN 
1 0 0 . 
1 0 0 . 
0 . 0 0 0 0 0 1 
1 0 0 0 . 
500. 
500. 
200. 
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