
The role of the interface in the kinetics
and mechanism of liquid-liquid extraction.

Item Type text; Dissertation-Reproduction (electronic)

Authors Dietz, Mark L.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:40:26

Link to Item http://hdl.handle.net/10150/184800

http://hdl.handle.net/10150/184800


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

U-M-I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9003482 

The role of the interface in the kinetics and mechanism of 
liquid-liquid extraction 

Dietz, Mark L., Ph.D. 

The University of Arizona, 1989 

U·M·I 
300 N. Z('.cb Rd. 
Ann Arbor, MI 48106 





THE ROLE OF THE INTERFACE IN THE KINETICS AND 

MECHANISM OF LIQUID-LIQUID EXTRACTION 

by 

Mark L. Dietz 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1989 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Nark L Dietz 

entitled THE ROLE OF THE INTERFACE IN THE KINETICS AND t-mCEAHISl1 

OF LIQUID...,LIOUID EXTRACTION 

2 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 
--------------------------~~----------------------

Henry Freiser 

vl. lzman~=--
~. + . LL-( 

Ouintus Fernando 

-~di-7f.~ 
~'lalter B. Miller 

1/11/89 
Date 

Date 

Date 

L / II /rs-q 
Date I I 

/1 ~h tf7 
Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Date~ 7 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgement of source is 
made. Requests for permission for extended quotation from or 
reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the material is in the 
interests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

3 



ACKNOWLEDGMENTS 

I would like to express my sincere appreciation to Dr. 

Massoud Hojjatie for his guidance and assistance in the synthetic 

aspects of this research, to Dr. Subaramanian Muralidharan for 

many helpful discussions, and to Dr. Roger Sperline for both 

moral support and assistance in ways too numerous to list 

individually. 

I would also like to thank my research director, Dr. Henry 

Freiser, for a number of provocative discussions and acknowledge 

the members of my committee, Drs. Michael Burke, John Enemark, 

Quintus Fernando, Walter Miller, and William R. Salzman. 

Finally, I thank my wife, Millicent, for her patience, 

support, and encouragement. In many respects, this work is as 

much a product of her sacrifices as of my own. 

4 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS.................................... 8 

LIST OF TABLES ........................................... 11 

ABSTRACT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13 

1. INTRODUCTION... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15 

2. STATEMENT OF THE PROBLEM ................................. 33 

3 . EXPERIMENTAL... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 35 

3.1 Apparatus 
3.1.1 Extraction Kinetics/Adsorption Measurements .. 35 
3.1.2 Interfacial Area Determination in Liquid-

Liquid Dispersions by Light Scattering ....... 40 
3.1.3 Interfacial Tension Measurements ............. 42 

3.2 Reagents 
3.2.1 Preparation of 5-Chloro-8-Methoxyquinoline ... 44 
3.2.2 Preparation of 5-n-Octyl-8-Methoxyquino1ine .. 46 
3.2.3 Preparation of 5-n-Octyl-8-Quinolino1 ........ 47 
3.2.4 Purification of 5-n-Octyl-8-Quinolino1 ....... 48 

3.3 Procedures 
3.3.1 Extraction Kinetics (general) ................ 48 
3.3.2 Extraction Kinetics with Adsorbed Layers ..... 49 
3.3.3 Determination of Instrument Response ......... 50 
3.3.4 Measurement of Mass Transfer Rates ........... 51 
3.3.5 Interfacial Adsorption in Stirred Systems 

3.3.5a Ligands .............................. 52 
3.3.5b Chelates ............................. 53 

3.3.6 Stripping Experiments ........................ 53 
3.3.7 Adsorption in Static Systems ................. 54 
3.3.8 Interfacial Area Determinations in Liquid 

Dispersions - the Interfacial Adsorption 
Method .................................... " 55 

3.3.9 Interfacial Area Determinations in Liquid 
Dispersions - the Light Scattering Method. .. 57 

3.3.10 Extraction Equilibrium Studies - Static 
Systems ...................................... 57 

3.3.11 Extraction Equilibrium Studies - Dispersed 
Systems ...................................... 58 

3.3.12 Determination of Distribution Constants ...... 60 
3.3.13 ATR-IR Studies of Ligand Adsorption .......... 60 

5 



TABLE OF CONTENTS - Continued 

Page 

4. RESULTS AND DISCUSSION...... . . . . . . . . . . . . . . . . . . .. . . . . . . . .. 62 

4.1 Interfacial Adsorption in Extraction Systems ........ 62 
4.1.1 Ligands ...................................... 62 
4.1.2 Metal Chelates ............................... 75 

4.l.2a Test of Fit of Absorbance Data to 
Various Isotherms .................... 84 

4.l.2b Factors Governing the Magnitude of 
Interfacial Adsorption Constants ..... 89 

4.l.2c Thermodynamics of Adsorption ......... 99 
4.2 Effects of Interfacial Adsorption of Neutral 

Chelates on the Measurement of Extraction Rates .... 106 
4.2.1 Distortion of Kinetics Data ................. 107 
4.2.2 Variations in Interfacial Area During 

Kinetics Measurements ....................... 113 
4.2.3 Retardation of Extraction by Adsorbed 

.Product Layers .............................. 118 
4.2.4 Consequences for Kinetics Measurements ...... 137 

4.3 Effects of Neutral Surfactant Addition on Rates 
of Extraction ...................................... 139 

4.4 Kinetics of Nickel Extraction with 8-Quinolinols ... 147 
4.4.1 Interfacial Area Determinations ............. 149 
4.4.2 Identification of Extracted Species ......... 156 
4.4.3 Extraction of Nickel with 2-Methyl-

8-Quinolinol in Chloroform .................. 160 
4.4.4 Extraction of Nickel with 5,7-Dibromo-

8-Quinolinol in Chloroform .................. 165 
4.4.5 Extraction of Nickel with 5,7-Dichloro-

8-Quinolinol in Chloroform .................. 169 
4.4.6 Extraction of Nickel with 5-n-Octyl-

8-Quinolinol in Chloroform ... , .............. 171 
4.4.7 Extraction of Nickel with 5,7 Dichloro

a-Quinolinol in Carbon Tetrachloride, Chloro-
benzene, and Toluene .. '" ................... 174 

4.4.8 Extraction of Nickel with 5-n-Octyl-
8-Quinolinol in Carbon Tetrachloride ........ 178 

4.4.9 Summary and Discussion ...................... 180 
4.5 Effects of High-Speed Stirring on the Distribution 

Equilibria of Neutral Chelates ...... , .............. 187 
4.6 Separation of Interfacial Adsorbates using a Micro-

porous Teflon Membrane Phase Separator ............. 195 
4.7 Determination of the Polarity of the Liquid-Liquid 

by ATR-IR: A Preliminary Study ..................... 202 

6 



TABLE OF CONTENTS - Continued 

Page 

5. CONCLUSIONS ............................................. 211 

APPENDIX A 

APPENDIX B 

APPENDIX C 

APPENDIX D 

DEFINITION OF SYMBOLS ..................... 217 

PASCAL COMPUTER PROGRAMS .................. 219 

DERIVATION OF A RELATIONSHIP BETWEEN 
1/ A AND l/A' FOR LIGAND ANIONS .......... 229 

FREUNDLICH AND FRUMKIN ISOTHERMS AS 
APPLIED TO HIGHLY STIRRED SOLUTIONS OF 
NEUTRAL CHELATES .......................... 232 

REFERENCES .............................................. 234 

7 



LIST OF ILLUSTRATIONS 

Figure Page 

3.1 High-Speed Stirring Apparatus .......................... 36 

3.2 Aqueous Phase Separator ................................ 38 

3.3 Fiber Optic Probe for Interfacial Area Measurements .... 41 

3.4 Synthesis of 5-n-Octyl-8-Quinolinol .................... 45 

4.1 Structure of 8-Quino1ino1s ............................. 65 

4.2 Variation in Absorbance Decrement with pH for 
8-Quinolino1 ........................................... 66 

4.3 Concentration Dependence of the Absorbance Decrement 
for 8 -Quinolino1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 68 

4.4 Langmuir Plot for 5,7 Dich1oro-8-Quino1ino1 ............ 70 

4.5 Reversible Absorbance Drop Induced by Stirring for 
Nickel 8-Quinolino1ate ................................. 76 

4.6 UV-Visib1e Spectra of Stirred and Unstirred Solutions 
of Nickel 8-Quino1inolate .............................. 78 

4.7 Stirring Speed Dependence of the Absorbance Decrement 
for Nickel 8-Quino1inolate ............................. 79 

4.8 Concentration Dependence of the Absorbance Decrement 
for Nickel 8-Quino1ino1ate ............................. 81 

4.9 Variation in Interfacial Tension with Concentration 
for Nickel 8-Quinolinolate ............................. 82 

4.10 Langmuir Plot for Nickel 8-Quinolinolate ............... 87 

4.11 Relationship of the Interfacial Adsorption Constant 
to the Distribution Constant for Beta-Diketonates ...... 95 

.4.12 Relationship of the Interfacial Adsorption Constant 
to the Distribution Constant for 2-Methyl-8-Quino1in-
olates and 2-Thenoy1trifluoroacetonates ................ 97 

4.13 Temperature Dependence of Interfacial Adsorption for 
Nickel 8-Quinolinolate in Chloroform .................. 101 

8 



LIST OF ILLUSTRATIONS - Continued 

Figure Page 

4.14 Absorbance vs. Time Plots for the Extraction of Nickel 
with S-Quinolinol in Toluene .......................... 108 

4.15 Drop Size vs.lnterfacial Tension in Dispersions Con
taining Nickel 8-Quinolinolate (8-HQ) or 2-Me-8-HQ. . .. 115 

4.16 Instrument Response Plot for the High-Speed Stirring 
Apparatus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 

4.17 Predicted vs. Observed Values of Absorbance at Various 
Times During a Kinetics Run. . . . . . . . . . . . . . . . . . . . . . . . . .. 125 

4.1S Effect of Triton X-lOa on the Rate of 8-Quinolinol 
Transfer Across a Ch1oroformjWater Interface .......... 126 

4.19 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction by S-Quinolinol in the Presence and 
Absence of an Adsorbed Product Layer .................. 128 

4.20 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction by 2-Methyl-S-Quinolinol in the 
Presence and Absence of an Adsorbed Product Layer ..... 135 

4.21 Effect of Triton X-lOa on the Absorbance Decrement 
for S-Quinolino1ate Anion ............................. 141 

4.22 Specific Interfacial Area Dependence of the Rate of 
Zinc Extraction by Dithizone .......................... 144 

4.23 Interaction of Metal Ions with Adsorbed Surfactants... 146 

4.24 Calibration Plot for the Fiber-Optic Probe ............ 154 

4.25 pH Dependence of the Distribution Ratio of Nickel 
in its Extraction with 2-Methyl-S-Quinolino1 .......... 157 

4.26 Ligand Dependence of the Distribution Ratio of Nickel 
in its Extraction with 2-Methyl-S-Quinolino1 .......... l5S 

.4.27 Dependence of the Observed Extraction Rate Constant 
for Nickel on 2-Methyl-S-Quinolinol Concentration ..... 161 

4.2S Dependence of the Observed Extraction Rate Constant 
on pH for Nickel Extraction with 2-Methyl-S-Quinolinol 
in Chloroform... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 

9 



LIST OF ILLUSTRATIONS - Continued 

Figure Page 

4.29 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 2-Methyl-8-Quinolinol in 
Chloroform ........................................... , 163 

4.30 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5,7 Dibromo-8-Quinolinol in 
Chloroform ................. " ......................... 167 

4.31 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5,7 Dichloro-8-Quinolinol in 
Chloroform. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 170 

4.32 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5-0ctyl-8-Quinolinol in 
Chloroform ............................................ 172 

4.33 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5,7 Dichloro-8-Quinolinol in 
Carbon Tetrachloride .... '" ........................... 175 

4.34 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5,7 Dichloro-8-Quinolinol in 
Chlorobenzene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 176 

4.35 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5,7 Dichloro-8-Quinolinol in 
Toluene ............................................... 177 

4.36 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5-0ctyl-8-Quinolinol in Carbon 
Tetrachloride ........................................ , 179 

4.37 Distribution Ratio of Nickel Between TRAM Buffer and 
a Toluene Solution of 2-Methyl-8-Quinolinol With and 
Without High-Speed Stirring ........................ '" 188 

4.38 Concentration Dependence of the Shift in pH 1/2 for 
Nickel 2-Methyl-8-quinolinolate in Toluene ......... '" 194 

4.39 Absorbance vs. Volume of Organic Phase Removed for 
Nickel 2-Methyl-8-quinolinolate in Toluene ............ 199 

4.40 Copper/Nickel Separation by "Adsorbate Stripping" ..... 201 

4.41 Spectrum of ACAC in Dodecane and on Apiezon M ......... 207 

10 



LIST OF TABLES 

Table Page 

4.1 Interfacial Activities of 8-Quino1ino1ate Anions 
at OrganicjWater Interfaces ............................ 71 

4.2 Reported Interfacial Activities of Various Ligands ..... 73 

4.3 Surface Excesses and Apparent Molecular Areas for 
Selected 8-Quino1ino1s ................................. 74 

4.4 Interfacial Activities of Metal 8-Quino1ino1ates ....... 88 

4.5 Absorbance Decrement as a Function of Added 1,10 
Phenanthro1ine for the Zinc 8-Quino1ino1ate Complex .... 91 

4.6 Entha1pies and Entropies of Adsorption for Nickel 
8-Quino1ino1ate in Several Organic Solvents ........... 102 

4.7 Differences Between Corrected and Uncorrected Rate 
Constants Obtained in the Nicke1/8-Quino1ino1 
(Toluene) System ...................................... 110 

4.8 Fraction of True Absorbance Observed at Various Times 
During the Extraction of Nickel with 8-Quino1ino1 in 
Toluene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 112 

4.9 Observed Rate Constants and Interfacial Areas for 
Successive Nickel Extractions with 8-Quino1ino1 and 
2-Methyl-8-Quinolinol. ................................ 117 

4.10 Comparison of Interfacial Areas Estimated Using Buty1-
Dithizone Adsorption to Those Determined by Nickel 
Chelate Adsorption.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 150 

4.11 Interfacial Areas in Nickel 8-Quino1ino1ate (Ch1oro
form)jWater Dispersions as Determined by Light Trans-
mittance and Interfacial Adsorption ................... 155 

4.12 Stoichiometry of Che1ates Formed in the Extraction of 
Nickel with 8-Quino1ino1s ............................. 159 

4.13 Summary of Reaction Order Data for the Extraction of 
Nickel with Various 8-Quino1ino1s ..................... 166 

11 



LIST OF TABLES - Continued 

Table Page 

4.14 Summary of Rate Constants Obtained in the Extraction 
of Nickel with 8-Quinolinols .......................... 181 

4.15 pH 1/2 Values for Several Nickel Chelates Under 
Quiescent and Vigorously Stirred Conditions ........... 190 

4.16 Principal Absorption Bands of Beta-Diketones in 
Dodecane Solution and Adsorbed at an Apiezon M / Water 
Interface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 209 

12 



ABSTRACT 

When solutions of various metal 8-quino1ino1ates or beta

diketonates in an organic solvent were contacted with an aqueous 

phase and vigorously stirred to generate a large interfacial 

area, a reversible decrease in the organic phase concentration of 

the complex was observed. The magnitude of this decrease varied 

with interfacial area, solvent, temperature, and the nature and 

concentration of the complex. Analysis of the phenomenon using 

the Langmuir isotherm showed that the concentration change may be 

explained by adsorption of significant quantities of the complex

es at the increased liquid-liquid interface produced by stirring. 

Such adsorption was found to complicate extraction kinetics 

measurements using the high-speed stirring technique when the 

product chelate is interfacia11y active, distorting the 

absorbance/time profile from which rate constants are derived, 

altering the interfacial area in the reaction vessel, and 

displacing reactant molecules from the interface. Neutral 

surfactants were observed to have similar effects. 

Chelate adsorption was also demonstrated to affect metal ion 

extraction equilibria, shifting the pH 1/2 value associated with 

a given metal ion. The magnitude of this shift was found to 

depend on the concentration of the chelate, its interfacial 

adsorption constant, and interfacial area. Differences in the 

pH 1/2 shift were shown to serve as a means of separating cations. 
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Studies of the rate of nickel extraction by 8-quino1ino1s 

showed that the distribution constant and interfacial activity 

of the ligand are important factors governing the balance between 

bulk and interfacial pathways in the extraction. The interfacial 

rate constant for a given ligand was independent of organic 

solvent.and was typically 10 times larger than the corresponding 

bulk value, indicating that the interface, although essentially 

aqueous in character, is a more conducive medium for the reaction 

of the metal ion and ligand. 
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CHAPTER I 

INTRODUCTION 

Few analytical techniques are truly specific for a single 

species. As a result, problems in chemical analysis often 

involve two steps - separation of the constituent of interest 

and its subsequent determination. Although a number of tech

niques are available to effect a separation, few rival 

liquid-liquid extraction in terms of ease, simplicity, and 

range of applicability. Extraction techniques have, in fact, 

proven to be of considerable value in both inorganic and 

organic trace analysis, both by enhancing the sensitivity of 

analytical methods (via preconcentration) and by removing 

potential interferences. 

Many of the basic aspects of solvent extraction have 

been described in detail by various authors (1-3). Briefly, 

solvent extraction is a two-phase separation process in which 

a chemical species in one phase is separated from a mixture 

of species by selectively transfering it to the other phase. 

In the solvent extraction of metals, for example, an aqueous 

solution of the metal ion of interest. is contacted with a 

'solution of an extractant (often, a chelating agent) in an 

immiscible organic solvent. The extractant serves to 

displace some or all of the water molecules coordinated to 
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the metal ion, producing a hydrophobic metal complex soluble 

in the organic phase. In most instances, the extent of 

extraction is governed by such factors as the nature and 

concentration of the extractant and by the pH of the aqueous 

phase, not by the concentration of the metal ion. As a con

sequence, optimum experimental conditions developed for trace 

level separations are also applicable to the macro levels 

encountered in hydrometallurgical process technology. It is, 

in fact, this applicability to the large-scale recovery and 

separation of metal ions which has fueled recent renewed 

interest in the fundamental aspects of solvent extraction. 

Of particular interest has been the kinetics of the 

extraction process. Information concerning extraction 

kinetics is, of course, of considerable value in clarifying 

the mechanism by which an extraction occurs. In addition, 

such information is of great practical importance. That is, 

it is well-known that in a given extraction system, certain 

metal ions possess inherently faster extraction kinetics than 

others. Thus, if a given separation is not feasible from an 

equilibrium standpoint (i.e. if the conditions chosen result 

in the extraction of several species), it may be possible to 

effect it by exploiting the differences in extraction rates. 

(Zinc (II), for example, may be separated from a mixture with 

nickel (II) by using a chloroform solution of dithizone, 

since the rate of zinc extraction is nearly 1000 times that 
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of nickel (4) ). 

Despite its obvious importance, the subject of extract

ion kinetics was largely neglected until the early 1960's. 

In 1962, Honaker and Freiser (5), in the course of determin

ing the formation constant of the zinc chelate of dithizone 

by solvent extraction, observed an unexpectedly slow attain

ment of extraction equilibrium. This observation launched a 

series of systematic kinetic studies of extraction processes 

involving the formation of transition metal dithizonates (6-

9). Since this time, numerous investigations of the rates 

of extraction of various metal ions with any of a number of 

che1ating extractants have been carried out (10). Despite 

the now vast literature on the subject, there is still 

considerable disagreement as to both the correct interpretat

ion of much of the kinetics data and the suitability of the 

various experimental configurations which have been used to 

obtain it. Undoubtedly, this disagreement stems, at least in 

part, from the divergent backgrounds of the investigators. 

More important, however, is the sheer complexity of kinetic 

studies in heterogeneous (i.e. two-phase) systems. 

In the most general case, the kinetics of the extraction 

of a metal ion is a function not only of the chemical 

reactions taking place, but also of the rates of diffusion 

(molecular and eddy) of the species present in the two phases 

(11). Since in any such multi-step process, the overall rate 
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is governed by the slowest step, it follows that the relative 

magnitude of the rates of chemical and diffusional processes 

is the factor that determines which process is rate-limiting. 

When one of the steps in the overall reaction mechanism is 

sufficiently slow, for example, the extraction rate is 

governed by the rate of chemical reaction and the system is 

said to be in the "kinetic regime". Alternatively, in those 

cases in which the chemical reactions involved are rapid, the 

diffusion of either products or reactants may be rate-limiting 

and the system is said to be in the "diffusional regime". 

Finally, in those instances in which the rates of chemical 

reaction and diffusion are comparable, neither can be 

neglected, leading to a "mixed regime". What is it then that 

determines the relative sizes of the diffusional and chemical 

reaction contributions to the rate? It is generally agreed 

that the thickness of two stationary liquid layers (referred 

to as "diffusion films"), one on the aqueous side of the 

interface and one on the organic side, governs the magnitude 

of the diffusional contribution to the rate of extraction. 

This thickness, in turn, is determined by the hydrodynamic 

conditions inside the apparatus in which the extraction is 

carried out. Only when the conditions are such that the film 

thickness is zero does the diffusional contribution to the 

rat~ of extraction completely disappear. 

Unfortunately, there is no way of knowing a priori that 
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this condition has been satisfied in a particular system and 

that the observed rate of extraction is, therefore, a 

reflection of the rate of a chemical reaction. Rather, one 

must rely upon various experimental criteria - among them the 

nature of the dependence of the heat and mass transfer coeff

icients upon the rate of stirring of the phases, the 

magnitude of the activation energy of the extraction process, 

and the nature of the dependence of the rate of extraction on 

the stirring speed - to help distinguish between kinetically

controlled and diffusion-controlled processes (12). Even 

these criteria, however, do not yield unambiguous results. 

Adding to the complexity associated with extraction 

kinetics measurements is the fact that even in those cases in 

which there is agreement that a particular extraction is 

under kinetic control, there may be disagreement regarding 

the site of the rate-determining step. Two locations, the 

bulk aqueous phase and the liquid-liquid interface may, in 

principle, serve as the site of the rate-limiting step. 

Until quite recently, however, most chemists tended to 

overlook or minimize the role played by the interface. 

Rather, much of the chemistry involved in the conversion of 

the hydrated metal ion to an extractable neutral chelate was 

believed to occur in the bulk (13). Honaker and Freiser (5), 

for example, in a study of the extraction of zinc with 

dithizone, obtained results consistent with the formation of 
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a 1:1 intermediate complex in the aqueous phase as the rate

determining step. Similar results were obtained by McClellan 

and Freiser (4) in an examination of the rates of cadmium, 

cobalt, and nickel extraction by dithizone and by Oh and 

Freiser (6) in a study of the rates of zinc and nickel 

extraction by various substituted dithizones. Subsequent 

work by Carter and Freiser (14) concerning the kinetics and 

mechanism of the extraction of copper by aromatic and 

aliphatic hydroxyoximes (LIX 65 and LIX 63, respectively) 

yielded results consistent with the formation of the 1:2 

complex in the aqueous phase as the rate-limiting step. In 

each of these studies, the conclusions reached were 

reinforced by the generally good agreement between the rate 

constants obtained with those for typical substitution 

reactions for the metal ions involved or where available, 

with the values obtained for similar reactions using other 

experimental approaches. 

Various other workers, however, pointing to the very low 

aqueous solubilities of these extractants, have rejected the 

possibility of chelate formation in the aqueous phase, 

proposing instead that interfacial reactions predominate (15-

18). In a review of the kinetics and mechanisms of copper 

extraction by LIX reagents (15), Flett states that because 

such reagents are so hydrophobic, their aqueous phase solubi

lity may be completely disregarded. The adoption of such a 
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stance requires, of course, that any chemical parameters 

appearing in an extraction rate expression be attributed 

solely to interfacial reactions. 

In part, this "bulk vs. interfacial" reaction controversy 

stems from the nature of the experimental configurations used 

by the various investigators to obtain kinetics data. Many 

workers, in particular, engineers with experience in the 

study of mass transfer processes, have typically viewed 

heterogeneous reaction kinetics as merely a special form of 

liquid-liquid mass transfer kinetics in which diffusion is 

the principal source of "resistance" and slow chemical 

reactions are added "resistances". Such workers have tended 

to favor experimental designs in which the interfacial area 

is fixed (and often relatively small), designs based upon 

the assumption that the reaction is either diffusion-control

led or interfacial. 

Most of the fixed interfacial area experiments have been 

performed using either single drop methods or a Lewis cell. 

In the single drop method, droplets of one phase are allowed 

to rise (or fall) through a column containing the other 

phase. Provided that the change in concentration in the feed 

phase is negligible, that the droplets are uniform spheres, 

that the circulation pattern within the drops is amenable to 

analysis, and that negligible mass transfer occurs during 

drop formation and collection, the extraction data may be 
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analyzed to yield rate constants. Unfortunately, these 

conditions are rarely satisfied in actual practice. As a 

result, the use of this technique has recently declined (19). 

The Lewis cell provides direct liquid-liquid contact with a 

well-defined interfacial area and permits agitation of both 

phases without disruption of the interface. In early designs, 

the vigor of stirring was severely restricted by the need to 

avoid vortex formation. More recently, however, Nitsch and 

Hillekamp (20) have described modifications of the Lewis cell 

which permit a higher degree of turbulence within each phase 

while maintaining a quiescient interface. Still, because the 

apparatus does not permit efficient stirring of the fluid 

immediately adjacent to the interface, it is highly unlikely 

that diffusional effects are totally eliminated. 

Those favoring the aqueous phase mechanism have typically 

employed devices permitting more vigorous agitation of the two 

phases. In their study of the rate of copper extraction by 

LIX reagents, for example, Carter and Freiser (14) utilized a 

high-speed stirring apparatus in which the two phases could be 

vigorously stirred at speeds up to 20,000 rpm. The degree of 

dispersion of the two phases which was attained was believed 

to be sufficiently high as to reduce the time required for 

mass transfer processes to the point that diffusional effects 

were not involved in the observed reaction velocities. Thus, 

only terms actually corresponding to chemical kinetics appear 
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in the rate equations describing the system. The data 

obtained with this apparatus have been found to be quite 

reproducible and significantly, have nearly always yielded 

rate expressions in which all reaction orders are integers 

(11). It is, in fact, the observation of non-integer values 

of reaction orders which has often led investigators using 

fixed interfacial area configurations to conclude that the 

reactions under study were interfacial. 

In addition to the possibility of the virtual elimi-

nation of diffusional effects, the high-speed stirring 

approach to extraction kinetics measurements offers an 

additional important advantage over other configurations for 

such measurements, namely that it is the only technique by 

which extraction rates observed with little or no interfacial 

area present may be readily compared to those observed with 

a far larger area present, thereby permitting a direct 

assessment of the extent of interfacial participation in a 

particular extraction. Because it has only recently become 

possible to quantitatively relate the degree of agitation to 

the interfacial area present (21), however, comparisons of 

this sort have been carried out for only a handful of 

extraction systems. 

In 1986, for example, Watarai et al. (22) investigated 

the extraction of nickel by (E)-2'-hydroxy-S'-nonylacetophen-

one oxime (the active ingredient in the commercial extractant 



SME-529), concluding that the extraction proceeds by a 

single-path mechanism involving adsorption of the highly 

surface-active extractant, followed by deprotonation and the 

formation of a 1:1 metal/ligand complex at the interface. 

In 1985, Aprahamian and Freiser (23) examined the 

kinetics of nickel extraction with 8-hydroxyquino1ine and its 

higher molecular weight analog, 7-dodecenyl-8-quino1ino1 (the 

active ingredient in the commercial extractant Ke1ex 100). 

In each case, the extraction rate had previously been 

determined to be dependent upon the hydrogen ion concentrat

ion to a fractio~a1 power, indicating two concurrent reaction 

pathways whose rate-determining steps involve the neutral and 

anionic forms of the ligand (24,25). It had been proposed in 

these studies that these steps occur strictly in the bulk 

aqueous phase. Subsequent work by Haraguchi and Freiser 

(26), however, showed that the anionic form of Ke1ex 100 is 

interfacia11y active, raising the possibility that the 

reaction of nickel with the ligand anion may, at least in 

part, involve complex formation at the liquid-liquid inter

face. 

To investigate this possibility, Aprahamian measured 

the rate of extraction as a function of specific interfacial 

area (the interfacial area per unit volume). The experiments 

were run over a range of pH values to determine how a change 

in the ratio of the neutral ligand to ligand anion would 
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affect the balance between the bulk and interfacial pathways. 

With Kelex 100, the rate of nickel extraction increased with 

both interfacial area and pH. Specifically, at low pH values, 

where the neutral form of the ligand predominates, the extrac

tion rate constant was nearly independent of interfacial area, 

consistent with the absence of observable interfacial activity 

for the neutral ligand. In addition, the low pH plot showed a 

non-zero intercept, suggesting bulk aqueous phase reaction of 

the neutral ligand. As the pH was increased, both the slope 

and the y-intercept of the kobs versus area plots rose. The 

increase in y-intercept suggests a bulk reaction of the ligand 

anion, while the increase in slope is indicative of a reaction 

of the ligand anion at the interface. Thus, the results 

require a reaction mechanism involving three distinct 

concurrent pathways - a reaction with both the neutral and 

anionic forms of the ligand in the bulk aqueous phase and 

reaction with the ligand anion at the interface. 

Given the magnitude of the interfacial activity of the 

Kelex 100 anion reported previously (26), it is not wholly 

unexpected that in a vigorously agitated system in which many 

thousands of square centimeters of interfacial area are 

present (21), an extraction might proceed by a mechanism 

involving the interface. What is somewhat unexpected is that 

an identical reaction scheme was found to describe the results 

obtained for the parent ligand, 8-quinolinol, this despite 
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the fact that it is undetectably surface active under the 

conditions of the experiment. The significance of this 

observation is two-fold. First, it raises the possibility 

that for many extraction systems, neither the bulk nor the 

interfacial mechanisms which have been proposed will alone 

prove adequate to account for all features of the system 

kinetics. More importantly, it would seem to indicate that 

only modest ligand interfacial activity is required for the 

observation of appreciable interfacial participation in an 

extraction mechanism, suggesting that the liquid-liquid 

interface may play a role in a wider variety of extraction 

systems than might previously have been anticipated. 

Recognition of this fact has drawn increasing attention 

to the study of interfacial adsorption phenomena in solvent 

extraction systems. Until quite recently, however, such 

study has been restricted by the fact that although 

extractions are often carried out under conditions of vigor

ous agitation and therefore, substantial interfacial area, 

procedures for the subsequent examination of the systems 

required prior separation of the phases, meaning that any 

measurements were performed under conditions in which the 

interface was comparatively small. With the introduction of 

microporous Teflon phase separators, however, it has become 

possible to monitor the composition of the bulk organic phase 

under conditions of high speed stirring, facilitating the 
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observation of the effects of interfacial adsorption upon 

both extraction kinetics and equilibria. 

That such effects may be considerable was demonstrated 

by Watarai and Freiser (27,28) in an examination of the 

influence. of vigorous stirring upon the distribution 

equilibria of n-alkyl substituted dithizones and of the 

kinetics of nickel and zinc ion extraction with these 

reagents. In the former study, measurements of the inter-

facial tensions between acidic and alkaline aqueous phases 

and chloroform or carbon tetrachloride solutions of either 

dithizone or n-butyldithizone showed that a decrease in the 

interfacial tension is observed only under basic conditions. 

At sufficiently high concentrations, this decrease became 

linear with the logarithm of the solute concentration. When 

these high pH systems were subjected to high speed stirring, 

a reversible decrease in the organic phase concentration of 

the ligand was observed, the magnitude of which increased 

with stirring speed. This reversible concentration change 

was equated with the amount of ligand adsorbed at the 

interface, leading to a quantitative relationship between the 

change in ligand distribution ratio induced by stirring and 

the size of the alkyl substituent on the dithizone: 

A pH 1/2 
0/0' - 1 - 10 - 1 K' Ai d/V 

L 

where 0 and 0' are the distribution ratio of the ligand in 
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the unstirred and stirred systems, respectively, K' is the 
L 

interfacial adsorption constant, Ai is the interfacial area, 

d is the interfacial thickness, and V the volume of the 

organic phase. This change in distribution ratio, as 

measured by the shift in the pH at which 50% of the ligand 

remains in the organic phase (~pH 1/2), increased from 0.16 

units for methyldithizone to 0.66, 3.0, and 5.0 for the 

ethyl-, butyl-, and hexyldithizones, respectively. These 

changes are indicative of a dramatic shift in the apparent 

heterogeneous acid-base equilibrium constant which occurs 

because the alkyldithizonate anions are adsorbed at the 

greatly increased liquid-liquid interface generated by 

vigorous stirring. 

The consequences of these shifts with regard to 

extraction kinetics were examined by measuring the rates of 

nickel and zinc ion extraction with chloroform solutions of 

the reagents, again under high speed stirring conditions. 

For each reagent, the rate was found to be first order in 

both metal and ligand and inverse first order with respect to 

hydrogen ion concentration, resembling results obtained in 

earlier studies of dithizone extraction (4-7). If however, 

it were assumed that the rate-determining step in the 

mechanism is the formation of the 1:1 intermediate complex 

in the bulk aqueous phase, as was the case for the parent 

dithizone (5), the calculated second order rate constants 
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increased with the size of the alkyl group until for hexyl-

dithizone, the values for both nickel and zinc exceeded the 

diffusion-limited rate constant for a bimolecular reaction. 

To avoid this result, the formation of the intermediate 

complex was taken to occur at the interface. Using the 

interfacial concentration of the ligand anion, calculated from 

the appropriate ApH 1/2 value, and assuming that the concent-

ration of the metal ion at the interface is the same as in the 

bulk aqueous phase, reasonable values of the rate constants 
5.1 8.8 

were obtained (ca. 10 and 10 ,respectively.) Thus, the 

seemingly anomalous kinetic behavior could be explained by 

the excess concentration of the ligand anion at the greatly 

increased interface generated by stirring. 

Since these original studies, it has become apparent 

that interfacial adsorption is not confined to ligand anions, 

but is characteristic of various neutral and cationic species 

as well. In 1985, Watarai and Sasabuchi (29) examined the 

interfacial adsorption of 2-hydroxy-5-nonylbenzophenone oxime 

(LIX 65 N) at an n-heptane/water interface under both static 

and vigorously stirred conditions. In a series of preliminary 

experiments, interfacial tension measurements made over a 

wide range of concentrations under conditions in which either 

the neutral or anionic forms of the reagent predominates 

showed that both species were interfacially active, with the 

activity of the dissociated form slightly greater. This was 



confirmed by stirring experiments which showed that the loss 

of absorbance due to adsorption under alkaline conditions was 

greater for a given stirring intensity than that observed 

under acidic conditions. From mass balance considerations 

and by assuming that the adsorption of the reagent conforms 

to the Langmuir isotherm, Watarai derived the following 

relationship between the loss of absorbance, ~A, and the 

amount of ligand present in the organic phase during 

stirring (A' / E ) : 

l/~A Vorg ( l/a + E/K'A') 
E Ai 1000 

3 
where Vorg is the volume of the organic phase in cm E is 

the molar absorptivity, Ai is the interfacial area produced 
2 

by stirring (in cm ), a is the interfacial concentration at 

saturation, and K' is the interfacial adsorption constant 

(i.e. the ratio of the interfacial concentration of the 

ligand to that in the organic phase at infinite dilution). 

For the neutral ligand, this equation was found to fit the 

data extremely well. For the anionic form, however, the 

equation was not applicable, indicating that its adsorption 

does not conform to the Langmuir isotherm. 

That same year, Watarai (30) observed that when a 

distribution system consisting of a dimethyl- or diphenyl-

derivative of 1,10 phenanthroline in chloroform and an acidic 

aqueous phase was stirred vigorously, a reversible decrease 
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in the organic phase concentration of the ligand occurred. 

The fact that the concentration decrement rose with 

decreasing pH indicated that the protonated phenanthroline 

was the interfacially active species. This was confirmed by 

interfacial tension measurements on the corresponding static 

systems. As was the case for the neutral LIX 65N, the 

adsorption of the protonated phenanthrolines was found to 

conform to the Langmuir isotherm. In addition, the magnitude 

of the cation's interfacial adsorption constant was found to 

be directly related to the distribution constant of the 

neutral ligand, Kdr. 

In a subsequent study, Watarai (31) observed that the 

ion-association complexes of copper (II) and zinc (II) with 

one of the substituted phenanthrolines, 4,7 diphenyl-l,lO 

phenanthroline, were also interfacially active. In fact, 

vigorous agitation of a chloroform solution of the copper/ 

perchlorate complex in contact with a ca. pH 4 buffer 

produced up to a 95% decrease in organic phase absorbance, 

implying that 95% of the complex is removed from the bulk 

organic phase by stirring. A test of the fit of the 

absorbance data to the equation described previously (vide 

supra) showed that the adsorption in the copper/chloride 

counterion and zinc/perchlorate counterion systems fits the 

Langmuir isotherm. For the copper/perchlorate system, 

however, the plot of l/~A versus l/A' was decidedly non-
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linear, suggesting either considerable variability in the 

interfacial area due to adsorption or lack of conformity to 

the Langmuir isotherm. This study raises the intriguing 

possibility that both partially and fully formed extractable 

chelates may, like ligands themselves, play an important role 

in the overall effect of the liquid-liquid interface in the 

solvent extraction process. To date, however, this possi

bility has remained unexplored. 

32 



CHAPTER 2 

STATEMENT OF THE PROBLEM 

Systematic approaches to the design of new, more selective 

metal ion extractants and the optimization of existing separation 

processes require a detailed understanding of the fundamentals 

of the extraction process. Despite a considerable amount of 

resear9h in this area, certain aspects of the process, among them 

interfacial phenomena in liquid-liquid systems and their impact 

upon extraction rates and mechanisms, remain poorly understood. 

For example, although recent work has made it apparent that in 

systems which involve interfacially active extractants and a 

large interfacial area the interface may play a significant role 

in an extraction, the factors responsible for determining the 

relative contributions of bulk and interfacial reactions in a 

particular extraction remain unclear. In addition, because 

research to date has focused upon the interfacial activity of the 

reactant molecules, the potential interfacial activity of either 

partly or fully-formed extractable chelates and the effect of 

such activity on the equilibrium and kinetic aspects of the 

extraction process remain largely unexplored. 

In general terms then, the objective of this study was to 

examine the role of the liquid-liquid interface in the kinetics 

and mechanism of the extraction of metal ions with chelating 
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extractants. The specific objectives of the study were four

fold, namely, to determine if neutral metal chelates are adsorbed 

at liquid-liquid interfaces and if so, to determine the factors 

which govern the extent of this adsorption, to investigate the 

effect of such adsorption on the rates of metal ion extraction 

and on the measurement of these rates, to examine the effect of 

such adsorption upon metal ion extraction equilibria, and to 

determine the effect of ligand substitution and organic solvent 

on the mechanism of extraction of nickel with 8-quinolinols. 

The results of these studies are expected to contribute both to 

the design of improved metal ion separation processes and to the 

characterization of the interface as a reaction medium. 
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CHAPTER 3 

EXPERIMENTAL 

3.1. Apparatus and Reagents 

3.1.1. Extraction Kinetics and Adsorption Measurements 

The apparatus used in the studies of both extraction 

kinetics and interfacial adsorption is depicted in Figure 3.1. 

Briefly, it consists of a 500-mL. 3-neck Morton flask fitted 

with a high speed (0-20,000 rpm) stirrer supplied by Co1e

Parmer Instrument Company. To increase the degree of 

dispersion attainable at a given stirring speed, the flask 

was baffled on both sides. A Teflon bushing was used to hold 

the stirrer shaft in place. To prevent contact between the 

metal portion of the shaft and the reaction mixture, the 

shaft was enclosed in a length of Teflon "heat shrink" tubing 

which extended from the stirrer blades to several centimeters 

above the Teflon bushing. The stirrer speed was varied with 

a Model GT-21 Motor Controller (G.K. Heller Corp., Floral 

Park, N.Y.) and measured with an analog tachometer (Weston 

Model 7541). 

To selectively sample organic phase from the reaction 

.mixtures, a microporous Teflon membrane phase separator 

(MPTPS) was employed. This phase separator consists of a 

bored Teflon cylinder (24 mm. in length and 2 mm. internal 

35 



Figure 3.1 High Speed Stirring Apparatus 
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diameter) wrapped with a Teflon cloth (Kokuboseiki Co., 

Tokyo, Japan). Samples were withdrawn with a variable speed 

peristaltic pump ("Minipuls II", Gilson France S .A. , 

Villiersle-Bel, France or "Rabbit", Rainin Instrument Co., 

Woburn, MA.) fitted with 1.14 mm. I.D. Acidiflex tubing 

(Technicon Corp., Tarrytown, N.Y.), then circulated through 

an 80 microliter quartz flow cell (Perfector Scientific, 

Atascadero, CA.) positioned in the sample beam of a Cary 219 

UV/visible spectrophotometer and returned to the flask. 

Because of the small volume of the flow-through cell and the 

small diameter of the tubing used for sample circulation, 

the total sample volume actually removed from the flask at 

any given time was no more than 1 mL. 

For sampling of the aqueous phase, the MPTPS was 

replaced by an aqueous phase separator (Figure 3.2) consist

ing of a Teflon fitting (ordinarily employed as a support for 

an in-line filter) atop which was affixed a filter element 

comprised of a disk of cellulose ester microfiltration 

membrane ("CE Micro Filter", Spectrum Medical Industries, Los 

Angeles, CA.) and a disk of Whatman #1 filter paper. This 

fitting was epoxied to the end of a 14 cm. length of glass 

tubing. This tubing was held in place in the reaction vessel 

with a rubber stopper. As with the MPTPS, withdrawal of 

sample was carried out using Acidiflex tubing and a peristaltic 

pump. Because the internal volume of the fitting used is 
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Figure 3.2 Aqueous Phase Separator 
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greater than that of the Teflon tubing which forms the basis 

of the MPTPS, however, the total sample volume removed from 

the flask at any given time was approximately 2 mL. 

During kinetics or adsorption measurements, the 

temperature of the reaction mixture was maintained to within 

+/ - 0.1 0 C of the desired temperature using a thermostatted 

water bath. 

Absorbance data were collected from the spectrophoto

meter via its digital interface port using an Apple 11+ 

computer. The programs employed for the control of data 

acquisition and for subsequent kinetic analysis have been 

previously described (32). The program used for the 

correction of kinetics data for the effects of product 

adsorption was written by the author in Apple Pascal and may 

be found in Appendix B. That used for the calculation of 

corrected rate constants was a modified version of a 

previously described program (32). This may also be found in 

Appendix B. 

Measurements of pH were made with an Orion Research 

Model 701 digital pH meter. The meter was standardized prior 

to use with a series of commercial buffer solutions of pH 

4.0, 7.0, and 10.0 (American Scientific Products, McGaw Park, 

IL.) . 
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3.1.2. Interfacial Area Determinations in Liquid-Liquid 
Dispersions by Laser Light Scattering 

A schematic diagram of the fiber optic light trans-

mission probe developed for the estimation of interfacial 

areas in liquid-liquid dispersions is shown in Figure 3.3. 

This probe was designed specifically to fit in one of the 

necks of the 500-mL Morton flask employed in extraction 

kinetics/interfacial adsorption studies. In operation, light 

(632.8 nm.) from a 5 mW HeNe laser (Hughes Aircraft Co.) was 

directed into a dispersion generated by the vigorous stirring 

of a pair of immiscible liquids via a I-ft. length of 1/8 in. 

diameter image conduit, a bundle of 3050 5-micron diameter 

glass optical fibers fused to form a rod (Edmund Scientific 

Co.). Transmitted light was directed to the monochromator/ 

detector (of a Varian Techtron Model AA-6 spectrophotometer) 

by a flexible 1/8 in. diameter fiber optic light guide 

(Edmund Scientific Co.). To provide the rigidity necessary 

to maintain proper alignment of the guide with the image 

conduit and to protect the guide's casing from attack by 

organic solvents, that portion of the guide below the neck of 

the Morton flask was enclosed by 9 mm. O.D. glass tubing. To 

prevent the guide from shifting within the tubing, it was 

. secured with electrical tape. A transparent 9.7 x 9.7 mm. 

glass window was affixed at the end of the tubing with 

silicone rubber sealant (Dow Corning Co.). A satisfactory 
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seal could be maintained for several hours in each of the 

solvents tested. Nonetheless, the probe was rinsed with 

ethanol and dried between each series of runs to prevent 

damage to the seal. Because preliminary experiments 

indicated that the vigorous agitation employed to generate 

the dispersions often produced slight changes in the relative 

positions of the image conduit and the light guide, a brace 

was fabricated by drilling two holes, 0.32 and 0.91 cm. in 

diameter, 1.2 cm. apart (center to center) in a 1.21 x 2.12 x 

0.32 cm. strip of Kel-F. The brace was then positioned as 

shown in Figure ~.3. 

3.1.3. Interfacial Tension Measurements 

All interfacial tension measurements were performed 

using a 2 mL glass syringe fitted with a 0.5 mm. O.D. needle 

which was bent to a right angle and whose tip was ground 

flat. Droplets were forced from the syringe using a Model 

SB2 microburet (Micrometric Instrument Co., Columbus, OH.). 

Because of the small size of the drops obtained (typically 1-

3 mm.), drop dimensions could not be reliably measured with

out magnification. The needle tip was therefore positioned 

under a stereo microscope (Swift Instrument Inc.) and a 

monocle (Edmund Scientific Co.) bearing a calibrated 1 cm. x 

1 cm. grid placed just in front of the hanging droplet. 

Because of the difficulty in making large numbers of 

measurements using this arrangement, in a number of systems, 
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drop dimensions were determined by projecting an image of the 

pendant droplet on a ground glass screen. The degree of mag-

nification achieved was determined by projecting the image of 

a calibrated grid onto the same screen. 

3.2. Reagents 

Distilled water was deionized in a Crystal Demineralizer 

(Crystal Research Laboratories, Hartford, CT.). This 

distilled, deionized water was used in all experimental pro-

cedures. 

Chloroform was washed with deionized water three times 

prior to use, stored in the dark, and generally kept no 

longer than a few days. All other organic solvents were used 

as received. 

Perchloric acid, hydrochloric acid, sulfuric acid, 

sodium hydroxide, sodium acetate, and tris[(hydroxymethyl) 

amino]methane were used for pH adjustment. The ionic 

strength of aqueous solutions was maintained at 0.1 by 

addition of sodium perchlorate, sodium chloride, or sodium 

sulfate. All of these materials were analytical reagent 

grade. 

Stock solutions of metal ions were prepared by dissolv-

ing reagent grade metal salts (typically perchlorates) in 

deionized water and standardizing against primary standard 

disodium EDTA (Fisher Scientific Co.) (33). 

Dithizone (diphenylthiocarbazone) was purified by first 



dissolving a small quantity of the reagent in chloroform. 

This solution was then shaken with a 0.5 M ammonium hydroxide 

solution, which extracts the reagent anion into the aqueous 

phase. The organic phase was then discarded and replaced 

with clean chloroform. Acidification of the aqueous phase 

resulted in the extraction of the purified dithizone into the 

organic phase. 

8-Quinolinol (Aldrich), 2-methyl-8-quinolinol (Aldrich), 

5,7 dibromo-8-quinolinol (Eastman Kodak), and 5,7 dichloro-

8-quinolinol (Aldrich) were recrystallized twice from 

ethanol. 5-Chloro-8-quinolinol was first decolorized by 

treatment of a hot hexane solution of the reagent with activ

ated charcoal (Norite), then recrystallized from ethanol. 

5-n-octyl-8-quinolinol was synthesized by the three step 

procedure shown in Figure 3.4. A more detailed description 

follows. 

3.2.1. Preparation of 5-chloro-8-methoxyquinoline 

Freshly cut sodium metal (1.4 g.) was dissolved in 60 

mL. of absolute methanol in a three-neck round bottom flask 

fitted with a water-cooled condenser and a dropping funnel. 

5-chloro-8-quinolinol (10.8 g.) was added and the mixture 

gently stirred under dry, flowing nitrogen for 20-30 minutes. 

The solution was refluxed at 90· C for 1 hour, then cooled to 

40-45 0 C. Freshly distilled methyl iodide (11.4 g., Aldrich, 

gold label) was slowly added via the dropping funnel and the 
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mixture stirred overnight. The temperature was then raised 

to 90°C and the solution ref1uxed for 3 hours. The solution 

was then cooled to room temperature and the methanol removed 

by rotary evaporation, leaving a reddish-violet and yellow 

solid. This was dissolved in 200 mL of chloroform and 

stirred overnight. An equal volume of deionized water was 

added and the mixture shaken in a separatory funnel. After 

removal of the aqueous phase, the chloroform solution was 

washed 3 times with 200-mL. a1iquots of 5% wjv potassium 

hydroxide solution to remove unreacted starting material, 

then with deionized water until the washings were no longer 

alkaline. Rotary evaporation of the washed chloroform 

solution left a deep violet oil. This was dissolved in 

hexane, heated to boiling, and treated with activated char

coal (Norite). Removal of the Norite by suction filtration 

left a colorless solution which, upon slow cooling to room 

temperature, yielded a white, crystalline solid. The 

crystals were collected by suction filtration and dried over

night in a vacuum dessicator. The identity of the product 

was determined by an examination of its infrared spectrum and 

its purity verified by both a melting point determination and 

TLC on silica using 5% ethyl acetate in hexane as the mobile 

phase. 

3.2.2. Preparation of S-n-octyl-8-methoxyquinoline 

S-Chloro-8-methoxyquinoline (0.96 g., 5 mmol.) was taken 
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into 200 mL of anhydrous, degassed diethyl ether and the 

mixture cooled to -80 ·C under an argon atmosphere. Phenyl-

lithium (2.5 mL of a 2 M solution) was added dropwise and the 

resulting solution stirred at the above temperature for 5 hr. 

Freshly distilled l-bromooctane (1 g., 5.17 mmol.) was dis-

solved in anhydrous ether (20 mL) and added dropwise to the 

solution at -80 ·C. The resulting mixture was stirred 

overnight, then gently warmed to room temperature and again 

stirred overnight. Ice water (200 mL) was then added to the 

mixture, the organic layer separated, and the aqueous layer 

extracted with diethyl ether. This extract was combined with 

the original organic layer and the combined solution dried 

with anhydrous magnesium sulfate. The liquid was then drawn 

off and concentrated to yield a yellow/green oil (0.58 g, 

43%). The identity of this material was determined by an 

examination of its infrared and proton NMR spectra. 

3.2.3. Preparation of 5-n-octyl-8-quinolinol 

5-n-Octyl-8-methoxyquinoline (3 g., 1.10 mmol.) was 

dissolved in 60 mL of 40% HBr and the mixture refluxed for 

48 hr. After cooling, the solution was contacted with an 

equal volume of diethyl ether in order to remove all of the 

neutral materials. The aqueous layer was then slowly 

neutralized with solid sodium bicarbonate. The resulting 

milky mixture was extracted with diethyl ether. The organic 

layer was separated, washed with water, and dried with anhy-
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drous magnesium sulfate. The liquid was drawn off and 

concentrated to yield a greenish oil (72% yield). 

3.2.4. Purification of 5-n-octyl-8-quino1ino1 

The crude 5-n-octyl-8-quino1ino1 was purified by column 

chromatography on silica gel using 5% ethyl acetate in hexane 

as the eluent. The identity of the product was confirmed by 

examination of its infrared and proton NMR spectra. 

3.3. Procedures 

3.3.1. Extraction Kinetics (general) 

The UV/visib1e spectrophotometer was first zeroed at the 

desired wave1eng,th (typically at or near the wavelength of 

maximum absorbance of the product chelate) by pumping the 

appropriate organic solvent through the flow cell. One hund

red mL. of organic phase and a measured volume (ca. 99 mL.) 

of an aqueous buffer solution were placed in the reaction 

vessel and the vessel immersed in the constant temperature 

bath. The phase separator and stirrer were inserted as shown 

in Figure 3.1 and the peristaltic pump was started to circu

late the organic phase through the spectrophotometer. The 

stirrer was set at the desired speed and the mixture stirred 

for several minutes, thereby ensuring that thermal equilib

rium and a steady-state drop size were reached prior to the 

start of the kinetics ,run. The run was begun by the rapid 

«1 s.) injection of a small aliquot of a standard metal ion 

solution into the vigorously stirred mixture. After an 
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approximately 20 s. waiting period, during which time the 

initial sample of product moves from the reaction vessel to 

the flow cell, the computer was activated and began to 

collect absorbance data at a pre-set frequency, typically 1 

reading per second. This data collection was continued until 

at least 1 half-life had elapsed. The mixture was then 

stirred until no further change in absorbance was observed, 

indicating that equilibrium had been reached. At this point, 

the absorbance was recorded and the pH of the aqueous phase 

measured. 

All kinetics experiments were run with ligand in at 

least lO-fo1d excess over metal ion. These conditions per-

mitted simplification of the mathematics ordinarily required 

for reactions whose rate is dependent upon both metal and 

ligand concentration to a simple pseudo-first order treat-

ment. 

3.3.2. Extraction Kinetics in the Presence of an Adsorbed 
Layer 

To determine the effect of interfacial1y adsorbed 

reaction products upon the rates of extraction in various 

systems, a two-phase mixture consisting of 100 mL. of organic 

phase and 97 mL. of a buffered aqueous phase was first 

equilibrated in the high-speed stirring apparatus in the manner 

described above. A 3-4 mL. injection of a standard metal ion 

solution was then made, a volume sufficient to generate, at 
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equilibrium, a bulk organic phase concentration of product 

complex corresponding to interfacial saturation. After 

equilibration, the pH was adjusted to its original value by 

dropwise addition of a 5% (w/v) solution of potassium hydroxide 

and the mixture again stirred until the absorbance stabilized. 

(Absorbance data were not collected at any time during the 

generation of this material or the subsequent equilibration and 

pH adjustment steps. Only the final absorbance was recorded, as 

this became the initial absorbance in the subsequent kinetics 

run.) A 1 mL. injection of a standard metal ion solution was 

then made, the computer activated, and absorbance data 

collected in the usual manner. 

3.3.3. Determination of the Instrument Response Function 

The response function of the extraction kinetics 

apparatus was determined by rapid «1 s.) injection of a 1.00 

mL. aliquot of a 0.0102 M solution of 8-quinolinol in chloro

form into a vigorously stirred (2000-5000 rpm) mixture 

consisting of 100 mL. each of chloroform and pH 7 TRAM 

buffer. Since 8-quinolinol remains largely in the organic 

phase (34), no chemical reaction and negligible mass transfer 

were involved. As in an extraction kinetics experiment, the 

organic phase was continuously circulated through the 

spectrophotometer (A- 325 nm.), permitting the determination 

of the variation of absorbance with time. Absorbance data 

were acquired at the rate of 5 points per second for a 1 

50 



minute period beginning (as nearly as possible) at the time 

of injection. After 5 identical trials had been carried out, 

the absorbance data for each were normalized using the 

expression: 

A(t) ,norm. - A(t) - A(O) 
A(f) - A(O) 

where A(O), A(f), and A(t) are the absorbances at t = 0, t 

ro, and any time t, respectively. The five normalized 

absorbance values obtained for each time, t, were then 

averaged and a plot of A(t) ,norm. mean versus time was pre-

pared. 

3.3.4. Measurement of Mass Transfer Rates 

To determine the rate of transfer of a substance between 

phases under the conditions of agitation employed in the 

extraction kinetics apparatus, a series of injections of 5% 

w/v potassium hydroxide solution were made into vigorously 

stirred (2000-5000 rpm.) mixtures consisting of 100 mL. each 
-3 

of a 1.02 x 10 M solution of 8-quinolinol in chloroform and 

a pH 7.30 THAM buffer. The effect of this injection was to 

raise the aqueous phase pH to over 11, causing conversion of 

a portion of the 8-quinolinol present in the aqueous phase to 

the corresponding anion and a loss of the material from the 

organic phase. Because the rate constant associated with the 

reaction of the 8-quino1inol molecule with hydroxide ion is 
9 -1 

extremely high (ca. 1.5 x 10 M s ) (35), the rate at which 
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the material leaves the organic phase must be governed by the 

rate of diffusional mass transport. 

As in the response function trials, the organic phase 

was continuously circulated through the spectrophotometer, 

permitting determination of the absorbance vs. time profile. 

Here too, data were acquired at a rate of 5 points per 

second. 

Because the rate of mass transfer was quite rapid, the 

effect of the instrument response function upon the measured 

absorbance vs. time profile could not be ignored in the 

determination of the transfer rate constants. The observed 

absorbance vs. time data was therefore corrected for this 

effect by means of a Lotus 1-2-3 (Lotus Development Corp.) 

deconvolution spreadsheet, "RESPWORK" , developed in our 

laboratory (36). By then treating the transfer as a first 

order kinetics process, the desired mass transfer rate 

constants could be obtained. 

3.3.5. Interfacial Adsorption in Vigorously Stirred Systems 

3.3.5 a. Ligands 

The UV/visible spectrophotometer was first zeroed at the 

desired wavelength by pumping clean organic solvent through 

the flow cell. One hundred mL. of an organic solution of the 

ligand and an equal volume of buffered aqueous phase were 

introduced into a 500 mL. Morton flask which was immersed in 

a water bath at the desired temperature. The stirrer and 
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phase separator were introduced (Figure 3.1) and the organic 

phase circulated through the spectrophotometer (ca. 3 mL./ 

min.). When a stable value of absorbance was reached, the 

computer was activated and absorbance data collected at 2 s. 

intervals for at least 1 minute. These values were averaged 

to yield the unstirred organic phase absorbance, A un. The 

stirrer was then set to the desired speed and the circulation 

of the organic phase through the spectrophotometer continued. 

When a stable absorbance reading was again reached, a second 

set of values was collected, the mean of which was designated 

A I. The absorbance decrement, AA, was determined from A A = 

A un - A'. 

3.3.5 b. Metal Che1ates 

An organic solution of the metal complex of interest 

was prepared "in situ" by a procedure analogous to that 

outlined above for extraction kinetics measurements. The 

absorbance decrement was then measured in the same manner 

described for ligands. 

3.3.6. Stripping Experiments 

A solution of the metal complex of the desired concent

ration in the appropriate solvent was prepared "in situ" by 

a procedure similar to that described above for kinetics 

measurements. When a stable absorbance was reached, 

indicating complete formation of the complex, the arrangement 

of the apparatus was altered so that the organic phase drawn 
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from the reaction vessel was no longer returned to the vessel 

for re-equilibration, but rather directed to another 

container. (The high speed stirring, it should be noted, was 

not interrupted during this withdrawal.) During the removal 

of organic phase, the total volume withdrawn and the 

corresponding absorbance values were recorded at regular 

intervals. For the purposes of comparison, withdrawal of 

organic phase from unstirred reaction mixtures was also 

performed and the variation in absorbance with volume removed 

determined. 

In those cases in which these "stripping" experiments 

were carried out to evaluate the feasibility of this 

procedure as a means of effecting metal ion separation or 

preconcentration, the organic phase withdrawn was collected 

in a series of small (e.g. 5 mL.) aliquots and each aliquot 

equilibrated with an equal volume of dilute perchloric acid 

(pH 1) to back-extract any metal ions present. Their 

concentrations were then determined by atomic absorption. 

All conditions were those recommended as optimum by the 

manufacturer (37). 

3.3.7. Adsorption in Static Systems (Interfacial Tension 
Measurements) 

Measurements of the interfacial tension between aqueous 

buffer solutions and organic solutions of the species of 

interest were performed using the pendant drop method (38, 
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39). Whenever possible, measurements were conducted on 

systems which had been equilibrated by shaking on an Eberbach 

box-type shaker for at least 12 hours. 

Best results were obtained when the bulk of the drop was 

formed quickly, followed by slow incremental adjustment of 

the microburet to produce the largest possible drop. The 

reproducibility using this approach was typically within 5%. 

As a check on the accuLacy of the procedure, each set of 

samples included at least one vial containing the pure 

solvents used (e.g. deionized water/chloroform), systems for 

which the value of the interfacial tension is well known. 

3.3.8. Interfacial Area Determination in Liquid/Liquid 
Dispersions: The Interfacial Adsorption Method 

The total interfacial area generated in each system at 

the various stirring speeds was determined by the method of 

Aprahamian et al. (21) according to the following equation: 

A A V ( 1 + l/Kdr) r Ai 
bE 

where AA is the absorbance decrement induced by stirring, 

V is the organic phase volume in liters, E is the molar 

absorptivity of the adsorbing species, b is the flow cell 

path length in cm., Kdr is the distribution ratio of the 
2 

adsorbing species, r is the interfacial excess in moles/em, 
2 

and Ai is the interfacial area in cm. For species having a 

large distribution constant, this equation may be rearranged 

to: 
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Ai - AA V/r€ 

The value of the interfacial excess was determined from an 

interfacial tension versus In concentration plot for the 

species of interest using the Gibbs equation: 

7 

r - .:L ( ~ 'Y i/ 
RT 

~ In C) 
T 

where R is 8.3 x 10 erg/K mol, T is the absolute tempera-

ture, C is the bulk concentration in moles/I, and Jfi is 

the interfacial tension in dynes/em. Because the interfacial 

tension varies linearly with the In concentration only when 

interfacial saturation has been achieved, the needed value of 

the slope, ~ Jfi/ ~ In C, could be found by simple linear 

regression analysis of the interfacial tension data only at 

sufficiently high bulk adsorbate concentrations. For lower 

concentrations, the slope was determined by first fitting a 
432 

polynomial of the form y - ax + bx + cx + dx + e (where 

a, b, c, d, and e are constants) to the data using the 

regression function of the Lotus 1-2-3 spreadsheet program 

(Lotus Development Corp.). Correlation coefficients of 0.99 

or greater between values of interfacial tension predicted 

for a given concentration using this polynomial and those 

actually observed were typically obtained. The first 
3 

. derivative of this polynomial (general form dy/dx - 4ax + 
2 

3bx + 2cx + d) corresponds to the slope at any point, i.e. to 
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3.3.9. Interfacial Area Determinations in Liquid-Liquid 
Dispersions by Light Scattering: Calibration of the 
Fiber Optic Probe 

To establish the response of the fiber optic light 

transmission probe as a function of interfacial area, a 

series of dispersions were generated by high speed stirring 

of 200 mL. of a chloroform solution of either Triton X-100 
-5 -4 

(5 x 10 M), Triton X-45 (2 x 10 M), or copper 8-quino1ino1-
-4 

ate ( 1 x 10 M) and an equal volume of either deionized 

water (for Tritons) or pH 7 THAM buffer. The total inter-

facial area generated in each system was determined at a 

series of stirring speeds ranging from 2500 to 4000 rpm using 

the interfacial adsorption technique described above (21). 

The probe was then used to determine the transmittance, I, of 

each of the dispersions at each stirring speed. Finally, the 

transmittance of pure continuous phase, Io, was determined 

under identical conditions with only pure chloroform in the 

probe gap. Calibration curves were prepared for each system 

by plotting the probe response, as the ratio Io/I, against 

specific area, i.e. the interfacial area per unit volume. 

3.3.10. Extraction Equilibrium Studies (Static Systems) 

In systems for which the stoichiometry of the metal 

chelate produced in an extraction kinetics experiment was not 

available from literature sources, studies of the equilibrium 

distribution of the metal under various conditions of pH and 

ligand concentration were performed. In the pH dependence 
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studies, 10 mL. a1iquots of an organic solution of the ligand 

and equal volumes of an aqueous phase buffered to various 

pH's (typically 5-7) at an ionic strength of 0.1 and 

initially containing ca. 3 ppm of the metal ion were shaken 

in 40 mL. extraction vials until equilibrium was reached. 

(The exact time required was determined from previous 

kinetics experiments.) The vials were then allowed to stand 

to permit phase separation. The metal content of the aqueous 

phase was then determined by atomic absorption spectrometry. 

The organic phase metal complex concentration was calculated 

from the difference between the equilibrium aqueous phase 

metal ion concentration and the initial value. The distribu
n+ 

tion ratio, D, defined as [MLn] org/ [M aq, was calculated 

for each sample and a plot of log D versus pH prepared. The 

number of protons lost in the extraction process was deter-

mined from the slope of this line (40). 

Ligand dependence studies were carried out in an 

analogous manner and the number of ligands bound to the metal 

ion determined from a plot of log D versus log [HL] org (40). 

3.3.11. Extraction Equilibrium Studies (Dispersed Systems) / 
Shifts in Extraction Equilibria 

To determine the effect of vigorous agitation upon the 

. equilibrium distribution of the metal, a solution of the 

metal complex of interest of the desired concentration in the 

appropriate solvent was prepared by a procedure similar to 
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that described above for extraction kinetics measurements. 

In this case, however, the aqueous phase pH values were not 

selected to yield complete extraction, but rather to 

correspond to a log 0 value of between -1 and +1 in the un-

stirred system. The extent of chelate adsorption was 

determined by measuring the absorbance decrement,~A, in the 

organic phase. From this, the concentration of the extracted 

chelate present in the organic phase during stirring was 

calculated from: 

[MLn]' org - (I-f) [MLn] org 

where f is the fractional absorbance decrement (~A/A un) and 

[MLnJ org is the organic phase chelate concentration in the 

corresponding unstirred system. Changes in the aqueous phase 

composition were monitored simultaneously by withdrawing 

small (ca. 2-3 mL.) aliquots of that phase using an aqueous 

phase separator and determining the metal ion concentration 

by atomic absorption spectrometry. From the value obtained, 
n+ 

designated [M ] " the distribution ratio of the metal under 

high speed stirring conditions was calculated using the 

expression: 
n+ 

0' - [MLn] , org / [M ] , aq 

A plot of log 0' versus pH was constructed by repeating these 

measurements at several pH values. Comparison of the 

apparent pH 1/2 value (the pH corresponding to equal metal 

concentrations in both the organic and aqueous phases) to 
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that determined earlier in the unstirred system yields 

A pH 1/2, an indication of the extent to which the 

extraction equilibrium has been shifted by stirring. 

3.3.12. Determination of Ligand Distribution Constants (41) 

The distribution constant, Kdr, of 5,7 dichloro-8-

quinolinol between water and either carbon tetrachloride, 

toluene, or chlorobenzene was determined by equilibrating 
-3 

equal volumes (10 mL.) of a 1.02 - 5.10 x 10 M solution 

of the ligand in the appropriate solvent and a series of ca. 

pH 5 acetate buffers which, prior to use, had been saturated 

with the appropriate solvent. After 12-24 hours of agitation 

on an Eberbach box-type shaker, an aliquot of the aqueous 

phase was then diluted with an equal volume of absolute 

methanol and the absorbance of the solution measured at 247 

nm. using a Perkin-Elmer Model 3840 Lambda Array UV-visible 

spectrophotometer. The concentration of 5,7 dichloro-8-

quinolinol present was determined by comparison to a series 

of standards prepared in 50/50 water/methanol. Values of the 

distribution ratio, D, were calculated from D - C org/ C aq 

and Kdr taken as the value of this ratio on the plateau of a 

plot of D as a function of pH. 

3.3.13. Attenuated Total Reflectance Infrared Studies of 
Ligand Adsorption 

A 52 mm. x 2 mm. 45 degree ZnSe internal reflection 

element (IRE) was immersed in a heated solution of Apiezon M 
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grease in carbon tetrachloride and slowly withdrawn. This 

deposited a grease film typically 0.1 to 1 micron in thick-

ness on both sides of the IRE. The exact film thickness was 

determined by infrared transmission. The IRE was mounted in 

an appropriate holder (Harrick Scientific) and an aliquot of 

the sample solution was introduced atop the grease film by a 

syringe. 

Infrared spectra were recorded with a Perkin-Elmer Model 

1800 FT-IR spectrometer controlled by CDS-3 software. All 

spectra were acquired in the double beam mode versus open 

reference beam with the use of either the PE "Qualitative" 

scan program or the "Flatmo2" program, typically using 10 

cycles. Each spectrum was smoothed over 25-49 points using 

the PE CDS sliding average smoothing function. 

Transmission spectra were obtained with KBr transmission 

windows (Janos Optical) for organic solvents and CaF windows 
2 

for aqueous solutions. The entire optical path was purged 

with dry nitrogen gas prior to all runs. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Interfacial Adsorption in Solvent Extraction'Systems 

4.1.1. Ligands 

Any attempt to evaluate the role of either partially or 

fully formed extractable chelates in the overall effect of 

the liquid-liquid interface on the extraction process must 

begin with an examination of the interfacial properties of 

the ligands themselves. It has long been recognized that 

those structural features which make many ligands useful in 

liquid-liquid extraction may also make them interfacially 

active (42). That is, like surfactants, extractant molecules 

possess both hydrophilic and hydrophobic functionalities, the 

polar hydrophilic groups to interact with the metal ion in 

the aqueous phase, and the hydrophobic groups to impart 

the maximum degree of solubility in the organic phase to the 

resultant metal complex. Such materials will clearly exhibit 

some degree of adsorption at organic-water interfaces and 

their addition to an organic-water system will therefore 

modify the properties of the interface. The extent to which 

. the interfacial properties are altered will depend primarily 

upon the concentration of the reagent adsorbed at the inter

face, the interfacial excess, r. This, in turn, is a 
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function ot the bulk concentration of the reagent, the nature 

of the organic solvent, the molecular geometry of the 

reagent, and its interfacial activity. Interfacial activity 

may be thought of as an indication of the "efficiency" of a 

particular species as a surfactant, i.e. as either a measure 

of the amount of change induced in any interfacial property 

by the adsorption of a given amount of the reagent or of the 

amount of the species required tb- bring about a given amount 

of change in the property of interest (43). 

In theory, the interfacial activity of a reagent may be 

estimated by any of three methods - measurement of interfacial 

potential, interfacial viscosity, or interfacial tension. In 

actual practice, however, the many experimental difficulties 

associated with the determination of interfacial potential 

and viscosity have restricted their use. Nearly all of the 

information available on the interfacial activity of 

extractants, therefore, is derived from interfacial tension 

data (44). Several investigators, for example, have used 

interfacial tension measurements to examine the interfacial 

properties of carboxylic acid (45,46) and amine (47,48) 

extractants. Various chelating reagents have also been 

extensively studied, in particular, the o-hydroxyoximes such 

as LIX 63, 64N, and 65N (15,49). Relatively little data, 

however, is available regarding the interfacial properties of 

8-quinolinol and its derivatives. Flett et al. (50) 
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carried out tension measurements on 7-dodecenyl-8-quinolinol 

(IIKelex 100", Ashland Chemical Co.)/ carboxylic acid 

mixtures, but no data regarding the activity of Kelex alone 

were presented. More recently, Aprahamian and Freiser (23) 

have reported that the anionic forms of both 8-quinolinol . 

and Kelex 100 are very weakly surface active, exhibiting 
-12 -12' 2 

interfacial excesses of ca. 3 x 10 and 6 x 10 moles/cm, 

respectively, at a chloroform/water interface at pH 11.3. 

The bulk concentrations at which these interfacial concent-

rations were observed, however, were not reported. Because 

of this scarcity of information concerning the 8-quinolinols, 

the interfacial adsorption of several of these reagents, in 

particular, the parent ligand and its 2-methyl-, 5,7 dichloro; 

5,7 dibromo-, and 5-octyl- derivatives (Figure 4.1), was 

examined in both static and highly stirred organic/aqueous 

systems. 

First, a study of the variation in the magnitude of the 

absorbance decrement,~A, observed at a given stirring speed 

with pH was carried out for several of the reagents. Figure 
-4 

4.2 shows a typical set of results, here for a 4.02 x 10 M 

solution of 8-quinolinol in chloroform in contact with an 

equal volume of buffered aqueous phase and stirred at 5000 

rpm. As may be seen, below ca. pH 8, the absorbance 

decrement is immeasureably low. Above this, it rises steeply 

with increasing pH until at pH 12, a 0.59% drop in absorbance 
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Figure 4.2 Variation in Absorbance Decrement with pH 
for 8-Quinolinol 
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is observed. These observations are consistent with the 

reported interfacial activity of the ligand anion (23). 

Similar results were obtained for each of the other reagents, 

although because of the lower pKa's of the halo-substituted 

compounds (7.3-7.4 vs. 9.7 for the parent compound (34», the 

pH at which AA is first observable is lower for these 

reagents than for either the parent or the alkyl- substituted 

compounds. 

To better quantify the adsorption behavior, measurements 

of the absorbance decrement were carried out at a fixed pH as 

a function of reagent concentration for several of the 

reagents. One such plot, here for 8-quinolinol in chloro-

form, is shown in Figure 4.3. As may be seen, the absorbance 

decrement rises steeply at first, then levels off, giving the 

plot a shape reminiscent of the Langmuir adsorption isotherm. 

Watarai has, in fact, shown that the adsorption of both 

protonated 1, 10 phenanthrolines (30) and various neutral 

ligands (e.g. (E) 2'-hydroxy-S'-nonylacetophenone oxime (22) 

and 2-hydroxy-S-nonylbenzophenone oxime (29) ) does conform 

to the Langmuir isotherm and that by plotting the data as the 

reciprocal absorbance decrement (l/AA) versus the reciprocal 

organic phase absorbance (l/A'), a straight line plot whose 

slope is proportional to K" (also expressed as K' d), the 
L 

"interfacial adsorption constant" of the ligand, is obtained. 

Applying Watarai's reasoning to the case of the adsorption of 
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Figure 4.3 Concentration Dependence of the Absorbance 
Decrement for 8-Quinolinol 
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ligand anions (see Appendix C for a complete derivation) 

leads to the following expression: 
+ 

1/ A A - ( [H 1 Kdr e: + l/a ) 
K" Ka A' 

V org 
e: Ai (1000) 

From this, it may be seen that if the adsorption of the 

ligand anion conforms to the Langmuir isotherm, a plot of 

l/AA vs. l/A' at constant pH should yield a straight line 
+ 

whose slope is Kdr Vorg [H ]/ K" Ka Ai (1000). Figure 4.4 

shows such a plot for the 5,7 dich10ro-8-quinolino1 system. 

As may be seen, the plot is indeed linear (correlation 

coefficient - 0.992), with a slope corresponding to a K' d of 
-4 L 

4.37 x 10 Analogous plots for each of the other 8-quinol-

inols are also linear. Table 4.1 summarizes the values 

obtained for the product K' d, along with the corresponding 
L 

values of Kdr of the neutral ligands. As may be seen, in a 

given organic solvent (e.g. chloroform) an increase in the 

distribution constant of the neutral ligand is accompanied 

by an increase in the interfacial activity of the ligand 

anion. This observation is consistent with results obtained 

by Watarai (30) for protonated 1,10 phenanthro1ines and for 

alky1dithizonate anions. It should be noted that for both of 

these ligand families, the relationship between the inter-

. facial activity and distribution data was described by the 

following equation: 
P 

log K' I Ai - log Kdr + A G (i-.o) + log Ai 
2.303 RT 
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7l 
Table 4.1 Interfacial Activities of 8-Quino1ino1ate Anions 

at OrganicjWater Interfaces 

Ligand Solvent log Kdr (34,51) K' d 
(neutral ligand) L 

-4 
parent chloroform 2.66 1.6 x 10 (23) 

-4 
2-methy1- chloroform 3.22 3.1 x 10 

-4 
5,7 dich10ro- chloroform 3.86 4.4 x 10 

-4 
5,7 dich10ro- toluene 3.25 2.0 x 10 

-4 
5,7 dich10ro- ch10robenzene 3.80 2.4 x 10 

-4 
5,7 dich10ro- carbon tet. 3.21 1.6 x 10 

-4 
5,7 dibromo- chloroform 4.15 8.5 x 10 (est. ) 

-2 
5-octy1- chloroform 5.52 (est.) 1.9 x 10 (est. ) 

-2 
5-octy1- carbon tet. 4.92 (est.) 1.9 x 10 

-2 
Ke1ex 100 chloroform 5.52 2 x 10 (23) 



with plots of log K"Ai versus log Kdr yielding lines of near 

unit slope. The 8-quinolinols examined here, however, failed 

to conform to this relationship. That is, for several of the 

ligands, larger than expected values of K' 'Ai were observed. 

There are several possible explanations for this. First, the 

derivation of the above expression assumes that an equivalent 

amount of interfacial area will be generated in the various 

systems under a particular set of stirring conditions, an 

assumption which may not be valid for a given ligand family. 
p 

In addition, it assumes a constant value of l:l. G (i ..... o), the 

free energy of transfer of the polar portion of the molecule 

from the interface to the organic phase. Depending upon the 

location and identity of the ligand substituents, this may 

also be an invalid assumption. Finally, accurate determi-

nation of interfacial adsorption constants requires an 

estimate of either the shift in pH 1/2 or of the magnitude of 

the absorbance drop induced by high-speed stirring. Neither 

of these quantities, however, is easily measureable for 

8-quinolinol or its derivatives. 

In order to put the values of K' d observed for the 
L 

various 8-quinolinols into perspective, values reported for 

several relatively surface active ligand anions and cations 

reported by previous workers are shown in Table 4.2. 
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Table 4.2 Reported Interfacial Activities of Various Ligands 

Ligand Solvent 

4,7 opp chloroform 

2,9 OM 4,7 opp chloroform 

butyldithizone chloroform 

~Kdr 
(neutral ligand) 

7.13 

8.53 

10.7 

K' d (30) 
L 

10.7 

129 

30 

Comparison of these values to those shown in Table 4.1 

indicates that, with the possible exception of the 5-n-octyl-

8-quinolinol, the 8-quinolinolate anions are most accurately 

described as weak surfactants. 

To verify the results obtained in the highly stirred 

systems, interfacial tension measurements were performed on 

chloroform solutions of several of the ligands versus an 

appropriate aqueous buffer. In addition, measurements were 

made using a single ligand, 5,7 dichloro-8-quinolinol, in 

several solvents. (Conditions were chosen to approximate 

those to be used in subsequent kinetics experiments involving 

nickel ion extraction by these reagents.) Table 4.3 

summarizes the results obtained for each of the systems 

examined, expressed as the interfacial excess of the ligand 

and the corresponding apparent molecular area at the 

interface. Under the experimental conditions, the molecular 

area for each of the ligands is larger than that expected for 

a close-packed monolayer of the molecules. This difference 

in areas is most pronounced in the case of 8-quinolinol, 
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Table 4.3 Surface Excesses and Apparent Molecular Areas for 
Selected 8-Quinolinols 

2 
Ligand Solvent ra 

2 area (A 
(molesLcm ) 

-12 
parent chloroform 3.0 x 10 5500 

-11 
5,7 dichloro- chloroform 2.97 x 10 559 

-11 
5,7 dich1oro- carbon tet. 3.78 x 10 439 

-11 
5,7 dich1oro- ch1orobenzene 3.73 x 10 445 

-11 
5,7 dich1oro- toluene 1. 71 x 10 971 

-11 
5-octyl- chloroform 1.45 x 10 1146 

a 
At a bulk organic phase ligand concentration comparable to 
that employed in subsequent extraction kinetics experiments, 
ca. 1-2 E-3 M. 
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2 
where an area per molecule approaching 5600 A is observed, 

2 
while ca. 42 A is expected (on the basis of the molar volume 

(52), assuming a spherical molecule). Thus, the adsorption 

results in the static systems support the primary conclusion 

of the stirring experiments, that under the experimental 

conditions, the ligands are only weakly interfacially active. 

4.1.2. Metal Chelates 

Given that the few reports of the adsorption of metal-

containing species at liquid-liquid interfaces have involved 

the interaction of the metal with some species which exhibits 

considerable interfacial activity even in the absence of the 

metal (53-55), the lack of interfacial activity of the 8-

quinolinol molecule and the weak adsorption of its anion 

would seem to make the observation of appreciable interfacial 

adsorption of any of its neutral chelates an unlikely 

possibility. In the course of preliminary studies regarding 

the rate of nickel ion extraction by a chloroform solution of 

8-quinolinol, however, it was observed that if the high-speed 

stirring of an equilibrated reaction mixture is abruptly 

stopped, the absorbance exhibited by the organic phase will 

surge dramatically, eventually leveling off at a constant 

'value higher than that observed during stirring. If the 

stirring is resumed, the organic phase absorbance returns to 

its original value (Figure 4.5). This change in absorbance 
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with stirring is reminiscent of the observations made on 

vigorously stirred liquid-liquid mixtures containing various 

surface-active ligands (vide supra) or ion-association 

complexes (31) and suggests that either the product complex 

(the neutral chelate NiOx • HOx) or some intermediate is 
2 

interfacially active. 

To verify this, several sets of experiments were carried 

out. First, a UV/visible spectrum (Figure 4.6) of the 

organic phase was obtained for both quiescient and vigorously 

agitated (5000 rpm) reaction mixtures. As may be seen, there 

is no discernible change in the location of any of the 

absorption bands, only a decrease in the absorbance observed 

at any given wavelength, suggesting that neither decomposit-

ion nor conversion of the complex is the origin of the 

stirring effect. 

Next, the dependence of the absorbance decrement upon 

the rate of stirring was examined. Previous work (21) has 

shown that over the range from ca. 2000-5000 rpm. there is a 

linear relationship between the amount of interfacial area 

generated in the reaction vessel and the stirring speed. 

Since an increase in interfacial area represents an increase 

in the number of available absorption sites, if the absorb-

ance decrement is the result of adsorption, its magnitude 

should rise linearly with stirring speed in the same range. 

As shown in Figure 4.7, ~A increases with the stirring speed 
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in the expected manner up to ca. 4S00 rpm. Above this, the 

absorbance change is essentially constant, indicating that 

the maximum degree of dispersion possible with the apparatus 

was attained at these rates. This observation is consistent 

with results obtained by previous workers using a similar 

apparatus (22,23). 

Next, the variation in the magnitude of the absorbance 

decrement with the concentration of the complex was examined 

(Figure 4.S). As might be expected for metal complex 

adsorption, the absorbance decrement rises with increasing 

concentration, eventually approaching a constant value 

apparently corresponding to interfacial saturation. 

Finally, the tension at the chloroform/water interface 

was measured as a function of the concentration of the nickel 

complex. As shown in Figure 4.9, a decrease in interfacial 
-5 

tension is evident at concentrations greater than 1 x 10 M. 
-4 

At ca. 1 x 10 M, this decrease becomes linear with ln C, 

implying saturation of the interface. The slope of this 

linear segment, 2.29 t O.OS, corresponds to an interfacial 
-11 2 

excess of 9.26 x 10 moles/cm, hence an area per solute 
2 

molecule of 170 A Taken together then, the results of 

these experiments clearly demonstrate that interfacial 

adsorption of some form of the metal chelate is the cause of 

the reversible absorbance drop. 

In the nickel/S-quinolinol system, three forms of the 
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+ 
complex may exist simultaneously - NiOx , NiOx • 2 H 0, and 

2 2 
NiOx • HOx·H 0 - their relative proportions determined by the 

2 2 
reaction conditions (56). To determine which of these three 

species is interfacially adsorbed, several additional experi-

ments were performed. First, measurements of the absorbance 

decrement were made for systems in which sodium sulfate or 

chloride was substituted for sodium perchlorate as the means 

of fixing the ionic strength of the aqueous phase. Watarai 

(31) has shown that the interfacial activity of charged ion
+ 

association complexes (e.g. CuL where L = 4,7 diphenyl-l,lO 

phenanthroline) is quite sensitive to the identity of the 

counterion present. By analogy then, the absorbance decre-

ment should be considerably different under a given set of 

conditions in the presence of sulfate or chloride ion than in 
+ 

the presence of perchlorate ion if adsorption of NiOx is 

occurring. In fact, such substitution was found to have no 

appreciable impact upon the interfacial adsorption constant. 

To determine if NiOx. 2 H 0 is the surface active 
2 2 

species, a series of stirring experiments were performed 

under conditions in which this species would predominate 

(e.g. with stoichiometric amounts of metal ion and ligand). 

In each case, the extraction resulted in the formation of 

an insoluble yellow-green precipitate and no reproducible 

drop in absorbance was observed upon stirring. These 

experiments strongly indicate that it is the neutral self-
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adduct which is the interfacially active species. 

4.1.2 a. Test of Fit of Absorbance Data to Various 
Adsorption Isotherms 

Three different isotherms have been proposed to describe 

the adsorption of various species at liquid interfaces (57). 

The most well known of these is the Langmuir isotherm: 

[Xl i... a b [Xl 
1 + b [Xl 

where a and b are constants, with a corresponding to the 

interfacial excess of the adsorbed species at saturation. 

This equation represents "ideal" adsorption, i.e. adsorption 

in which all sites on the interface are equivalent and there 

is no interaction between adsorbed molecules, and has been 

found to describe, for example, the adsorption of un-ionized 

butyric acid at the benzene/water interface (58), the 

adsorption of the neutral form of 2-hydroxy-5·nony1benzo-

phenone oxime (LIX 65N) at the n-heptane/water interface 

(29), and the adsorption of various protonated 1,10 phenant-

rolines at the chloroform/water interface (30). 

Another adsorption isotherm, applicable to moderately 

high solute concentrations, is that suggested by Kuster: 
n 

[Xl i - k [Xl 

where k and n are constants characteristic of the system. 

This relationship, commonly referred to as the Freundlich 

isotherm, is often found to be in very close agreement with 

the Langmuir equation over moderate ranges of concentrations 
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and has been shown to represent the adsorption of various 

long-chain ions at the oil/water interface under certain 

conditions (57). 

Finally, for many adsorbates, particularly long-chain 

surfactant ions (e.g. lauryl sulfate), neither the Langmuir 

nor the Freundlich isotherm will apply. For such species, a 

non-ideal isotherm which allows for varying interactions of 

solute molecules with the interface is needed, one which 

takes into account the fact that the adsorption of an ion 

imparts a charge to the interface which may make adsorption 

considerably less than expected at higher concentrations. 

Such an isotherm was proposed by Temkin (59): 

e - [Xl i 
-S-

- 1.. In a [Xl 
f 

where 9 - fraction of the surface covered, S - the saturation 

coverage of the surface, and a and f are constants. As is 

the case for the Freundlich isotherm, this equation is often 

found to be inapplicable at either very low or very high 

bulk adsorbate concentrations. 

Watarai (29) has shown that for a neutral species whose 

adsorption conforms to the Langmuir isotherm, a relationship 

between the absorbance decrement induced by stirring and the 

" 'organic phase concentration of the species of the following 

form will be obtained: 

l/...AA - (l/a + 8/ K'A') _--=-V __ 
8 1000 Ai 
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Similar expressions may be derived for species whose adsorp

tion conforms to the Freundlich or Tempkin isotherms. (See 

Appendix D for a detailed derivation of each.) The observed 

dependence of ~A upon complex concentration in the nickel/ 

8-quinolinol system and in systems involving two substituted 

8-quinolinols and three other metal ions was analyzed accord

ing to these equations. In each case, the correlation 

coefficient obtained using the Langmuir relationship was over 

0.99, higher than that obtained using either the Freundlich 

or Temkin isotherms. For the Fe(III)/2-methyl-8-quinolinol 

system, for example, correlation coefficients of 0.922 and 

0.998 were obtained for the Temkin and Langmuir equations, 

respectively. Thus, the adsorption of these chelates is 

"ideal" under the experimental conditions. 

To determine the relative interfacial activities of the 

various complexes, the value of K'Ai was determined from the 

plot of l/~A versus l/A' prepared for each system. Figure 

4.10 shows a typical plot, here for the nickel/8-quinolinol 

system. Table 4.4 summarizes the results of K'Ai calculat

ions for each of the metal/8-quinolinol systems examined. It 

is clear from this data that the stirring effect is not 

confined to the nickel/8-quinolinol system. In fact, signif

icant interfacial adsorption is observed in each of the 

nickel and zinc systems examined. 
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Table 4.4 Interfacial Activities of Metal Oxinates 

~ Ion Ligand Form of Complex K'Ai 
Under Expt1. Conditions 

(56,60-62) 
-2 

Ni(II) parent NiL· HL 1. 92 x 10 
2 -2 

2-methy1- NiL 1.27 x 10 
2 -2 

5,7 dibromo- NiL 3.73 x 10 
2 -3 

Zn(II) parent ZnL· HL 9.42 x 10 
2 -3 

2-methy1- ZnL 5.77 x 10 
2 -3 

5,7 dibromo- ZnL 5.46 x 10 
2 -4 

Cu(II) parent CuL 4.04 x 10 
2 -4 

2-methy1- CuL 2.59 x 10 
2 

5,7 dibromo- CuL < 1.o.d. 
2 -4 

Fe(III) parent FeL 6.46 x 10 
3 -3 

2-methy1- FeL 1. 28 x 10 
3 

5,7 dibromo- FeL < 1.o.d. 
3 

-3 
Conditions. Ni(II) systems: pH 7.04, 2.01 x 10 

-4 
M HOx 

in chloroform, (1.00-2.00) x 10 M metal ion. 
-2 

Zn(II) systems: 
-5 

pH 5.00, 2.02 x 10 M HOX in chloroform, 5.00 x 10 
-4 

- 3.53 
-3 

x 10 M metal ion. Cu(II) systems: pH 6.00, 2.01 x 10 M HOx 
-5 -4 

in chloroform, 1.00 x 10 - 2.00 x 10 M metal ion. Fe(III) 
-3 -5 

systems: pH 5.03, 2.02 
-4 

x 10 M HOx in chloroform, 2.75 x 10 

- 2.25 x 10 M in metal ion. Estimated limit of detection 
-5 

(l.o.d.): K'Ai - 4 x 10 . 
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4.1.2 b. Factors Governing the Magnitude of the Interfacial 
Adsorption Constant 

Coordinative Saturation vs. Unsaturation 

Consideration of the structures of each of the complexes 

listed in Table 4.4 reveals that, without exception, the 

largest interfacial activities are observed for coordinative-

1y unsaturated che1ates, that is, those for which the 

coordination number of the central metal ion is greater than 

twice its e1ectrova1ence. Coordinative1y saturated che1ates 

such as Fe(III) and Cu(II) 8-quino1ino1ates, che1ates in 

which the central metal ion is, in effect, surrounded by 

hydrophobic ligands, exhibit substantially lower activities. 

That this is not, in itself, adequate as a criterion for 

predicting which che1ates will show interfacial activity and 

which will not, however, becomes apparent when one considers 

the fact that, through the use of either high ligand concent-

rations or adduct-forming reagents, all of the coordination 

sites around the nickel or zinc atom may be made to be 

occupied by ligand molecules. In such a case, the species 

formed would be indistinguishable from, for example, Fe(III) 

8-quino1ino1ate. This suggests that what may distinguish 

between interfacial1y active and inactive che1ates is the 

presence of both ligand and water molecules in the coordinat-

ion sphere, with coordinative unsaturation merely making this 

"mixed" coordination sphere possible. 
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Support for this argument may be found in the results of 

a comparison between the magnitude of the absorbance 

decrement observed for a solution of the zinc 8-quinolinolate 

chelate in chloroform (vs. a pH 7 buffer) with that of a 

series of solutions containing this complex and various 

amounts of 1, 10 phenanthro1ine. The range of 1,10 

phenanthroline concentration chosen was such that an 

increasing fraction of the complex was converted to the mixed 

ligand complex ZnOx.phen (60), a species containing no 
2 

coordinated water molecules. As shown in Table 4.5, there is 

a substantial lessening of the fractional absorbance 

decrement with increasing phen concentration up to ca. 3.4 x 
-4 

10 M. Because 1,10 phenanthroline itself is not inter-

facially active (30), this reduction cannot be attributed to 

competition between it and the zinc chelate for adsorption 

sites. At still higher concentrations, the formation of 

appreciable amounts of interfacia11y active ion-association 
+ 

complexes, e.g. ZnOxphen. Cla , begins and the fractional 
2 4 

absorbance decrement again rises. 

Chelate Distribution Constant 

As noted above, Watarai (30) has shown that for the 

adsorption of a1kyldithizonate anions and various protonated 

1,10 phenanthrolines, the magnitude of the interfacial 

adsorption constant is related to the distribution constant 

of the neutral ligand in the following manner: 

90 



Table 4.5 Absorbance Decrement as a Function of Added 1,10 
Phenanthro1ine for the ZnOx2oHOx Complex 

Added phen (!:!) A A/A (!) 

0 11.58 
-5 

8.48 x 10 8.10 
-4 

1.70 x 10 7.73 
-4 

2.54 x 10 7.66 
-4 

3.39 x 10 7.34 
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p 
~og K" Ai - log Kdr + ~G (i-+o) + log Ai 

2.303 RT 

To derive this expression, Watarai reasoned that the transfer 

free energy of the solute from the aqueous phase to the 
t 

organic phase, ~G (a-.o), may be divided into the two 

free energies corresponding to the transfer from the aqueous 

phase to the interface, AG (a~i), and from the interface 

to the organic phase, ~ G (i ~o) . Each of these terms may 

be further separated into the two contributions from the non-

polar (np) and polar (p) groups in the molecule. Therefore, 

t 
AG 

np np 
(a-+o) - ~G (a-loi) + AG 

P 
AG (i-')oo). 

P 
(i-+o) + ~ G (a~i) + 

If it is assumed that the polar group of the adsorbed 

molecule is facing the aqueous side of the interface and the 

non-polar portion is immersed in the organic phase, 

np . p 
AG (i-...o) .. ~ G (ao+i) "" 0 

t 
Using AG (a-+o) - -RT ln Kdr and assuming that 

np 
~G (a-+i) - -RT ln K", we obtain the relationship between 

the interfacial adsorption constant and the ligand distrib-

ution constant shown above. 

To derive a relationship between the interfacial activ-

ity of a neutral chelate and its distribution constant, it 

must first be noted that there is a fundamental difference 

92 



93 

between the adsorption of a ligand cation or anion and a 

neutral species at a liquid-liquid interface. That is, while 

ligand cation or anion adsorption occurs solely from the 

aqueous phase to the interface, adsorption of a neutral 

chelate will occur simultaneously from both bulk phases. 

For the chelate, therefore, not one, but two interfacial 

adsorption constants must be defined. The first, K", may be 

defined as it was for ligand anions, that is, as lim ([Xlaq 

~O) [Xli I[Xlaq, and represents the extent of adsorption 

from the aqueous phase. The other, K', is defined as lim 

([Xl org ~O) [XJ.il [Xl org, and represents the corresponding 

measure of adsorption from the organic phase. (It is, in 

fact, this value which is determined on the basis of the drop 

in the organic phase absorbance upon stirring.) The question 

of how the interfacial activity of a neutral chelate varies 

with its distribution constant, therefore, becomes one of how 

each of these adsorption constants varies with Kdc. 

Consider first the variation in the extent of adsorption 

from the aqueous phase, i.e. K"Ai, with distribution 

constant. Using reasoning analogous to that outlined above 

for ligand adsorption, it can be shown that these two 

parameters are related by the expression: 

P 
log K' 'Ai - log Kdc + AG (i-.o) + log Ai 

2.303 RT 



Thus, provided that the interfacial area and the transfer 

free energy of the polar portion of the molecule remain 

constant, there will be a direct relationship between the 

(aqueous) interfacial adsorption constant and the 

distribution constant of the chelate. If it is assumed 

that the polar portion of the chelate consists of the metal 
p 

ion and the bonding atoms of the ligands, A G (i-+org) will 

be constant for a group of chelates consisting of the same 

metal ion in combination with a series of ligands for which 

only the hydrophobic portion of the molecule varies. Figure 

4.11 shows the results of measurements of K' 'Ai for the 

nickel chelates of several beta-diketones - acetylacetone, 

trifluoroacetylacetone, l-benzoylacetone, and hexafluoro-

acetylacetone - in carbon tetrachloride/water, plotted as log 

K' 'Ai vs. log Kdc (64-66). 'As may be seen, the anticipated 

linear relationship is observed. However, the slope of the 

line, 1.39, is somewhat greater than the unit slope expected. 

(This deviation may stem from the fact that in systems in 

which the chelate is more interfacially active, a given set 

of agitation conditions can be expected to yield more inter-

facial area than in systems with chelates of lesser activity. 

Thus, the Ai portion of K' 'Ai may be larger for the higher 

Kdc chelates, raising the slope of the line.) 

Now consider the variation of the extent of adsorption 

from the organic phase, i.e. K'Ai, with distribution 
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Figure 4.11 Relationship of the Interfacial Adsorption Constant 
to the Distribution Constant for Beta-Diketonates 
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constant. By dividing the transfer free energy of the 

chelate from the organic phase to the aqueous phase into 

portions corresponding to the transfer of the polar and non-

polar portions of the molecule and sub-dividing the transfer 

into organic to interface and interface to aqueous phase 

steps, we obtain the following expression: 

np p np p 
AG (o-.i) + AG (o_i) +AG (i-.a) +AG (i->a) 

Again, since the polar portion of the molecule faces the 
P 

aqueous side 
np 

of the interface, AG (i-+a) - O. Similarly, 
t 

AG (o-"i) ~ o. 
p 

using A G (0 -+i) 

Taking AG (o_a)'" -RT In (l/Kdc) and 

- -RT In K', we obtain: 
np 

log K'Ai ... log (l/Kdc) + AG (i-+a) 
2.303 RT 

np 

+ log Ai (4.1) 

Thus, if the interfacial area and A G (i ~a) remain constant, 

there will be an inverse relationship between the interfacial 

adsorption constant from the organic phase and the distribut-

ion constant. If it is again assumed that the non-polar 

portion of the chelate includes neither the metal ion nor the 
np 

bonding atoms of the ligand, AG (i-.a) will be constant for 

a group of chelates consisting of a given ligand in combinat-

ion "Vlith a series of metal ions. Figure 4.12 shows the 

results of K'Ai determinations for the 2-methyl-8-quinolinol-

ates of copper (II), nickel (II), and zinc (II) and for the 

2-thenoyltrifluoroacetonates of copper (II), zinc (II), and 

cobalt (II). As can be seen, straight lines of near unit 
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slope are obtained in both cases. The larger intercept for 

the 2-methyl-8-quino1ino1ate che1ates than for the 2-thenoy1-

trif1uoroacetonates may be explained by the greater hydro-

phobicity of the former ligand. 

Two things are apparent from the above treatment. 

First, the maximum interfacial activity can be expected for 

che1ates whose distribution constant is neither extremely 

high nor extremely low. In effect, the interface is a "third 

phase" interposed between the two bulk phases. Solubility in 

this third phase, i.e. interfacial activity, requires that 

the chelate not have appreciable affinity for either bulk 

phase. Next, because of the number of variables involved, 

quantitative predictions of the effect of a particular change 

in chelate structure, solvent, etc. upon the interfacial 

activity will not be straightforward. 

Fortunately, for many of the systems of interest in 

solvent extraction, the magnitude of the chelate distribution 

constant observed ( > 100) is such that this problem is 

partly overcome. That is, elementary thermodynamics 

requires that the ratio of chelate concentrations in the two 

bulk phases be identical in stirred and unstirred systems. 

Thus, the proportion of the total adsorbed chelate entering 

the interface from each bulk phase upon stirring is given by: 

X org - Kdc and X aq - 1 
Kdc + 1 Kdc + 1 



where X org and X aq are the fractions of adsorbed molecules 

originating in the bulk organic and aqueous phases, respect

ively, and Kdc is the distribution constant. Clearly then, 

for che1ates whose distribution constant is significantly 

greater than 1, adsorption from the organic phase will pre

dominate. At a Kdc of 100 for example, more than 99% of the 

adsorption occurs from the organic phase. Because adsorption 

from the aqueous phase may be safely neglected in such cases, 

the.interfacia1 activity of the che1ates involved may be 

understood solely on the basis of the magnitude of K' and 

equation 4.1 wi~l describe the relationship between the 

interfacial activity and the distribution constant. 

4.1.2 c. Thermodynamics of Adsorption 

To determine if differences in interfacial adsorption 

constants are entha1pic or entropic in origin, the temperat

ure dependence of the interfacial activity of two che1ates, 

copper and nickel 8-quino1ino1ate, was examined. Similar 

studies have previously been performed for the adsorption of 

long-chain organic acids (e.g. lauric) at hexane/water inter

faces (57), of a homologous series of organic acids and the 

corresponding alcohols at an air/water interface (68), and of 

.severa1 straight-chain alcohols at a water/octane interface 

(69), among others. Typically, these studies have involved 

the measurement of interfacial (or surface) tensions for the 

system of interest as a function of adsorbate concentration at 

99 



several temperatures. Because it was anticipated that the 

variation in interfacial tension for a given chelate concent-

ration over the accessible temperature range (ca. 10 - 30°C) 

would be small and therefore, that the interfacial tension 

measurements made with our apparatus may not be sufficiently 

precise, however, the temperature dependence of the interfacial 

adsorption constant was measured instead. 

It can be shown from basic thermodynamics that this 

constant is related to the adsorption enthalpy and entropy by 

the following expression: 

In K' 
MLn 

- A H ads/RT + A S ads/R 

Thus, a plot of In K' versus liT should yield a straight 
MLn 

line whose slope is - A H ads/R and whose y-intercept is 

AS ads/R. To determine K' from the measured K'Ai values, 
MLn 

the interfacial area generated in the reaction vessel under 

the experimental conditions was estimated using the method of 

Aprahamian and Freiser (21) applied to the adsorbing chelates. 
-3 

Measurements for the nickel 8-quinolinolate (10 M in chloro-
2 

o 
form) system at 25 C, for example, yield an area of 16,900 em, 

with which a value of K' of 11.4 may be calculated. The 
MLn 

results of analogous calculations for this chelate at several 

" 'temperatures are plotted in Figure 4.13. The slope and the y-

intercept of this line correspond to an enthalpy of adsorption 

of - 5.1 kca1/mo1e and an entropy of adsorption of ca. -12.3 
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cal/K mole, respectively. This adsorption enthalpy is quite 

close to the energy typically associated with hydrogen bond 

formation, 5-10 kcal/mole (70,71). This fact, together with 

the apparent importance of coordinated water to the observat-

ion of appreciable adsorption (noted earlier), suggests that 

the adsorption process invqlves at least partial removal of a 

water molecule from the organic phase and the formation of a 

hydrogen bond (or bonds) with interfacial YTater. Additional 

evidence of this may be found in the close agreement between 

the adsorption entropy and that observed for the adsorption 

of the hydroxyl group of normal aliphatic alcohols from a 

hydrocarbon to a hydrocarbon/water interface (69). 

Table 4.6 summarizes the results of adsorption enthalpy 

and entropy measurements for nickel 8-quinolinolate in three 

different organic solvents - chloroform, toluene, and chloro-

benzene. (Similar studies with the copper chelate were also 

attempted, but yielded poorly reproducible results.) 

Table 4.6 Enthalpies and Entropies of Adsorption for Nickel 
8-Quinolinolate in Several Organic Solvents 

Organic Solvent ~H ads. (kcal/mole) AS ads (cal/K mole) 

chloroform -5.1 -12.3 

chlorobenzene -9.4 -26.1 

toluene -23.6 -70.9 
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As expected, each of the enthalpy and entropy values is 

negative. Interestingly, both the enthalpy and entropy values 

observed using chlorobenzene are twice those found in chloro-

form, while the values observed using toluene are approximately 

five times as large. These results suggest that there may be 

a difference in the solvation sheath associated with the polar 

portion of the chelate (i.e. in the degree of hydration of the 

chelate) in the various solvents. Meloan and his coworkers 

(72-77) have shown that a number of water molecules are often 

associated with extracted chelates. (Five water molecules are 

associated with Fe(III) 8-quinolinolate upon extraction into 

chloroform, for example (76).) To date, however, the effect of 

changing solvent upon the number of water molecules associated 

with a given chelate has not been determined, nor has the 

number of molecules associated with nickel 8-quinolinolate been 

determined in any solvent. This explanation for the effect of 

solvent changes upon AH ads and As ads must therefore be 

considered tentative. 

It should be noted here that an inaccurate estimate of the 

amount of interfacial area generated in the reaction vessel 

for a particular solvent system will not have a major impact 

upon the values of either A H ads or AS ads reported in 

Table 4.6. If, for example, one were to estimate that only 
2 

10,000 cm of interfacial area were produced in the chloroform 

system (a nearly 40% error), the calculate~~ value of A S ads 
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would be -~1.3 cal/K mole, only 8% lower. The value calculated 

for AH ads, of course, would be unaffected. It should also be 

noted, however, that it has been assumed that the interfacial 

area produced in a given solvent is the same at each of the 

temperatures considered. If this assumption is invalid, the 

effect upon the values calculated for AHads and A S ads 

could be substantial. A number of studies, however, suggest 

that the interfacial area will be approximately constant over 

the narrow range of temperatures considered here. 

Studies by McLaughlin (78) to determine which system 

properties are most important in governing the amount of 

interfacial area generated in a liquid-liquid dispersion have 

sho~~ that the area produced depends upon both the mixing 

equipment characteristics (e.g. impeller diameter) and various 

fluid properties, among them the phase volume ratio, the inter-

facial tension, the viscosity of the dispersed phase, the 

density of the continuous and dispersed phases, and the power 

input to the impeller. Of these parameters, the interfacial 

tension, dispersed phase viscosity, and continuous and dispersed 

phase densities will be affected by changes in temperature. 

Consider first the interfacial tension. Vochten and Petre 

(79), in an examination of the adsorption enthalpies of various 

alcohols, observed only a 1.5 dyne/cm change in tension at a 

carbon tetrachloride/water interface over the range 10-30 0 C and 
-4 

a < 1 dyne/cm change over the same range for a 4 x 10 molal 
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tetracosanol solution (in the same solvent) versus water. 

Changes of this magnitude would not be expected to have a 

significant effect upon the amount of interfacial area generated 

in the reaction vessel. 

Vermeulen, Williams, and Langlois (80) have examined the 

effect of changes in dispersed phase viscosity upon the mean 

drop diameter produced in various liquid-liquid dispersions. 

Their results showed that a huge change in dispersed phase 

viscosity, from 0.52 cpo to 184 cp., produced only a 30% 

change in drop diameter. The viscosity of water, the 

dispersed phase .in the systems considered here, ranges from 

1.307 cpo at 10 DC to 0.7975 cpo at 30 0 C (81). Such a small 

change in viscosity would clearly not be expected to have a 

significant effect upon the interfacial area produced. 

Finally, a change in temperature from 10 0 C to 30 0 C 

reduces the density of water from 0.99973 g/mL to 0.99567 

g/mL (73). A similarly small change in the continuous 

phase density is observed over the same range. Thus, a 

negligible effect of temperature upon interfacial area as a 

result of fluid density changes may be expected. Taken 

together, the above arguments would appear to rule out 

substantial changes in the interfacial area generated in the 

reaction vessel over the range of temperatures considered. 
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4.2. Effects of Interfacial Adsorption of Metal Chelates 
upon the Measurement of Extraction Rates 

As demonstrated in the previous chapter, under the 

conditions of vigorous agitation frequently employed in our 

extraction kinetics studies, substantial amounts of various 

metal chelates may adsorb at the greatly increased liquid-

liquid interface generated by stirring. This finding raises 

concerns as to the possible effects of such adsorption upon 

extraction rate constants measured with the high-speed 

stirring apparatus. Two effects may, in fact, be anticipat-

ed. First, as noted above, the adsorption of a complex is 

accompanied by an often pronounced reduction in the 

absorbance exhibited by the organic phase. Since the 

determination of extraction rate constants frequently relies 

upon an analysis of the organic phase absorbance versus time 

profile obtained by monitoring the appearance of the metal 

complex formed, this adsorption, if not uniform throughout 

the kinetics run, may distort this profile, leading to 

erroneous values of the extraction rate constant. In addition, 

since the adsorption of a surface-active species at a liquid-

liquid interface will reduce the interfacial tension between 

the phases and since interfacial tension is an impor~ant 

·factor in determining the interfacial area generated in a 

liquid-liquid dispersion (21,82), it follows that the 

formation of an interfacially active metal chelate in the 
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course of a kinetics run may well alter the interfacial area 

present in the reaction vessel. Unless properly taken into 

account, this too may lead to erroneous values of the 

extraction rate constants. 

In the following sections, the extent to which each of 

these effects influences observed extraction rate constants 

and the means by which they may be avoided or the impact 

minimized will be examined. 

4.2.1. Distortion of Absorbance Versus Time Profiles 

The effect of the absorbance loss induced by stirring 

upon the absorbance versus time profile obtained in a typical 

kinetics run, here for the extraction of nickel with 8-

quinolinol in toluene, is shown in Figure 4.14. Curve B 

depicts the profile actually observed, while A is the same 

data following correction for interfacial adsorption of the 

product chelate. As may be seen, in both cases, a simple 

exponential increase in the absorbance at 390 nm., i.e. of 

the nickel 8-quinolinolate concentration in the organic 

phase, is observed. The first order rate law as applied to 

data set A results in excellent linearity over three half 

lives (correlation coefficient - 0.997) and yields an 

. extraction rate constant of 0.0304 ± 0.0002. Identical 

calculations using the uncorrected data set, however, yield a 

rate constant of only 0.0258 ± 0.0002, nearly 15% lower. 

Closer examination of the data sets shows that the 
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magnitude of the discrepancy between the rate constants is 

dependent upon the portion of the data chosen for use in rate 

calculations. Specifically, as shown in Table 4.7, the 

discrepancy is most pronounced early in the run and declines 

steadily until after 100 seconds, there is no discernible 

difference between the uncorrected and true rate constants. 

Analogous calculations for the extraction of nickel with 

8-quino1ino1 or its 2-methy1- or 5,7 dibromo- derivatives 

into chloroform, systems in which the product complex is less 

interfacia11y active, yield similar results, with the 

difference between the uncorrected and true rate constants 

falling from 5-10% initially to <1% after ca. 150 seconds. 

The consistently lower rate constants obtained using the 

uncorrected data and the observed convergence of the rate 

constants obtained using the two data sets as equilibrium is 

approached may be explained by noting that the true extract

ion rate constant, kobs, is obtained from the slope of a plot 

of 1n (Aeq-Ao)/(Aeq-At) versus time, (dAt/dt)/(Aeq-At). The 

rate constant obtained in those cases where the species whose 

absorbance is monitored is interfacially active, k'obs, 

however, is the slope of a plot of In (A'eq-A'o)/(A'eq-A't) 

versus time, (dA't/dt)/(A'eq-A't). Clearly, if at all times 

during the kinetics run, adsorption reduces the absorbance by 

some constant fraction (i.e. if at any time A' - f A), then 

the slopes of these plots will be equal (although the plots 
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Table 4.7 Differences Between Corrected and Uncorrected 
Extraction Rate Constants Obtained in the Nickell 
B-Quinolinol (Toluene) System 

a 
l1!!!!:. interval <.~) Difference (!.) 

1-20 -40.7 

21-40 -17.3 

41-60 - 6.B 

61-BO - 2.9 

BI-100 - O.B 

Conditions: Ligand = 2.02 E-3 M in toluene; I = 0.1; pH = 7.04; 
Ni = 1.03 E-4 M. 

a 
(k' obs - k obs)/k obs x 100% 
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III 

will be offset) and no difference between the true and un-

corrected rate constants will be observed. As shown above, 

however, the extent of adsorption of these complexes varies 

non-linearly with concentration, eventually approaching a 

limiting value corresponding to interfacial saturation. As 

a result, the fraction relating the reduced and tr~e 

absorbance will rise steadily during the run (Table 4.8). In 

effect then, at any time t, A't = f(t) A(t), while at equil-

ibrium, A'eq - f(eq) Aeq, with f(t) < f(eq). If these 

relationships are substituted into the expression for the un-

corrected slope phown above, the following expression is 

obtained: 
uncorrected slope dAt/dt 

(f(eq)/f(t» Aeq - At 

The ratio of this to the true slope, therefore, is given by: 

Aeq - At 
(f(eq)/f(t» Aeq - At 

Since f(t) < f(eq), it follows that the uncorrected slope 

must be less than the true one. Thus, the value of the 

extraction rate constant obtained from an uncorrected data 

set will be lower than the true rate constant. Moreover, as 

f(t) approaches f(eq), which occurs as equilibrium is 

approached, the uncorrected slope will more closely approxi-

'mate the true slope. Thus, the uncorrected and true values 

of the rate constants will converge. 



Table 4.8 Fraction of True Absorbance Observed at Various 
Times During the Extraction of Nickel with 8-
Quinolinol 

Time <;: ) Fraction 

10 0.245 

20 0.299 

30 0.349 

40 0.383 

50 0.407 

60 0.421 

equilibrium 0.463 

Conditions are those specified in Table 4.7. 
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4.2.2. Variations in Interfacial Area During Kinetics 
Measurements 

Vigorous agitation of a pair of immiscible liquids will 

produce a dispersion consisting of droplets of one phase 

within the other. After a sufficient time, a dynamic balance 

between drop breakup and coalescence will be established. It 

is this balance which governs both the average drop size and 

the distribution of drop sizes observed in a given dispersion. 

This balance, in turn, is dependent upon the conditions of 

agitation and (as noted earlier) the physical properties of the 

two liquids, in particular their densities and viscosities and 

the interfacial tension. In the absence of surface-active 

substances, the effect of interfacial tension upon the area 

developed in a dispersion is described by the Weber number, 
2 

Lu /0 , where L is a characteristic size or dimension of the 

system (impeller diameter, for example), u is the velocity of 

the flow at some point in the system, and a is the interfacial 

tension. Most data in the literature to date indicate, in 

fact, that interfacial area is a function of this number raised 

to approximately the one-third power (82). 

In the presence of a surfactant, the relationship between 

interfacial area and tension becomes somewhat more complicated. 

'Aprahamian et al. (21), in an examination of the effect of 

added surfactants on the area generated in chloroform/water 

dispersions, have shown that for surfactant concentrations 
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sufficient to saturate the interface, there is a linear 

relationship between the logarithm of the average drop size and 

the logarithm of the interfacial tension, the slope of which is 

dependent upon the distribution constant of the surfactant. 

(The higher its distribution constant, the more pronounced its 

impact on the rate of drop coalescence and the greater the 

slope.) Figure 4.15 shows the effect of the addition of two 

surface-active metal chelates, here nickel 8-quinolinolate and 

its 2-methyl- analog, on the interfacial area (expressed as 

average drop size) generated in chloroform/water dispersions. 

As can be seen, in both cases, the anticipated linear relation-

ship is observed. The greater slope of the 2-methyl-8-quinol-

inolate plot is in accord with the greater distribution 

constant of the 2-methyl-chelate (56). 

As applied to extraction kinetics measurements, these 

results clearly indicate that the formation of a surface-

active product in a kinetics run in a quantity sufficient 

to change the interfacial tension between the phases may 

substantially alter the amount of interfacial area present in 

the reaction vessel during the run. For nickel 8-quinolinol
-4 

ate, for example, a change in concentration from 1 x 10 M to 
-4 

2.5 x 10 M will cause a 40% increase in interfacial area. 

Obviously, for an extraction which proceeds by a mechanism 

involving only the reaction of the metal ion and the ligand 

in the bulk aqueous phase, such changes in area are of no 
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consequence, as the extraction rate is independent of inter

facial area. Many extraction systems, however, involve 

either a purely interfacial reaction (10,15) or, as is the 

case for the extraction of nickel with cer~ain 8-quino1ino1s, 

concurrent reactions of the metal and ligand in the bulk 

aqueous phase and at the interface (23,26). For such systems, 

an increase in area provides an increased opportunity for 

contact between reacting species. An apparent increase in the 

value of the extraction rate constant as the extraction 

proceeds would therefore be expected. 

To examine this possibility, a series of small replicate 

injections of a solution of nickel ion (whose total volume 

equalled the volume ordinarily delivered in a single kinetics 

run) were made into a single volume of an aqueous buffer / 

chloroform dispersion containing a large (ca. 50-fold) excess 

of 8-quino1ino1 or 2-methyl-8-quino1ino1. For each 

successive injection, the observed rate constant and the 

corresponding interfacial area were determined (vide supra). 

The results of these determinations are summarized in Table 

4.9. As may be seen, for the extraction with 8-quinolinol, 

the observed rate constant for the final injection is indeed 

larger (by approximately 30%) than that observed for the 

first injection. This increase, however, is far less than 

would be expected on basis of the known relationship 

between the observed rate constant and the interfacial area 
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Table 4.9 Observed Rate Constants and Interfacial Areas for 
Successive Nickel Ion Extractions with 8-Quino1ino1 
(A) and 2-Methyl-8-quino1ino1 (B) 

(~) 

Trial 

1 

2 

3 

4 

5 

6 

7 

(~) 

1 

2 

3 

4 

5 

6 

-1 
k obs (~ ) 

0.0313 

0.0334 

0.0353 

0.0377 

0.0371 

0.0372 

0.0408 

0.00918 

0.00884 

0.00834 

0.00750 

0.00682 

0.00618 

-2 

2 
~ (£E! ) 

7200 

9600 

12200 

13800 

14800 

15600 

16100 

16500 

24900 

28400 

30300 

31400 

32100 

Conditions: 0.50 mL. injections of 1.035 x 10 M nickel 
perchlorate; I - 0.1; pH - 7.27 (A) or 7.28 (B); 
ligand - 0.0102 M. 
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for this system under the experimental conditions (23). This 

implies that there is yet another effect of an adsorbed 

chelate upon extraction rates which must be considered, one 

opposing the influence of rising interfacial area. That such 

an effect is operative is even more apparent when one 

considers the data for 2-methyl-8-quinolinol. Here, despite 

a doubling of the interfacial area, the observed extraction 

rate falls by nearly one third. 

4.2.3. Retardation of Extraction by Adsorbed Product Layers 

That surface-active agents may alter the rate of liquid-

liquid extraction processes has been known for quite some 

time. Most studies in this area have focused upon the effect 

of surfactants on the rates of transfer of simple solutes 

from aqueous solution into various organic solvents and vice 

versa, systems in which no reaction of the transfering 

species occurs. Garner and Hale (83), for example, examined 

the effect of trace quantities of surfactants on the rate of 

transfer of diethylamine from toluene to water, observing 

that the addition of as little as 0.015% Teepol will reduce 

the rate of extraction by 55%. Holm and Terjesen (84) 

studied the effect of small additions of surfactant on the 

rate of iodine transfer from aqueous solution into carbon 

tetrachloride in a stirred extractor and found that at low 
-4 

surfactant concentrations ( < 3 x 10 gIL. of sodium o1eyl-p-

anisidinesulfonate) , the time required to reach 90% extraction 
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rose steadily with surfactant concentration, peaking at 70% 

above its original (i.e. no surfactant) value. Beyond this, 

the tendency of the surfactant to increase the area in the 

extractor began to predominate and the extraction times fell. 

Lindland and Terjesen (85) carried out a nearly identical study 

of iodine transfer, this one using a falling drop extractor, 

and observed that the addition of as little as 0.001 giL. 

sodium oleyl-p-anisidinesulfonate reduced the transfer rate by 

approximately 2/3. Finally, Boye-Christensen and Terjesen (86) 

examined the impact of surfactant addition on the rate of 

transfer of o-nitrophenol from an aqueous solution to falling 

drops of carbon tetrachloride and observed a nearly 70% 
-4 

reduction in the transfer rate upon addition of 6 x 10 giL. of 

the same surfactant. These and numerous subsequent studies 

have led to the general conclusion that the addition of a 

surfactant to a purely diffusive system will reduce the 

interphase mass transfer rate per unit area for the system. 

Despite this agreement as to the influence of surfactant 

addition, there remains considerable controversy as to the 

origin of the effect. It has been argued by several authors 

(83,86) that the effect is a hydrodynamic one, i.e. that 

surfactant addition alters the hydrodynamics of the flow 

system by, for example, reducing the circulation velocites 

within the dispersed droplets (83) or reducing momentum 

transfer across the interface (87), and that such alterations 
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are the primary cause of the lowered extraction rates. 

Others (85) have concluded that the effect is physico

chemical, with the adsorbed layer, by reducing the area of 

the interface through which the solute molecules may diffuse, 

acting much like a sieve. Finally, other workers, while 

agreeing that the effect is physico-chemical, argue that it 

originates from a chemical interaction of the transferring 

species with the adsorbed surfactant (88) or with the 

interface itself (89) which gives rise to a free energy 

barrier to the transfer. 

By comparison, little attention has been directed toward 

an understanding of the effect of surfactant addition in 

systems in which the transfer is accompanied by chemical 

reaction. As noted earlier, in such systems, either mass 

transfer processes or chemical kinetics may be rate-limiting. 

One would expect, of course, that in the former case, the 

addition of a surfactant would have much the same effect as 

for simple transfer without reaction. In fact, in the few 

studies of the effect of surfactants on the rate of solute 

transfer in such systems (e.g. zinc transfer after reaction 

with dithizone), a retardation of extraction has indeed been 

observed (90,91). For systems in which chemical reaction 

rates are rate-determining, however, the situation has been 

reported to be considerably more complex, with the effect 

observed (retardation vs. acceleration) dependent on the 
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nature of the surfactant added (90,91). Unfortunately, each 

of these studies was performed in a Lewis cell (or some 

variation thereof), a device which suffers from an inability to 

totally eliminate diffusional effects. These results, there

fore, cannot be considered definitive. Nonetheless, they 

suggest that in order to determine the mechanism by which an 

adsorbed chelate reduces the rate of extraction in the nickel 

8-quinolinolate and 2-methyl-8-quino1inolate systems, it will 

first be necessary to determine if, under the experimental 

conditions, the observed reaction velocities correspond to 

chemical reactions or to mass transfer processes. 

To make this determination, a series of injections of a 

5% (w/v) solution of potassium hydroxide were made into 

dispersions consisting of equal volumes of a chloroform 

solution of 8-quinolinol and a pH 7 buffer. The effect of 

the injection was to raise the aqueous phase pH to over 11, 

resulting in the conversion of a portion of the 8-quinolinol 

present in the aqueous phase to the corresponding anion and 

the loss of the ligand from the organic phase. Because the 

rate constant associated with the reaction of this molecule 

with hydroxide ion is extremely large (35), the rate at which 

it leaves the organic phase must be governed by the rate of 

diffusional mass transport. By comparing the values of the 

rate constant associated with this transfer process to those 
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typically observed in kinetics experiments, it could be 

determined directly if, under ordinary conditions, kinetics 

or mass transfer will be rate-limiting. In addition, by 

introducing various amounts of a neutral surfactant into the 

system prior to the injection, it could be determined if the 

effect of the surfactant upon the transfer rate could be so 

great as to convert a kinetically-limited system to one in 

which mass transfer processes control the extraction rate. 

In preliminary experiments designed to optimize the 

conditions for these studies, it quickly became apparent that 

the transfer was so rapid as to make the absorbance versus time 

response subject to distortion by the slow instrument response. 

According to Cantwell (92), in a high-speed stirring apparatus, 

this distortion arises from the band broadening imposed on the 

concentration versus time response by five processes - the 

finite length of time required for sample injection, the time 

required for uniform mixing of the injected aliquot with the 

bulk phases in the reaction vessel, convective mixing in the 

phase separator, non-uniform flow profiles in the pump/tubing 

system, and mixing in the detector flow cell. All of these 

processes will cause the observed concentration (or absorbance) 

versus time profile to be more "drawn out" along the time axis 

than is the actual profile in the reaction vessel, thereby 

making the observed rate appear to be less than the actual 

rate. The data can be corrected for these effects by mathe-
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matical deconvolution (93). The necessary instrument response 

function was obtained by injecting a chloroform solution of the 

ligand into vigorously stirred chloroformjbuffer mixtures and 

monitoring the absorbance as a function of time. Since the 

compound remains largely in the organic phase (34), no chemical 

reaction and negligible mass transfer are involved. Figure 

4.16 represents the average of five such trials, normalized so 

that the initial absorbance is set to zero and the equilibrium 

value to one. With this, it became possible to determine the 

true rate constant associated with the transfer of 8-quinolinol 

from chloroform to water under various conditions. (This was 

accomplished by adjusting the value of k obs. until the best 

possible agreement between the absorbance values observed over 

a several second time span and those calculated by treating the 

transfer as a first order kinetic process (92), taking into 

account the instrument response function, was obtained. A 

typical example, illustrating the excellent agreement between 

the two sets of values normally obtained, is shown in Figure 

4.17). 

The results of a number of these pH jump experiments are 

summarized in Figure 4.18. Given that the rate constant for 
-1 

transfer in the absence of surfactant is ca. 3.45 s well off 

of the scale of this figure, it is clear that addition of 

Triton X-lOO lowers the transfer rate considerably. In fact, 

only 0.001 M TX-lOO lowers the rate by nearly an order of 
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Figure 4.17 Predicted versus Observed Values of Absorbance 
at Various Times During a Kinetics Run 

Open circles: predicted Solid line: observed 
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magnitude. (Additions in excess of 0.001 M were not attempted 

so as not to exceed the critical micelle concentration.) An 

analogous set of trials at the lowest useable stirring speed, 

2000 rpm., yielded similar results. 

How do these rate constants compare with those ordinar

ily observed in a kinetics experiment? Even with the drastic 

reduction in transfer rate induced by surfactant addition, 

the k obs values obtained are at least ten times those seen 

in a typical kinetics experiment. Ordinarily then, the rates 

of extraction in the high-speed stirring apparatus will be 

kinetically limited. Moreover, it is unlikely that the 

accumulation of a surface-active chelate at the liquid-liquid 

interface will retard an extraction sufficiently to change 

this fact. This implies that we must look to chemical 

processes rather than diffusional ones for an explanation of 

the extraction rate reduction induced by adsorbed nickel 

che1ates. 

With this in mind, a comparison of the relationship 

between the observed extraction rate constant and specific 

interfacial area at several pH values in the presence and 

absence of an adsorbed chelate was carried out for both the 

nickel 8-quino1ino1 and nicke1/2-methyl-8-quino1ino1 systems. 

The results of this comparison for the first system are 

presented in Figures 4.19 a-c. In each figure, the upper plot 

represents the results obtained in the absence of any appreci-
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able adsorbed product layer, while the lower one consists of 

data obtained in systems in which, prior to the kinetics run, 

sufficient product complex was generated to saturate the 

interface. As may be seen, in each case, the presence of 

adsorbed chelate reduces the slope of the line. The y-

intercept observed, however, is largely unaffected. 

In order to interpret these observations, it is necessary 

to recall that the extraction on nickel with 8-quinolinol has 

been shown to proceed by a three-path scheme involving reaction 

of the nickel ion with the neutral ligand in the bulk aqueous 

phase and with the anion both in the bulk and at the liquid-

liquid interface (23). For this system, the observed extract-

ion rate constant is given by the expression: 

k obs = (k + k 
HL 

Ka/[H+]) [HL]org + k K' K' a d Ka [HL]org 
L Kdr i L M [H+] Kdr 

where k 
HL 

and k are the bulk rate constants for the reaction 
L 

of the neutral and anionic forms of the ligand, respectively, 

Ka is the acid dissociation constant of the ligand and Kdr 

its distribution constant, [HL]org is the organic phase 

ligand concentration, k is the rate constant of the reaction 
i 

of the ligand anion at the interface, K' 
L 

and K' are the 
M 

'distribution constants of the ligand anion and the metal ion 

between the bulk aqueous phase and the in'terface, d is the 

interfacial thickness, and a is the specific area. It can be 
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seen from this expression that a reduction in the slope of a 

plot of k obs versus specific area at a given pH is indicat-

ive of a decrease in the value of either k K' ,or K' 
i L M 

If it assumed that the presence of an adsorbed chelate does 

not alter the activation energy for the reaction and that the 

metal ion itself is not interfacially active (i.e. K' - 1), 
M 

it follows that the reduction in extraction rate is due to 

the displacement of ligand anions from the interface, i.e. to 

a decrease in the distribution constant of the ligand anion 

between the interface and the bulk aqueous phase. That such 

displacement may occur seems particularly reasonable when one 

considers that the ligand anion is less surface-active than is 

the corresponding nickel chelate (vide supra). 

MacRitchie (89) has shown that the distribution of any 

species between a bulk phase (here, the aqueous phase) and the 

interface is governed by the following expression: 

where C 
int 

K' ... c / 
L int 

C 
bulk 

Ko exp [- 1f A/kT] 

is the interfacial concentration of the species 

distributing, C is its bulk concentration, 1f is the 
bulk 

interfacial pressure (i.e. the difference between the inter-

facial tension of the system of interest and that of the 

corresponding pure liquids, 'Y - 'Yo ), A is the molecular area 

of the adsorbed molecule, k is Boltzmann's constant, and T is 

the absolute temperature. This equation predicts that the 

132 



rate of an interfacial reaction, which is proportional to 

C , will vary exponentially with the interfacial pressure. 
int 

In fact, for a number of systems involving the transfer of a 

species across an interface or a reaction at an interface, a 

linear relationship between the natural logarithm of the rate 

of reaction and the interfacial pressure has indeed been 

observed (94,95). From the slope of this line, the cross-

sectional area of the transporting (or reacting) molecule at 

the interface may be determined. If the reaction of nickel 

with 8-quinolinol were purely interfacial therefore, one 

could prepare a plot of ln k obs versus ~ , determine the 

apparent molecular area of the reacting species, and compare 

it to the expected value for 8-quinolinol. Unfortunately, 

this approach cannot be applied directly here, as the observed 

rate is a composite of both bulk and interfacial reaction 

rates. However, as indicated above, the slope of the k obs 

versus specific area plot is given by the following expression: 

slope k K' K' 
i L M 

d -bL [HL]org 
[H+] Kdr 

Therefore, again assuming that the presence of the adsorbed 

film does not affect the values of either k 
i 

or K' 
M 

, the 

ratio of the slope of the line observed at some interfacial 

'pressure, 11' , to that observed at another, 
1 

11' ' is given by: 
2 

ratio - exp [ ( 11' 
2 

11' ) AI kT ] 
1 
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From this, it can easily be shown that the cross-sectional 

area of the molecule is given by: 

A k T In (ratio) / ( 1T -1T ) 
2 1 

In each of the sets of trials shown in Figures 4.19 a-c, the 

upper line corresponds to a mean interfacial pressure of 4.8 

dynes/cm. (taken at the midpoint of the run), while the lower 

line corresponds to ca. 10 dynes/cm. Substitution of these 

values into the above equation yields a mean molecular area 
2 

for the reacting (i.e. displaced) molecule of 49 ± 9 A 

This is in good agreement with the area estimated for 8-quin-
2 

olinol from its molar volume (52) of 41 A. This strongly 

suggests that ligand displacement (or looked at another way, 

the existence of an interfacial pressure barrier to the 

adsorption of the ligand), if not the sole mechanism by which 

extraction is retarded, is by far the most important one. 

The results of a comparison of the relationship between 

the observed rate constant and specific area at several pH 

values in the presence and absence of an adsorbed product layer 

for the nickel/2-methyl-8-quinolinol system are presented in 

Figures 4.20 a and b. As may be seen, the effect of the 

adsorbed chelate is more pronounced in this system. That is, 

in the absence of appreciable adsorbed chelate, each of the 

plots of k obs versus area, within experimental error, has the 
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same y-intercept. This, as will be shown in a subsequent 

section, corresponds to a 2-path reaction scheme in which the 

ligand anion reacts with nickel ion solely at the interface, 

while the neutral ligand reacts in the bulk aqueous phase. 

In the presence of a product layer, however, each of the three 

lines has a distinct y-intercept, indicating that now, the 

ligand anion is involved in a reaction in the bulk aqueous 

phase as well. Thus, the adsorbed product layer appears to 

have induced a change in the mechanism of extraction from a 2-

path to a 3-path scheme. 

To determine if this is a reasonable interpretation, the 

"with layer" data was used to calculate a value of the bulk 

aqueous rate constant for the reaction of the ligand anion, k . 
L 

Since the system now apparently conforms to the same extract-

ion mechanism as the nickel / 8-quinolinol reaction, the same 

equation relating the observed extraction rate constant to the 

individual rate constants used for that system applies. It 

can be seen from this expression that the y-intercept of a 

k obs versus area plot is a composite of two terms, one 

corresponding to a bulk aqueous phase reaction of the ligand 

anion, the other to bulk reaction of the neutral species. If 

it is assumed that the presence of the adsorbed layer does not 
2.87 

alter k from its "without layer" value, 10 
HL 

, an average 

value for log k of 5.53 ± 0.33 is obtained. As will be shown 
L 

in a subsequent section, this is a very reasonable value for 
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a bulk aqueous phase ligand anion rate constant, quite close 

in fact, to the corresponding rate constant for the parent 

ligand, 5.27. Thus, in certain systems, the displacement of 

ligand molecules from the interface by adsorbed product 

chelate may be so extensive as to produce a change in the 

mechanism of extraction. 

4.2.4. Consequ~pces for Extraction Kinetics Measurements 

It should be apparent from the preceding sections that 

the formation of an interfacially active product in the 

course of a kinetics run may complicate the task of obtaining 

accurate values of extraction rate constants with the high

speed stirring technique. It should also be apparent, how

ever, that if some thought is given to the choice of experi

mental conditions, these complications may be minimized. 

Of the effects of adsorption which have been described, 

the distortion of the observed absorbance versus time profile 

is the most easily handled. As has been shown, for systems 

in which the interfacial activity of the product is modest, 

ignoring the distortion appears to introduce an error of only 

5-10% in the value of the extraction rate constant, not an 

unacceptably large error. For those systems in which the 

activity of the product is more pronounced, however, under

estimation of the rate constant by 40% or more is possible. 

For such systems, there would appear to be two approaches (in 

addition to the full point-by-point correction of the data set 
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described here) to circumventing the problem. The obvious one 

would be simply to monitor the progress of the reaction by 

following the disappearance of the ligand rather than the 

formation of the complex. This approach, however, suffers from 

two serious shortcomings. First, extraction kinetics runs are 

often carried out under pseudo-first order conditions with the 

ligand in large excess. As a result, the change in ligand 

concentration during a run is often very small. In addition, 

many ligands are themselves very interfacially active. An 

experiment in which the disappearance of such a ligand is 

followed would therefore be subject to the same sort of error 

as one in which the appearance of an interfacially active 

product is monitored. A second possible approach would be to 

calculate the extraction rate constant using only absorbance 

data from late in the run, where the fractional loss of 

absorbance due to adsorption is essentially constant. This 

would, of course, require the determination of the magnitude 

of the absorbance decrement, AA, at various values of A' 

prior to the kinetics experiment. While this is easily 

accomplished, it is the same determination which is required 

to perform a full point-by-point correction of the absorbance 

data. This approach would therefore offer no time savings 

over complete correction of the data set. More important, 

however, is the fact that in the latter stages of a kinetics 

run, the other effects of chelate adsorption which have been 
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described, rising interfacial area and retardation of extract-

ion, may come into play. 

There is, to the author's knowledge, no simple way to 

correct for either of these effects. Rather, they must be 

avoided by careful choice of experimental conditions. Specif-

ically, it is essential that the amount of chelate formed in 

the kinetics run be well below that required to saturate the 

interface. As has been shown, once saturation is reached, 

the changes in interfacial tension (and therefore pressure) 

which accompany the formation of additional chelate may 

produce substantial changes in both interfacial contact area 

and in reactant concentrations at the interface, the net 

effect of which may be either an increase or decrease in the 

observed rate of extraction. Clearly then, some knowledge of 

the interfacial activity of any products formed must be 

obtained prior to the kinetics experiment. 

4.3. The Effect of Neutral Surfactant Addition on Extraction 
Rates 

It seems reasonable to expect that the addition of an 

extraneous (i.e. one not directly involved in the reaction) 

surfactant to an extraction system would have much the same 

effect as an adsorbed product chelate upon the distribution 

·of ligand (i.e. reactant) molecules between the bulk aqueous 

phase and the interface. To examine this possibility, the 

effect of the addition of various amounts of Triton X-lOO, a 
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polyoxyethylene surfactant, upon the fractional absorbance drop 
-4 

observed in dispersions consisting of a 3 x 10 M 8-quinolinol 

solution in chloroform in contact with a pH ca. 12.8 aqueous 

phase was investigated. As shown in Figure 4.21, addition of 

Triton reduces the extent of adsorption of the 8-quinolinolate 

anion, an observation consistent with the notion of displace-

ment of a weakly interfacially active species with a more 

strongly adsorbed one. If it is assumed that the ratio A A/A' 

is proportional to the interfacial adsorption constant, K' 
L 

(not unreasonable because of the low concentration of the 

8-quinolinol and the weak surface activity of the ion), then: 

Ll. A/A' - K' - Ko exp [- 1T A/kT 1 
L 

Thus, a plot of In A A/A' versus 1T should yield a straight 

line whose slope is related to the cross-sectional area of 

the 8-quinolinol molecule. Such a plot for the 8-quinolinol/ 

TX-IOO data yields a line corresponding to an area per molecule 
2 

of 60 ± 7 A , slightly higher than the expected value, but not 

unreasonable considering the small size of many of the absorb-

ance drops measured. Thus. as was the case for the nickel 

8-quinolinolate, the presence of adsorbed TX-IOO produces an 

interfacial pressure barrier to the adsorption of the ligand 

.molecule. 

To determine if adsorbed Triton will affect the course 

of an extraction in the same way as did adsorbed chelates. a 
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system was sought in which the product chelate is not 

appreciably interfacially active. In this way, any change in 

the rate of extraction upon addition may be attributed solely 

to the effect of the extraneous surfactant. (This criterion, 

obviously, rules out the nickel/8-quinolinol or 2-methyl-

8-quinolinol system.) Aprahamian (32) has examined the effect 

of TX-100 upon the rate of zinc extraction by dithizone in 

chloroform, suggesting that the addition of surfactant causes 

a change in mechanism from one involving concurrent reaction of 

the ligand anion in the bulk aqueous phase and at the interface 

to one involving reaction only at the interface. These 

conclusions, however, appear to have been based on an incorrect 

calibration of the interfacial areas generated in the system. 

That is, Aprahamian assumed that the relationship between inter

facial area and stirring speed was the same regardless of the 

amount of TX-100 added. As was shown above, however, the 

average drop size (hence, the interfacial area) generated in a 

liquid-liquid dispersion is dependent upon the amount of 

surfactant present. In addition, the area at a given stirring 

speed was taken to be the mean area determined with four 

different surfactants rather than with TX-100 only. These 

apparent problems with the previous treatment of the system, 

together with the very weak adsorption of the dithizonate anion 

and the complete lack of adsorption of the zinc chelate, made 

this system a good choice for examination. 
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The effect of the addition of various amounts of TX-100 

upon the relationship between the observed extraction rate 

constant and specific area is shown in Figure 4.22. It was 

assumed for the purposes of this experiment that the area 

generated in the absence of any surfactant was the same as 
-5 

that generated when 10 M TX-100 was present. (This is a 

reasonable estimate, as the interfacial tension values in the 

two systems differ by only 0.2 dynes/cm. (21).) Two things 

are clear from this figure. First, in the absence of Triton, 

the extraction appears to proceed solely by an interfacial 

reaction of the ligand anion (as evidenced by the near-zero 

y-intercept of the plot), not concurrently at the interface 

and in the bulk as reported previously (32). Second, the 

addition of Triton does not appear to change this fact. As 
-4 

expected, addition of 10 M TX-100 reduces the slope of the 

plot, consistent with a decrease in the distribution constant 

for the ligand between the bulk and the interface induced by 

the presence of a more strongly adsorbed material. The 

magnitude of the slope reduction corresponds to a molecular 
2 

area for the dithizonate anion of ca. 94 A ,in excellent 
2 

agreement with the value of 90 A estimated by Watarai (27). 

At lower concentrations, however, the extraction rate is not 

reduced, but actually increased by the addition of the 

surfactant. This latter observation is in agreement with that 

of Aprahamian (32) reported previously. It is interesting to 
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-5 
note that the addition of 10 M TX-100 to the nicke1/dithizone 

system has no discernible effect on the extraction rate. As 

expected, however, higher levels reduce the rate. 

To explore the source of the apparent rate enhancement 

for zinc, it is necessary to consider the expression for the 

extraction rate constant: 

k' k K' 
i L 

K' ad k 
M Kdr 

As shown earlier, the change in the magnitude of K' caused 
L 

by surfactant adsorption is directly related to interfacial 
-5 

pressure. At ca. 10 M TX-100, this value is so low (ca. 0.2 

dynes/cm.) that (assuming that the area of the dithizone 
2 

molecule is ca. 90 A (27», only a 3% decrease in the rate 

would be observed, meaning that for our purposes, the change 

in K' may safely be ignored. Assuming that no changes in the 
L 

interfacial volume and the acid dissociation and distribution 

constants of the ligand occur, it follows that the increase 

in rate must be the result only of an increase in either k 

or K' 
M 

i 

Aprahamian (32) has proposed that the rate enhancement 

is due to an increase in the distribution constant of the 

metal ion between the interface and the bulk arising from 

interaction of the metal ion with the adsorbed surfactant 

layer (Figure 4.23). This "complexation" theory is quite 

reasonable, particularly considering that it has been shown 
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(96) that zinc ion may be extracted into dichloroethylene by 

various polyoxyethylene surfactants, including TX-100. 

The emphasis in this treatment of the enhancement, however, 

was on the increased concentration of the metal ion at the 

interface. Undoubtedly, this concentration effect does 

contribute to the rate enhancement observed. The fact that 

"interaction" implies conversion of the metal ion to a species 

containing coordinated TX-100 cannot be ignored, however, 

particularly since it has been shown that the rate of extract-

ion for many che1ates is closely related to the rate of water 

loss from the metal ion (11) and that this rate can be raised by 

the addition of small amounts of an auxiliary comp1exing agent 

(e.g. acetate ion) to the aqueous phase (8). With the data 

presently available, however, it is not possible to determine 

the extent to which changes in the observed rate of extraction 

should be attributed to changes in k. Further study of this 
i 

system is clearly warranted. 

4.4. Kinetics of Nickel Extraction with Substituted 8-
Quino1inols 

Introduction 

Over the last two decades, considerable controversy 

has developed regarding the role played by the liquid-liquid 

. interface in the kinetics and mechanism of the solvent 

extraction of metal ions by chelating extractants. During 

this time, two extreme positions have developed - that the 
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extraction of a metal ion involves the reaction of the ion 

and the ligand at the interface or that this reaction occurs 

entirely in the bulk aqueous phase. The recent work of 

Aprahamian (23), however, suggests that for many systems, 

the true reaction mechanism may lie somewhere between these 

two extremes. If this is indeed the case, an obvious question 

arises as to what factors determine the "balance of pathways" 

observed in a particular extraction. Danesi et al. (97) have 

noted that for weakly surface-active extractants such as beta-

diketones, an aqueous phase mechanism is normally adequate to 

explain the experimental data. For extractants of moderate 

surface activity, various authors (23,98) have invoked both 

interfacial and bulk aqueous phase reactions to interpret the 

rate data. Finally, for strongly s~rface-active extractants, 

interfacial reactions alone have often been used to explain 

the observed rate behavior (10). TIlis suggests that the rate-

limiting step of the extraction process may gradually relocate 

from the aqueous phase to the interface as the interfacial 

activity (or the distribution constant) of the extractant is 

increased. To explore this possibility, the kinetics of the 

extraction of nickel with a series of substituted 8-quinolinols 

of increasing distribution constant (into chloroform) were 

examined. In addition, the kinetics of nickel extraction by 

a single ligand, 5,7 dichloro-8-quinolinol, into a series of 

solvents chosen to yield a range of ligand distribution 

l '~ 
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constants were examined. 

4.4.1. Determination of Interfacial Area in Solvent 
Extraction Systems 

Essential to an accurate determination of extraction rate 

constants is an accurate estimate of the amount of inter-

facial area generated in the reaction vessel for a given 

system over a range of stirring conditions. Aprahamian et al. 

(21) have shown that such an estimation may be performed simply 

by measuring the drop in absorbance exhibited by an organic 

solution of a surface-active material upon agitation with an 

appropriate aqueous phase and applying the equation: 

Ai A A V IrE 
In his examination of the kinetics of nickel ion extraction 

by 8-quino1ino1 and its higher molecular weight analog, Ke1ex 

100, for example, Aprahamian (23) utilized interfacial areas 

determined using chloroform solutions of butyldithizone 

(BuDz) in contact with a pH ca. 12 aqueous phase to represent 

those generated in the extraction systems of interest. As a 

first step in the present extraction studies, the applicabi1-

ity of these BuDz area values to several of the systems of 

interest was examined. The results of a comparison of areas 

determined with BuDz to those found by adsorption measure-

·ments on the nickel 8-quino1inolate chelate and its 2-methy1-

analog are presented in Table 4.10. As may be seen, the 

areas determined in the nickel 8-quinolinolate system are 
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Table 4.10 Comparison of Interfacial Areas Estimated using 
Buty1dithizone Adsorption to those Determined by 
Nickel Chelate Adsorption 

2 
Stirring Speed (rpm) Areas (E.!!!. ) 

a 
BuDz Ni/8-HQ Ni/2-Me-8-HQ 

2500 9700 8400 13400 

3000 13300 10300 16700 

3500 16800 11700 20800 

4000 20300 14000 24200 

4500 23800 15000 28800 

5000 27300 16200 30800 

Conditions: 

~ trials: 5 E-5 M ligand in chloroform vs. an equal volume 
of pH 12 aqueous phase. 

Ni/8-HQ trials: 1 E-4 M complex in chloroform vs. a pH 7 THAM 
buffer (I = 0.1). 

Ni/2-Me-8-HQ trials: 1 E-4 M complex in chloroform vs. a pH 7 
THAM buffer (I - 0.1) 

a 
Interpolated from the data of reference 32. 
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consistently lower (by ca. 40%) than those observed in the 

BuDz system. The agreement between the latter values and 

those found in the 2-methyl-8-quino1ino1ate system is far 

better. Unfortunately, there is no way of knowing a priori 

that the BuDz values will agree with those generated in a 

particular system under similar conditions. For this reason, 

estimation of interfacial areas on the basis of results 

obtained in other systems represents a "last resort", to be 

applied only when none of the reactants or products in the 

system of interest exhibit measureab1e interfacial activity. 

Fortunately, in most of the systems examined here, the inter

facial adsorption of the product chelate was sufficiently 

pronounced and stable to permit direct determination of the 

interfacial area generated. 

To verify the accuracy of the area values determined by 

the interfacial adsorption method (as applied to product 

che1ates), an alternate approach to area determination was 

sought. Several studies have demonstrated that specific 

interfacial areas can readily be determined by measurements of 

the amount of light transmitted by the dispersion relative to 

pure continuous phase (99-101). However, published procedures 

for these measurements suffer from several shortcomings which 

make them not entirely satisfactory. First, the light trans

mission probes have typically been calibrated by photomicro

scopy, that is, by determining the response of the probe in a 
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series of dispersions whose interfacial areas were determined 

photographically. This method of calibration, while accurate, 

is both tedious and time-consuming. In addition, these probes 

have typically been constructed of metal and have been 

relatively large, consistent with their use by engineers in 

large mixing vessels. In our studies, in which chelating 

extractants are ordinarily present in the organic phase, a 

probe without exposed metal parts is clearly desirable. 

Moreover, since our studies are ordinarily carried out in 250 

or 500-mL. Morton flasks, a probe considerably smaller than 

those previously described is required. Therefore, a simple 

fiber-optic light transmission probe which satisfied our 

requirements was constructed (Figure 3.3) and the probe 

calibrated by the determination of its response in a series 

of chloroform/water dispersions containing either TX-lOO, TX-

45, or copper 8-quinolinolate for which interfacial areas had 

previously been determined by the method of Aprahamian (21). 

Because a satisfactory theoretical treatment of the 

scattering of light by concentrated dispersions has not yet 

been developed, an empirical approach to the correlation of 

probe response (i.e. dispersion transmittance) with inter

facial area was used. Langlois (99) has observed that the 

ratio 10/1 (where 10 is the transmittance of pure continuous 

phase and I that of the dispersion) is related to the specific 

interf~cial area by an equation of the following form: 



10/1 - 1 + B a 

with the slope of the line, B, a complex function of the 

refractive indices of the dispersed and continuous phases. 

This equation was found to describe satisfactorily the 

results obtained in each of the chloroform/water dispersions 

examined. A typical calibration plot is shown in Figure 4.24 

for the TX-100 system. 

Once calibrated, the probe was immersed in a series of 

chloroform/water dispersions containing nickel 8-quino1inol

ate and the specific interfacial area estimated on the basis 

of the probe response. These areas were then compared with 

those determined in the same dispersion by adsorption of the 

nickel complex. The results of these comparisons are 

summarized in Table 4.11. As may be seen, there is reason

ably good agreement among the various values over a narrow 

range of stirring speeds extending from ca. 2750 to 3500 rpm. 

At lower stirring speeds «2500 rpm), however, the stirrer 

is unable to produce adequate dispersion of the two phases, 

leading to erratic probe response. At higher speeds, a 

considerable amount of air is drawn into the stirred mixture, 

leading to erroneously high area values. Nonetheless, the 

agreement between the adsorption and probe values of the area 

over a range of nearly 750 rpm appears to confirm the validity 

of area determinations by adsorption and indicates that, at 

the very least, the area values obtained by the method are 
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Table 4.11 Interfacial Areas in Nickel 8-Quinolinolate 
.Chloroform)/Water Dispersions as Determined by 
Light Transmittance and Interfacial Adsorption 

4 2 
Interfacial area (x 10 cm ) 

transmittance adsorption 

stirring speed (rpm) a h. £. 

2500 0.48 0.93 

2750 0.81 0.99 1.05 

3000 1.15 1.05 1.17 1.18 

3250 1.23 1.13 1. 30 1. 26 

3500 1.32 1.14 1. 37 1. 34 

3750 2.37 1.40 

a 
TX-100 as the calibration standard 

b 
TX-45 

c 
Copper 8-quinolinolate 
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internally consistent. 

4.4.2. Identification of Extracted Species 

Prior to the kinetics experiments for each system, the 

stoichiometry of the species extracted under the experimental 

conditions was determined by measuring the distribution of 

the metal ion between the organic and aqueous phases over a 

range of pH and ligand concentrations. From the data 

obtained, plots of log D versus pH and log D versus log [HL]o 

(where D = [MetalJo/[MetalJaq) were prepared, the slopes of 

which are indicative of the number of protons lost and 

ligands gained during chelate extraction, respectively (40). 

Two such plots, here for the extraction of nickel ion with 

2-methyl-8-quinolinol, are shown in Figures 4.25 and 4.26. 

In this case, the slopes indicate that the extraction proceeds 

as follows: 

2+ + 
Ni (aq) + 2 HL (0) < ) NiL (0) + 2 H (aq) 

2 

and thus, that the extracted species is Ni(2-MeOx) . The 
2 

results of similar experiments carried out on other systems 

of interest for which literature values were not available 

are summarized in Table 4.12. As may be seen, with the 

exception of the nickel 5-octyl-8-quinolinolate complex, each 

chelate is extracted as a'simple 1:2 species. 
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Table 4.12 Stoichiometry of Chelates Formed in the Extraction 
of Nickel with 8-Quinolinols 

a 
System Solvent Slope 

pH ligand 

2-methyl- chloroform l. 88 2.03 

5,7 dibromo- chloroform l. 97 2.40 (102) 

5,7 dichloro- toluene l. 92 2.16 

5,7 dichloro- carbon tetrachloride 2.07 2.14 

5-octyl- chloroform 2.19 2.94 

5-octyl- carbon tetrachloride l. 91 2.72 

a 
Slope of a plot of log D vs. pH or log D vs. log [HL]o. In 

cases in which the equilibrium pH varied from vial to vial, the 

latter plots were replaced by plots of log D - n pH vs. log [HL]o 

and the value shown is the slope of this plot. 
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4.4.3. Extraction of Nickel with 2-Methyl-8-Quinolinol 

Figures 4.27 and 4.28 show the results of studies of the 

dependence of the observed extraction rate constant upon the 

organic phase concentration of the ligand and upon pH, plot

ted as log k obs versus log [HL]o or pH. The slope of the 

former plot, 1.14, indicates that the reaction is first order 

with respect to ligand. The latter plot, however, has a non

integer slope, 0.47, indicative of concurrent reactions of 

nickel ion with both the neutral and anionic forms of the 

ligand. 

Because this study has shown that the anion of 2-methyl-

8-quinolinol is more interfacially active than the parent anion, 

its reaction with nickel ion may, like that of the parent, 

occur (at least in part) at the 1-1 interface. The rate of 

extraction was therefore measured as a function of interfacial 

area at several different pH values. This approach has been 

shown by Aprahamian (23) to permit the separation of the 

various contributions to the observed rate of extraction. The 

results of these studies are summarized in Figure 4.29. As may 

be seen, the slope of the k obs versus area plot rises with 

increasing pH, an observation consistent with an interfacial 

reaction of the ligand anion. In addition, within experimental 

error, each of the plots shares a common y-intercept, indicat

ing that in the limit of zero interfacial area, the rate of 

extraction is not dependent on pH. This suggests that only 

lEO 
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the neutral ligand is involved in the bulk aqueous phase 

component of the reaction scheme. That the neutral ligand does 

not react at the interface is consistent with its unobservably 

low interfacial activity, already noted. 

These findings may be represented quantitatively by the 

following expression: 

k obs = k [HL]o 
HL~ 

+ k K' K' a d 
i L M 

Ka [HL]o 
[H+] Kdr 

This equation, it should be noted, is applicable only under 

the conditions used in these experiments, pseudo-first order 

with excess ligand. It can be seen from this that a plot of 

k obs versus area should yield a straight line whose slope is 

proportional to the interfacial rate constant for the ligand 

anion and whose y-intercept is related to the rate constant 

for the bulk aqueous phase reaction of the neutral ligand. 

The excellent linearity of each of the plots in Figure 4.29 

confirms the applicability of this equation. Insertion of 

appropriate values into expressions for the slope and intercept 

yields a value of the interfacial rate constant (log k ) of 
i 

6.67 ± 0.16 and a value of the bulk rate constant (log k ) of 
HL 

2.87 ± 0.04. Literature values for this system are, unfortun-

ately, not available. The value of k reported here, however, 
HL 

is within the range of rate constants typically reported for 

the reaction of nickel ion with neutral ligands in aqueous 

solution (103). Additionally, the value of k is in good 
i 
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agreement with that reported by Aprahamian (23) for the 

reaction of nickel ion with the anionic form of 8-quinolinol 

(log k = 6.7 ± 0.2). The lack of an appreciable effect of the 
i 

introduction of a methyl group into the 8-quinolinol molecule 

on the rate constant associated with a given pathway is 

consistent with the results of Aprahamian (23) who found 

identical interfacial rate constants for the reaction of nickel 

ion with the anionic forms of both 8-quinolinol and its 7-

dodecenyl analog. 

4.4.4. Extraction of Nickel with 5,7 Dibromo-8-Quinolinol 

Plots of log k obs versus log [HL]o and pH (See Table 

4.13) indicate that this extraction is first order in ligand 

and inverse first order in hydrogen ion. Thus, the neutral 

form of the ligand plays no discernible role in the extraction 

mechanism. Figure 4.30 shows the results of three sets of 

experiments carried out at pH values of 7.04, 7.27, and 7.39 

to determine the relationship between k obs and specific area 

for this system. As may be seen, within experimental error, 

each of the three plots passes through the origin, indicating 

that in the limit of zero interfacial area, the rate of 

extraction is imrneasureably low. In addition, the slope of the 

plot increases with increasing pH. Both observations are 

consistent with an extraction mechanism involving only inter-

facial reaction of the ligand anion. 

For such a mechanism, the following expression relates 



Table 4.13 Summary of Reaction Order Data for the Extraction of 
Nickel with Various 8-Quino1ino1s 

Ligand Solvent Order 

pH log [HLJ org 

2-methy1- chloroform 0.47 1.14 

5,7 dich1oro- chloroform 1.06 1.02 

5,7 dichloro- chlorobenzene 1.12 1. 23 

5,7 dichloro- toluene 1. as 1.13 

5,7 dichloro- carbon tetrachloride 1. 22 1. 25 

5,7 dibromo- chloroform 1. 32 1. 31 

5-octyl- chloroform 1.16 1.14 

5-octyl- carbon tetrachloride 1.08 1.17 

166 

j 



x 

III 
.c 
c 

20.00r-----____________________________________ ___ 

13.33 

, 1:c ...... ,. ... 

O~~~ ___ ~----------~------~------~ o 50 100 150 200 

'f' (cm -1) . specl lC area 

Figure 4.30 Specific Interfacial Area Dependence of the Rate of 
Nickel Extraction with 5,7 Dibromo-8-Quinolinol in 
Chloroform 

( 0 ) pH 7. 27 ( <> ) pH 7. 17 (0 ) pH 6. 95 

16 i' 



the observed rate constant to the specific area: 

k obs = k K' K' a d 
i L M 

Ka [HLJo 
[H+J Kdr 

Substitution of appropriate values into the expression for the 
-4 

slope of these lines (K' 1, K' d = 8.51 x 10 ,pKa = 7.3 
M L 

(34), and log Kdr = 4.15 (34)) yields a value of the interfacial 

rate constant (log k ) of 5.41 ± 0.13, considerably lower than 
i 

the corresponding value for the parent ligand. Similar effects 

of halo- substitution upon rate constants have been observed in 

the reaction of various substituted 1,10 phenanthrolines with 

nickel ion in aqueous solution (105) and have been attributed to 

the effect of the substituent on the ease of dissociation of the 

1:1 intermediate chelate (106). 

It should be noted here that for this system, the extracted 

chelate was often observed to precipitate out of solution after a 

brief period of agitation. As a result, it was not possible to 

reliably measure the values of the interfacial tension necessary 

to determine the surface excess and therefore, the interfacial 

area generated at the various stirring speeds. For this reason, 

the areas produced were taken to be those generated with nickel 

8-quinolinolate, a chelate having a similar K'Ai value. The 

"magnitude of the error associated with this approximation cannot 

be known with certainty, but is unlikely to be large. 
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4.4.5. Extraction of Nickel with 5,7 Dichloro-8-Quinolinol 
in Chloroform 

Plots of log k obs versus log [HL] 0 and pH (Table 4.13) 

show that the extraction of nickel ion by 5,7 dichloro-8-

quinolinol in chloroform is first order with respect to 

ligand concentration and inverse first order with respect to 

hydrogen ion concentration, indicating that as in the 5,7 di-

bromo-8-quinolinol system, the neutral form of the ligand 

plays no part in the extraction mechanism. Because this study 

has shown that the interfacial activity of the anionic form of 

the ligand is comparable to that of the 2-methyl-8-quinolinolate 

anion, its reaction too may occur at the interface. Three sets 

of experiments were therefore carried out at pH values of 6.92, 

7.09, and 7.24 to determine the relationship between the observed 

extraction rate constant and specific area for this system. As 

may be seen from Figure 4.31, each of the three plots passes 

through the origin, indicating that in the limit of zero inter-

facial area, the rate of extraction is immeasureably low. This 

observation, together with the increase in the slope of the plot 

at higher pH, indicates that this extraction involves only an 

interfacial reaction of the ligand anion. From the above-

mentioned expression for the observed extraction rate constant, 

a value of the interfacial rate constant (log k ) of 6.09 may 
i 

be obtained. 
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4.4.6. Extraction of Nickel with 5-octyl-8-Quinolinol in 
Chloroform 

Plots of log k obs versus log [HL] 0 and pH show (Table 

4.13) that the extraction is first order with respect to the 

concentration of ligand and inverse first order with respect 

to hydrogen ion concentration, suggesting that, once again, 

the neutral form of the ligand plays no role in the extract-

ion mechanism. This finding is, at first glance, somewhat 

unexpected, since the ligand pKa undoubtedly lies somewhere 

between that of 2-methyl-8-quinolinol (10.04 (41)) and Kelex 

100 (10.40 (51)), meaning that under the conditions of these 

experiments, the overwhelming majority (>99%) of the ligand 

is in the neutral form. As shown in Figure 4.32, however, a 

plot of k obs versus specific area for this system passes 

through the origin, indicating that the reaction occurs 

solely at the interface. Thus, it is not the fraction of the 

ligand existing in the anionic and neutral forms in the bulk 

aqueous phase which is of importance here, but rather the 

form of the ligand present at the interface. As noted in an 

earlier section, it is, in fact, the anionic form of the 8-

quinolinolate family ligands, not the neutral form, which 

.exhibits interfacial activity. 

To calculate the interfacial rate constant for this 

reaction, it was necessary to estimate several of the terms 

in the expression relating the slope of the k obs versus area 
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plot to the interfacial rate constant, in particular, the 

acid dissociation constant, distribution constant, and the 

interfacial adsorption constant of the ligand. On the basis 

of the dissociation constants for 2-methyl-8-quinolinol and 

Ke1ex 100, the pKa of 5-octyl-8-quinolinol was estimated to be 

10.2. Because Bag (51) has shown that the correlations based 

upon the substituent constants of Leo and Hansch (104) yield 

unsatisfactory estimates of Kdr for high molecular weight 

extractants, the Kdr of the 5-octy1- compound was simply taken 

to be 5.52, the value for Kelex 100. Finally, the interfacial 

adsorption constant of the ligand anion was estimated from the 
-1.7 

value for the same ligand in carbon tetrachloride, 10 ( A 

direct determination of this value was attempted but yielded 

absurdly low values of K' d. This, in turn, led to a value of 
L 

the interfacial rate constant for this reaction approaching the 

diffusion limited value for bimolecular reactions. The reason 

for this anomalous behavior is, at present, unclear. Ligand 

instability may be at least partially responsible.) Substitution 

of these values, along with appropriate concentration terms, 

yields an interfacial rate constant (log k ) of 6.93. This value 
i 

is quite close to that obtained by Aprahamian and Freiser (23) 

for Kelex 100, log k - 6.7. 
i 
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Solvent Effects 

4.4.7. Extraction of Nickel with 5,7 Dich10ro-8-Quino1ino1 
in Carbon Tetrachloride, Ch10robenzene, and Toluene 

Plots of log k obs versus log [HL] 0 and pH (Table 4.13) 

indicate that the extraction of nickel by 5,7 dich10ro-8-

quino1ino1 in each of these solvents is first order in ligand 

concentration and inverse first order in hydrogen ion, demon-

strating that, as was the case for the extraction with this 

ligand in chloroform, the neutral form of the ligand is not 

involved to any measureab1e extent in the reaction. As shown in 

Figures 4.33-4.35, however, unlike the reaction in chloroform, 

plots of k obs versus specific area for these systems yield 

lines having an appreciable y-intercept. Thus, these extractions 

proceed via a two-path mechanism involving concurrent reaction 

of the ligand anion at the interface and in the bulk aqueous 

phase. 

These findings may be represented quantitatively by the 

following expression: 

k obs - k Ka [HL] 0 + 
L [H+] Kdr 

k K' K' 
i L M 

a d Ka {HL] 0 
[H+] Kdr 

Thus, a plot of k obs versus specific area should yield a 

line whose slope is related to the interfacial rate constant 

and whose y-intercept is proportional to the bulk rate 

constant. Substitution of appropriate values into the slope 

and intercept expressions yields bulk aqueous phase rate 

constants (log k ) of 4.30, 4.28, and 4.69 and interfacial rate 
L 
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constants (log k ) of 6.20, 6.01, and 5.Bl for the carbon tetra-
i 

chloride, chlorobenzene, and toluene systems, respectively. 

4.4.B. Nickel Extraction with 5-n-Octyl-B-Quinolinol in Carbon 
Tetrachloride 

Plots of log k obs versus log [HL] 0 and pH (Table 4.13) 

indicate that this extraction is first order with respect to 

ligand concentration and and inverse first order in hydrogen 

ion concentration. Thus, as was the case in chloroform, 

extraction with this ligand does not involve the neutral form 

of the compound. A plot of k obs versus specific area is shown 

in Figure 4.36. As may be seen, the y-intercept is slightly 

negative, rather than zero or positive. This suggests that the 

interfacial area calibration for this system yielded specific 

area values which are too large, thereby shifting the k obs vs. 

area plot to the right of its correct location. Undoubtedly, 

this faulty area calibration is the result of the difficulties 

encountered in accurately determining the interfacial excess 

for the chelate under the experimental conditions. 

What conclusion can be drawn then regarding the location 

of the rate determining step in this extraction? Suppose that 

like Kelex 100, extraction with 5-octyl-B-quinolinol involves 

a bulk aqueous phase reaction of the ligand anion with a rate 

·constant (log k ) of 6.B. If this is indeed the case, a y-
L -4 

intercept of 5.76 x 10 in the k obs versus area plot would 

be required. To obtain this, the data point now at a - 93 
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-1 -1 
cm would need to be placed at 12 cm ,indicating that the 

area produced has been overestimated by a factor of 8. This 

seems most unlikely. By comparison, a purely interfacial 

reaction (i.e. one whose plot would have a y-intercept of 0) 

would imply, at most, a factor of two error in the area values. 

The more reasonable conclusion, therefore, is that the reaction 

is purely interfacial. 
4.92 

Estimating the ligand Kdr as 10 (by assuming a 0.6 log 

unit decrease in Kdr upon changing solvents from chloroform to 

carbon tetrachloride (63)), again taking pKa as 10.2, and 
-1.7 

using the measured value of K' d, 10 ,yields a value for 
L 

the interfacial rate constant (log k ) of 6.97, nearly ident
i 

ical to that observed in chloroform. 

4.4.9. Summary and Discussion 

The Balance of Pathways 

On the basis of kinetics results obtained in the extraction 

of nickel with 8-quino1inol and its 7-dodecenyl analog (Kelex 

100), Apraharnian (23) has proposed a general reaction scheme for 

8-quino1ino1s involving three concurrent reaction paths - bulk 

aqueous phase reaction of the neutral ligand, bulk reaction of 

the ligand anion, and interfacial reaction of the anion. It is 

'clear from the results presented in Tables 4.1 and 4.14, however, 

that the relative importance of the three possible pathways in a 

particular system is largely dependent upon the distribution 
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Table ~ Summary of Rate Constants Obtained in the Extraction 
of Nickel with 8-Quinolinols 

Ligand Solvent log Kdr Rate Constants 

log k log k log k 
HL L i 

Parent a 2.66 2.97 5.46 6.7 (23) 

2-methyl- a 3.22 2.87 6.70 

5,7 dichloro- b 3.21 4.30 6.20 

5,7 dichloro- c 3.25 4.69 5.81 

5,7 dichloro- d 3.68 4.28 6.01 

5,7 dichloro- a 3.86 6.09 

5,7 dibromo- a 4.15 5.41 

5-octyl- b 4.92 6.93 

5-octyl- a 5.52 6.97 

Kelex 100 a 5.52 4.4 6.8 6.7 (23) 

Solvents: 

a 
chloroform 

b 
carbon tetrachloride 

c 
toluene 

d 
chlorobenzene 
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constant of the ligand. There appears, in fact, to be a gradual, 

systematic relocation of the rate-determining step in the 

extraction as the distribution constant (and therefore the inter

facial activity of the corresponding anion) is raised. Specific

ally, for the (relatively) water soluble parent ligand, a bulk 

aqueous phase reaction of both the neutral and anionic forms of 

the ligand is observed, along with an interfacial reaction of 

the weakly surface-active anion (23). For the 2-methyl

compound, the increase in the distribution constant is accomp

anied by a more than 2-fold increase in the interfacial activity 

of the ligand anion, an increase apparently sufficient to shift 

its reaction entirely to the interface. The ligand distribution 

constant, however, is still sufficiently low as to permit bulk 

reaction of the neutral ligand. 

For the 5,7 dichloro- compound in carbon tetrachloride 

and toluene, systems in which the ligand distribution constant 

is comparable to that for 2-methyl-8-quinolinol, a two-path 

reaction scheme is again observed. This time, however, the 

ligand anion interfacial activity in each case is comparable 

to that of the parent ligand in chloroform and as such, is not 

sufficient to lead to reaction of the anion solely at the inter

face. The absence of a bulk reaction of the neutral ligand in 

these systems may be understood by considering that although 

under the experimental conditions the amounts of the two forms 

of the ligand present in the aqueous phase are roughly equal, 
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the anionic form of the ligand can be expected to react 2-3 

orders of magnitude more rapidly than the neutral form (23). 

For the 5,7 dichloro- compound in chlorobenzene, the rise 

in distribution constant is accompanied by a small increase in 

ligand anion interfacial activity. Again, however, this in

crease is apparently inadequate to permit a solely interfacial 

reaction of the anion. As in the toluene and carbon tetra

chloride systems mentioned above, the observation of only 

ligand anion reaction in the bulk aqueous phase may be under

stood by the far greater reactivity of the species relative 

to the neutral ligand. 

For the 5,7 dichloro- compound in chloroform, the increase 

in distribution constant is accompanied by a considerable rise 

in the interfacial activity of the anion, so much so that its 

activity exceeds that of the 2-methyl- compound in the same 

solvent. Not surprisingly then, the reaction of the anion occurs 

solely at the interface. The ligand distribution constant is now 

apparently sufficiently great that aqueous phase reaction of 

either form of the ligand is precluded. These same consider

ations apply to the 5,7 dibromo- and 5-octyl- compounds in 

chloroform, as well as to 5-octyl-8-quinolinol in carbon tetra

chloride, systems for which both the distribution constant and 

the anion interfacial activity are even larger than for the 5,7 

dichloro- compound. 

In summary then, all of the extraction mechanisms observed 
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in this study can be rationalized by an examination of the ligand 

distribution constant and the interfacial activity of the 

corresponding anion. It should be noted, however, that the 

results obtained by Aprahamian (23) for the extraction of nickel 

by Kelex 100 (also shown in Table 4.14) do not conform to this 

general scheme. As may be seen, despite its much larger distri

bution constant and an interfacial adsorption constant for its 

anion comparable to that of 5-octyl-8-quinolinol, Kelex reacts at 

both the interface and in the bulk aqueous phase. The reason for 

the anomalous behavior of this reagent is unclear at present, but 

it may indicate that there are other factors which must be taken 

into account in certain systems in order to reliably predict 

the nature of the extraction mechanism. Additional work is 

needed to resolve this question. 

Bulk vs. interfacial rate constants. Examination of the rate 

constants obtained for the 5,7 dichloro-8-quinolinol extractions 

indicates, as expected (indeed required), that the rate constant 

for the bulk aqueous phase reaction of the ligand anion is 

largely unaffected by a change in the organic solvent. More 

interesting, however, is the independence of the interfacial rate 

constant for the anion on the nature of the organic solvent. 

,Similar agreement between interfacial rate constants is observed 

in the two 5-octyl-8-quinolinol systems examined. These results 

strongly suggest that the interface, or more specifically, that 

portion of the interface in which the bonding atoms of the ligand 
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reside, is predominantly aqueous in character. Despite this 

fact, in eacb of the systems in which both an interfacial and 

bulk reaction of the ligand anion is observed, the rate constant 

for the interfacial reaction is roughly an order of magnitude 

greater than for the bulk reaction. The mean bulk and inter-

facial rate constants for the 5,7 dichloro-B-quinolinol systems, 

in fact, differ by 1.59 log units (log k 
L 

4.42 ± 0.23 versus 

log k 6.01 ± 0.20). This observation is in agreement with 
i 

previous estimates by Watarai (2B) for several alkyldithizones 
1.3 

(k /k 
i L 

(k /k 
i L 

assumed 

10 ) and Haraguchi (26) for 7-dodecenyl-B-quinolinol 
1.2 

10 ). It is important to note that it has been 

in these calculations that the interfacial pH is the 

same as that of the bulk aqueous phase or, alternatively, that 

the acid dissociation constant of the ligand is unaffected by 

ads0rption. According to Danielli (107), the interfacial pKa 

for strongly surface-active substances may be as much as 20x 

lower than the corresponding bulk value. For weak surfactants 

such as the B-quinolinolate anions, however, the interfacial 

pKa should more closely approximate that observed in bulk (lOB). 

There is, however, no way of knowing a priori exactly what value 

between the two extremes of pKa (interface) - 0.05 pKa (bulk) and 

pKa (interface) - pKa (bulk) best represents the interfacial 

dissociation constant for a particular ligand in a given solvent 

system. Danesi (lOB) has therefore proposed that the mean of 

these two extremes be taken as an estimate of the interfacial 
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pKa for a weakly surface-active ligand. Applying this to 5,7 di

chloro-8-quinolinol yields an interfacial pKa of 8.1 (vs. 7.4 

in the bulk). Substitution of this value into the appropriate 

expression for the interfacial rate constant (vide supra) yields 

a rate constant which is still an order of magnitude larger than 

the corresponding bulk value. Thus, the difference observed 

between bulk and interfacial rate constants in these systems can 

not be dismissed as simply the result of an invalid assumption 

made in the course of calculations. 

Undoubtedly, the consistently larger interfacial rate 

constants are a ~eflection of differences in the environment of 

the interface relative to bulk water (57, 107-110). If, for 

example, the dielectric constant at the interface is taken to be 

somewhere between the values for the bulk solvents (and there

fore, lower than that of bulk water), reactions involving the 

neutralization of charge, such as the metal cation / ligand anion 

reactions considered here, would be favored at the interface. In 

addition, since the number of degrees of freedom of an adsorbed 

ligand will be lower than that of the free ion in the bulk 

aqueous phase, a more positive entropy change should accompany 

complex formation. Finally, since the effect of ligand adsorp

tion is to orient the molecule in such a way that its chelating 

functionalities will be pointed toward the aqueous phase, this 

adsorption would be expected to increase the rate of an 

extraction. 
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4.5. The Effect of High-Speed Stirring upon the Distribution 
Equilibria of Neutral Chelates 

We have, up to this point, considered only the relation-

ship of neutral chelate adsorption to the kinetic aspects of 

the extraction process, in particular, its application to 

interfacial area calibration and its effects upon the measure-

ment of extraction rates. As noted above, Watarai (27) has 

shown for various ligands (n-alkyl-substituted dithizones) 

that under conditions of vigorous agitation, the adsorption of 

the corresponding anions (i.e. the alkyldithizonate anions) at 

the greatly increased liquid-liquid interface generated by 

stirring may have a pronounced impact upon the distribution 

equilibria of the ligand. It seems reasonable to expect, 

therefore, that the adsorption of a neutral chelate at the 1-1 

interface would also affect the equilibrium aspects of the 

extraction process, in particular, shifting the chelate 

distribution equilibria. To examine this possibility, the 

distribution ratio of nickel between toluene solutions of 

2-methyl-8-quinolinol and a series of aqueous buffers was 

measured as a function of pH under both unstirred and vigorous-

ly stirred (5000 rpm) conditions. The results of these measure-

ments are summarized in Figure 4.37. As may be seen, high-speed 

'stirring results in a reduction in the distribution ratio at a 

given pH and thus, produces an upward (i.e. toward higher pH) 

shift in the apparent value of the pH 1/2 for the chelate. 
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The results of similar determinations carried out in several 

other systems are summarized in Table 4.15. As may be seen, in 

each of these systems, a shift in pH 1/2 to higher values is 

observed. 

To account for these observations, it must be recalled 

that in the absence of an appreciable liquid interface, the 

distribution ratio, 0, of a species is defined as the ratio 

of the total concentration of the species in the organic phase 

to that in the aqueous phase at equilibrium. As applied to some 

metal chelate, designated MLn, this definition corresponds to 

the following expression: 

o = [MLnJ 0 

n+ (n-1)+ (n-2)+ 
[M + [ML ] + [ML ] + ... + [MLn] 

2 

If, under the conditions of the experiment, the hydrated metal 
n+ 

ion, M ,and the fully formed chelate, MLn, are the predomin-

ant forms of the metal in the aqueous and organic phases, 

respectively, this expression reduces to: 
n+ 

o - [MLn]o / [M ], 

If the extracted chelate is interfacia11y active, vigor-

ous agitation of the two phases will, as shown above, result 

in a decrease in the organic phase concentration of the chelate 

to some new value, designated [MLn] '0. Mass balance consider-

ations require that the amount of chelate lost from the organic 

phase be equal to that adsorbed at the interface: 
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Table 4.15 pH 1/2 values for Several Nickel 
Quiescent and Vigorously Stirred 

a 
Chelate 

8-quinolinolate 

8-quinolinolate 

2-methyl-8-HQ 

2-methyl-8-HQ 

2-methyl-8-HQ 

5,7 dichloro-8-HQ 

a 
Conditions: 

Solvent 

chloroform 

CCI 
4 

chloroform 

toluene 

CCI 
4 

CCI 
4 

pH 1/2 
no stir 

3.54 

3.97 

6.50 

6.38 

6.32 

6.50 

Chelates Under 
Conditions 

.6. pH 1/2 
stir 

3.57 0.03 

4.08 0.11 

6.57 0.07 

6.49 0.11 

6.52 0.20 

6.76 0.26 

8-quinolinolate (chloroform): 1 E-4 M in 0.02 M ligand 
8-quinolinolate (carbon tetrachloride): 1.17 E-5 M in 0.02 M 
ligand 
2-methyl-8-quinolinolate (chloroform): 2.07 E-4 M in 0.01 M 
ligand 
same (carbon tetrachloride): 8.45 E-4 M in 0.02 M ligand 
same (toluene): 7.09 E-6 M in 0.02 M ligand 
5,7 dichloro-8-quinolinolate: 5.05 E-6 M in 1.01 E-3 M ligand 

b 
Comparison of the pH of an aliquot of the aqueous phase 
obtained before the start of agitation to that of an aliquot 
removed during stirring revealed no difference in the two pH 
values. Thus, the shift in chelate distribution is not the 
result of stirring-induced changes in pH. 
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Therefore: 

Vo [MLn]o - Vo [MLn]'0 - [MLn]i Ai 

[MLn]i - Vo [MLn]o - Vo [MLn]'o 
Ai 

As has been shown (vide supra), the adsorption of the chelate 

will conform to the Langmuir isotherm. Thus, the interfacial 

concentration of the chelate may also be expressed as follows: 

[MLn]i ab [MLnJ'o 
1 + b [MLn] , 0 

Equating these two expressions for the interfacial concent-

rations, we obtain: 

ab [MLnJ' 0 
1 + b [MLn] , 0 

Vo [MLn]o - Vo [MLn] '0 
Ai 

Recalling that K' ab and rearranging yields: 

K'Ai [ 1 / (1 + b [MLn]'o) ] 
Vo 

[MLn] 0 - 1 
[MLn] '0 

If we now define the distribution ratio of the metal under 

the conditions of high-speed stirring in a manner analogous to 

the definition in an unstirred system, that is as 
n+ 

D' - [MLn]'0 / [M ]' 

and if we assume that vigorous agitation has a far more 

pronounced effect on the organic phase metal concentration than 

on the aqueous concentration , we find that the distribution 

ratios in the stirred and unstirred systems are related by the 

expression: 

D / D' [ 1 / (1 + b fMi.nJ'o) ] K'Ai + 1 
Vo 

If we now designate the pH at which D - 1 as pH 1/2 and that 
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at which 0' - 1 as pH' 1/2, the change in the observed 

distribution ratio induced by stirring may be expressed instead 

as a shift in the apparent pH 1/2 value for the chelate. That 

is, since log 0/0' - n (pH' 1/2 - pH 1/2) - n ApH 1/2 (where 

n is the number of protons lost during the extraction of the 

metal ion), we can write: 

n A pH 1/2 
10 - 1 = (1 / (l+b [MLn]'o) ) K'Ai / Vo (4.2) 

From this equation, it can be seen that the apparent pH 1/2 

value upon stirring will be higher than that observed in the 

absence of stirring by an amount which will depend upon the 

distribution of the chelate between the interface and the bulk 

phases as well as on the relative amount of interfacial area 

generated by stirring and on the chelate concentration. 

At sufficiently low concentrations, in fact, this equation 

simplifies to the followirl'g: 

nApH 1/2 
10 - 1 """ K' Ai /VO 

This expression, it should be noted, is quite similar to 

that derived by Watarai and Freiser (27) to describe the shift 

in the distribution equilibrium of an n-alkyl substituted 

dithizone upon high-speed stirring. In short, it would appear 

that equations of the same general form describe the effect of 

the introduction of a substantial interfacial area in an 

extraction system containing either a surface-active ligand 

(anion) or a surface-active neutral chelate. 
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It should be noted that this simplified expression 

relates the maximum observable shift in pH 1/2 for a particular 

chelate to its interfacial adsorption constant and the inter

facial area. At higher concentrations, for which the b[MLn] '0 

term is no longer « 1, the magnitude of the pH 1/2 shift 

should decline. As shown in Figure 4.38, which depicts the 

concentration dependence of the shift in pH 1/2 for the nickel 

2-methyl-8-quinolinol chelate in toluene, such a decline is 

indeed observed. 

The effect of the adsorption of a metal chelate upon its 

extraction equilibrium may have practical significance in the 

separation of metals. That is, when two metal ions form an 

extractable chelate with a given ligand, their respective 

extraction constants (as expressed in their pH 1/2 values) will 

determine the extent of their separation. Differences in pH 1/2 

values can be enhanced by the addition of an appropriate masking 

agent (e.g. cyanide, fluoride, tartrate). The effect of this 

addition is to shift the pH 1/2 of the more strongly masked metal 

ion to a higher value. As seen above, exactly the same result 

can be achieved by vigorous agitation of the extraction mixture 

when a surface-active chelate is involved. That is, by reducing 

that portion of the extracted chelate which actually reaches the 

bulk organic phase, vigorous agitation (producing large inter

facial area) has much the same effect as reducing the aqueous 

uncomplexed metal ion concentration. 
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This raises an interesting question, namely, can chelate 

adsorption, like masking, be exploited in any way to improve 

separations? That is, in general, can the differing degrees 

of adsorption of two chelates at the liquid-liquid interface 

under high-speed stirring conditions be utilized to effect 

their separation? This question will be the focus of the 

next section. 

4.6. Separation of Interfacial Adsorbates using the Microporous 
Teflon Membrane Phase Separator 

Even a cursory examination of the literature reveals that 

there exist a wide variety of methods based on differences in 

surface activity by which substances may be separated. Metal 

ions themselves are not, of course, appreciably surface active. 

They can, however, be made effectively so by the addition of a 

surfactant (often termed a "collector") with which the metal 

ion may interact. Many of these separation methods involve 

selective adsorption onto the surfaces of bubbles. These 

procedures, often referred to as "adsorptive bubble separation 

methods" or "adsubble methods" (111) include such techniques as 

foam fractionation (in which bubbles of gas are allowed to rise 

through an aqueous solution of the metal ions of interest and 

an appropriate collector, forming a foam atop the main body of 

' .. liquid which is enriched in surface-active materials), froth 

flotation (in which a particulate material such as the insoluble 

scum formed by the addition of certain surfactants to metal ion 

195 



solutions is foamed off from solution), bubble fractionation 

(in which gas bubbles are passed through a column of liquid 

containing the species to be separated and material adsorbed at 

the bubble surface is deposited at the top of the liquid as the 

bubbles exit), and solvent sublation ( a form of bubble fract

ionation in which the exiting bubbles deposit adsorbed materials 

in a layer of immiscible liquid placed atop the sample solution 

(112). 

Droplet analogs to several of these adsorptive bubble 

techniques, involving adsorption to a liquid-liquid interface 

rather than to a gas-liquid interface, have also been proposed. 

For example, Eldib (113) has described the removal of trace 

impurities from crude oil by emulsion fractionation (analogous 

to foam fractionation). Dunning et al. (114,115) have described 

the removal of traces of porphyrins from crude oil samples by 

spraying fine water droplets into the oil. In this procedure, 

the water droplets flow down through an oil-filled column, 

gradually forming an emulsion which accumulates in a bulb at 

the bottom of the column. When the bulb is filled with part

ially coalesced emulsion, it is removed and the emulsion 

collected. The bulb is then replaced and collection continued 

until no more emulsion forms. Strain (116) has used a similar 

technique, termed "droplet fractionation" to separate plant 

pigments, carotene and fucoxanthin. In this method, water 

droplets are allowed to fall through a petroleum ether solution 
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of the pigment and periodically, the water which accumulates 

at the bottom of the column is removed. Finally, Rosenberg et 

a1. (117) have described the separation of various proteins 

(e.g. bovine albumin and ovalbumin) by a procedure involving 

the dispersion of hexadecane in water, adsorption of the 

proteins at the hexadecane/water interface, and subsequent 

desorption of the proteins by solidification and melting of 

the hexadecane layer. 

It is clear from the relatively small number of studies 

of this type which have been published that, on the whole, 

"adsorbing droplet" separation (or "adsop1et") techniques (112) 

have not attracted nearly the attention accorded the adsubb1e 

techniques. It is also clear, however, that it should indeed 

be possible to separate metal chelates on the basis of their 

differing degrees of adsorption at the 1-1 interface generated 

under high-speed stirring conditions, provided, of course, that 

the proper experimental configuration can be found. 

Recent work by Chamupathi (118) has shown that if a small 

amount of the organic phase is continuously withdrawn from a 

vigorously stirred two-phase mixture containing some interfac

ia1ly active extractant, the absorbance of the organic phase 

will rise as the volume of organic phase removed increases. 

This indicates that the adsorbed materials are "stripped" from 

the liquid interface and returned to the reaction flask for 

re-equi1ibration as the total interfacial area is decreased. 
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Figure 4.39 shows the results of an organic phase withdrawal 

experiment carried out in the nickel 2-methyl-8-quinolinolate/ 

toluene system on both unstirred «(» and vigorously stirred 

(~) 2-phase mixtures. As expected, in the absence of stirring, 

the absorbance in unaffected by the volume of organic phase 

withdrawn. In the stirred system by contrast, the initial 

absorbance is lower than that in the unstirred system. From 

this point, the absorbance slowly increases until ca. 65% 

removal, at which point it begins to rise steeply. At 80% 

removal, in fact, the absorbance has risen sufficiently that 

it is now equal ~o that observed in the unstirred system. 

The relevance of this behavior to separations becomes 

apparent when one considers that the absorbance versus volume 

withdrawn plot shown for the unstirred system represents the 

behavior of any non-surface-active substance under conditions 

of either no stirring or vigorous agitation. Thus, if a 

mixture of two chelates, one surface-active and the other 

not, is stirred and the organic phase removed, up to some 

point in the withdrawal, the filtrate (i.e. the liquid removed) 

will be depleted in the surface-active component, while beyond 

this point, the filtrate will be enriched in this component. 

Clearly, the maximum degree of separation of the two components 

would occur if the absorbance (i.e. concentration) of the 

surface-active component dropped to essentially zero upon 

stirring and remained there until immediately before completion 
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of the withdrawal, at which point it would rise nearly straight 

up. Obviously, this cannot occur for any of the systems studied. 

At sufficiently low concentrations, however, this sort of 

behavior can be approached. Why? It is the loss of interfacial 

area caused by the withdrawal (119) and the concomitant dis-

placement of adsorbate molecules after the interface becomes 

saturated which causes the absorbance rise. Therefore, the 

farther the system is initially from interfacial saturation, 

the longer the withdrawal can proceed before the absorbance 

turns upward. Thus, like foam fractionation (120), this 

"adsorbate stripping" approach to separations will yield best 

results in situations in which traces of a surface-active 

species are to be removed from solution. 

This is clearly illustrated by results presented in Figure 

4.40. In this experiment, a solution of nickel 2-methyl-8-
-5 

quino1ino1ate in toluene (1.64 x 10 M) containing 2.7 x this 

amount of the corresponding copper chelate in contact with an 

aqueous buffer was agitated and the organic phase withdrawn. As 

may be seen, there is a dramatic reduction in the amount of 

nickel present in the filtrate up to ca. 80 mL. withdrawn (with 

the copper/nickel ratio reaching 32:1). At this point, the 

. absorbance begins to rise steeply, finally exceeding the initial 

value at ca. 95 mL. withdrawn. Comparison of the areas under 

plots band c up to the point of intersection indicates that 

there is a ca. 80% reduction in the amount of nickel present in 
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the filtrate versus the unstirred solution. 

There are, of course, simpler ways available to separate 

copper and nickel. One would not, therefore, argue that the 

approach described here should replace them. Nonetheless, 

this simple example does serve to illustrate the feasibility 

of the "adsorbate stripping" technique as a means of separating 

species which differ in their degree of adsorption at a liquid-

liquid interface, as well as to demonstrate the limitations of 

the approach. Additional work is needed to better quantify 

the degree of separation achieveable under various conditions, 

to test the applicability of the approach to species other 

than neutral chelates, and to investigate the use of multi-

staging as a means of improving the separations. 

4.7. Determination of Interfacial Polarity by ATR-IR: 
A Preliminary Study 

As noted in a previous section, the rate of interfacial 

reaction of a particular ligand is consistently greater than 

the corresponding rate of reaction in bulk aqueous solution. 

Among the possible reasons for this observation is a difference 

in the chemical environment (e.g. polarity) at the interface 

versus the bulk aqueous phase. Recent work in this laboratory 

(121) has made possible the direct infrared spectroscopic 

" 'examination of species adsorbed at the liquid-liquid interface. 

This raises the possibility of determining the nature of the 

interfacial environment by measuring the value of the equilibrium 



constant at the interface associated with a process known to be 

sensitive to solvent properties. One example of such a process 

is keto-enol tautomerism. 

In general 1,3 dicarbonyl compounds, among them ~-keto-

aldehydes, ~-diketones, B-dialdehydes, and ~-ketocarboxylic 

esters may exist in solution in three tautomeric forms, the 

keto form (I), the cis-enolic form (II), and the trans-enolic 

form (III). (Note that if R ~ R', there are actually two cis-

enolic and two trans-enolic forms (122).) 

R R' R R' 
I I I I 
c c~ /c~ /c~ 

0 ~ 'C/ ~O HO C 0 
I' . \ 

H 1-1 H H 

I II III 

The trans-enolic form of open-chain 1,3 dicarbonyl compounds 

is only rarely observed (122,123). Rather, in solution, these 

compounds exist almost exclusively in the cis-enolic form, which 

is stabilized by intramolecular hydrogen bonding. Therefore, 

The keto-enol equilibrium constant, K , is therefore normally 
T 

written as: 

K [cis-enol] 
T [keto] 

Because the keto form is usually more polar than the nchelated" 

cis-enolic form (as the intramolecularly H-bonded cis-enol is 
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often called), the enol/keto ratio often decreases with an 

increase in solvent polarity. TIlis results from the intra-

molecular H-bonding of the enol form, which reduces the dipole-

dipole repulsion of the carbonyl groups characteristic of the 

keto form. In addition, stabilization of the enolic form by this 

H-bonding is more effective when intermolecular H-bonding with a 

protic polar solvent does not compete (122). 

In principle, then, it should be possible to estimate the 

polarity of a hydrocarbon/water interface by measuring the value 

of K associated with one or more adsorbed carbonyl compounds 
T 

and comparing th.ese values with those observed in a series of 

solvents of various polarities. For this approach to be 

successful, three things are ~equired. First, the dicarbonyl 

compound must be interfacially active. In addition, its various 

forms must exhibit distinct spectral features which would enable 

their discrimination. Finally, adsorption must not give rise to 

new forms of the ligand molecule (e.g. trans-enol), since as 

noted above, such forms are not ordinarily observed and their 

presence is disregarded in the calculation of the tautomeric 

equilibrium constant in bulk solvents. 

To determine if p-diketones are interfacially active, a 

carbon tetrachloride solution of each of three compounds -

acetylacetone (ACAC), l-benzoylacetone (BZA) , and dibenzoyl-

methane (DBZM) - in contact with an aqueous TRAM buffer (ca. pH 

7) was subjected to high-speed stirring. In each case, a small 
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but readily measureab1e drop in the organic phase concentration 

of the ligand was observed, indicating that each of the ligands 

is indeed interfacia11y active. 

To determine the expected locations of the infrared 

absorption bands of the three ~-diketones in Apiezon M grease 

(the viscous liquid mixture of higher molecular weight 

aliphatic hydrocarbons used to model a typical liquid hydro-

carbon), an IR spectrum of each was obtained in dodecane. For 
-1 

these compounds, two regions of the spectrum, 3000-4000 cm (OH 
-1 

and CH stretching vibrations) and 1500-1800 cm (double bond 

stretching vibrations) have been reported to display features 

having an obvious correlation with structure (124,125). Abood 

and Ajam (125) have noted that the main feature of the spectra in 

non-polar solvents is the lack of adsorption in the vicinity of 
-1 

3350 cm , where simple hydrogen-bonded OH absorption occurs, and 
-1 

an intense absorption band near 1600 cm interpreted (124) as 

the superposition of the c=o stretching band and C=C stretching 

bands of the che1ated eno1ic form. The spectra obtained for the 

three compounds in dodecane were found to conform to these 

expectations, with ACAC, BZA, and DBZM exhibiting a broad (ca. 
-1 

100 cm ), intense absorption band centered at 1617, 1609, and 
-1 

1604 cm , respectively, and lacking measureab1e OH absorption 
-1 

in the 3400 cm region. 

Previous studies of these compounds in various polar 

solvents (125,126) indicate that the keto form, the predominant 
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form of the ligand in aqueous solution (127), should show an 
-1 

absorption band near 1720 cm (C-O stretching). Thus, the 

various forms of the diketones should indeed exhibit 

characteristic spectral features which enable them to be 

distinguished. 

Figure 4.41 shows the spectrum of an aqueous solution of 

acetylacetone in contact with an 0.409 micron thick ApM film. 

(Those peaks due to the grease film itself and the water have 

been removed.) Also shown is the spectrum of the same 

ligand in dodecane obtained earlier. The difference between 

these two spectra is immediately apparent. The broad, intense 
-1 

band centered at ca. 1617 cm in the dodecane solution spectrum 
-1 

has been displaced upward to ca. 1645 cm In addition, a 
-1 

prominent shoulder has appeared at ca. 1685 cm 
-1 

In the 3000-

4000 cm region, where no absorption was observed for ACAC in 
-1 

dodecane, an intense band centered at ca. 3425 cm has appeared. 

According to Rasmussen et al. (124), conjugation of a C-C 

to a c-o group will yield a c-o band in the region 1695-1667 cm 
-1 

-1 

and a C-C band in the 1647-1621 cm region. Similarly, Nazario 
-1 

and Schwarz (128) have assigned the band at 1640 cm in the 

enolic form of indo1epyruvic acid to C-C stretching. Also 

.according to Rasmussen (124), it is the simultaneous conjugation 

and chelation (i.e. intramolecular H-bonding) in the eno1ized 

p-diketones which lowers the position of the intense c-o 
-1 

infrared band to ca. 1600 cm in non-polar solvents. These 
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facts, taken together with the appearance of the OH stretching 
-1 

band (128) at 3450 cm ,indicate that adsorption of acety1-

acetone at the hydrocarbon grease/water interface is accompanied 

by the disruption of the intramolecular hydrogen bond of the 

enol, that is, that the interfacia1ly adsorbed species is the 

non-chelated enolic form of the ligand. Spectra obtained for 

both BZA and DBZM yield similar results (Table 4.16). 

If, as it appears, this behavior is characteristic of 

~-diketones in general, it will not be feasible to determine 

interfacial polarity by measuring the tautomeric equilibrium 

constant at the interface and comparing it to the values obtained 

in solvents of various polarities, as the predominant form of the 

adsorbed ligand is not a form observed in bulk organic or aqueous 

solution. 

It is important to note that although it was not possible to 

achieve the original objective of this study, the results 

obtained clearly demonstrate the ability of the coated IRE ATR-IR 

technique to yield structural information about interfacial 

adsorbates. In fact, this work represents the first direct 

infrared spectral evidence of a distinct form of a ligand at a 

liquid-liquid interface. It has been suggested (129) that this 

form may be the result of either the polar character of the 

interfacial region or of the steric constraints imposed upon 

the molecule by adsorption. Additional work to distinguish 

between these possibilities, to quantitate the adsorption 
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Table 4.16 Principal Absorption Bands of Beta-Diketones in 
Dodecane Solution and Adsorbed at the Apiezon M/ 
Water Interface 

BZA 

State Peak Position 

solution 1609 

1576 

adsorbed 3425 

1675-1690 

1648 

1635 

1565 

solution 1730 

1604 

1562 

adsorbed 3420 

1735 

1695 

1652 

Comments 

strong 

shoulder 

strong, broad 

weak shoulder 

strong 

shoulder 

medium 

weak 

strong 

strong 

strong, broad 

medium 

shoulder 

strong 

Interpretation 
(124-128) 

enol chelate 
(C=O/C=C) 

phenyl ring 
stretching 

OH stretch 

conjugated 
C=O 

conjugated 
C=O and C=C 

enolic C=C 

phenyl ring 
stretching 

ketonic c=o 

enol chelate 
(C=C/C=O) 

phenyl ring 
stretching 

OH stretch 

ketonic c=o 

conjugated 
C-O 

conjugated 
C-O and C-C 
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behavior, and to investigate its relevance to extraction rates 

and mechanisms is now underway in this laboratory. 
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CHAPTER 5 

CONCLUSIONS/DIRECTIONS FOR FUTURE WORK 

The results of this study clearly demonstrate that inter-

facial activity in extraction systems is not confined to 

extractant molecules, but is characteristic of a number of 

fully-formed neutral che1ates as well. For these che1ates, 

the magnitude of this activity has been shown to be dependent 

upon the organic solvent, the nature of the coordination sphere 

of the chelate, and its distribution constant. In addition, the 

adsorption has been shown to conform to the Langmuir isotherm. 

Chelate adsorption has been demonstrated to have several 

adverse effects upon the measurement of the rates of metal ion 

extraction in those systems in which the product chelate is 

interfacia11y active. First, because the fractional loss of 

absorbance induced by adsorption is not uniform throughout a 

kinetics run, the absorbance versus time profile from which 

rate constants are calculated will be distorted. For che1ates of 

modest interfacial activity, this distortion will produce only 

minor errors in the calculated rate constants. For others, 

however, the magnitude of the error induced will necessitate 

. correction of the absorbance data. A simple procedure for this 

correction based on the Langmuir plot of the adsorbed chelate 

has been devised. Next, at sufficiently high concentrations, 



the product chelate will reduce the interfacial tension between 

the two phases, leading to changes in the interfacial area 

generated in the reaction vessel. Finally, the adsorbed chelate 

may displace weakly surface active extractant molecules from the 

interface, leading to a reduction in the rate of extraction per 

unit area and, in extreme cases, a change in the mechanism of 

extraction. These latter two effects may be largely overcome 

merely by careful choice of experimental conditions, in 

particular, by avoiding saturation of the interface with product 

chelate. 

The neutral surfactant Triton X-IOO has been shown to have 

much the same effect as an adsorbed neutral chelate upon the 

interfacial activity of other adsorbates, reducing, for example, 

the adsorption of the 8-quinolinolate anion at the chloroform/ 

water interface. This reduction, like that caused by adsorbed 

nickel 8-quinolinolate, can be described quantitatively by the 

equation of MacRitchie relating the distribution constant of a 

species between the interface and the bulk aqueous phase to its 

cross-sectional area and the interfacial pressure. TX-IOO has 

also been shown to reduce the rate of interphase mass transfer 

between chloroform and water. This reduction, although sub

stantial, is unlikely to be sufficient to convert a kinetically 

limited extraction to one which is diffusionally limited. This 

implies that the rates of extraction measured in this study, in 

which the interface may be saturated with adsorbed product 
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chelate, are not, in actuality, measurements of rates of 

diffusion through the product film. 

Chelate adsorption, while complicating certain aspects of 

kinetics measurements, has also been shown to serve as an 

accurate means of calibrating interfacial areas in extraction 

systems, eliminating the need to estimate areas by use of an 

extraneous surfactant and improving the accuracy of conclusions 

drawn from studies of the specific area dependence of the rate 

of extraction. The accuracy of these interfacial area values 

has been verified by use of laser light scattering, with the aid 

of a small fiber-optic probe specially constructed for use with 

our extraction apparatus. 

Chelate adsorption has also been demonstrated to have an 

impact on the equilibrium aspects of the extraction process. 

Specifically, it will result in an apparent shift in the pH 1/2 

value associated with a particular metal ion, the magnitude of 

which will depend on the chelate concentration, the interfacial 

area generated, and the interfacial adsorption constant of the 

chelate. An equation similar to that derived by Watarai and 

Freiser for shifts in heterogeneous acid-base equilibria induced 

by ligand anion adsorption relates ~pH 1/2 to K'Ai. 

Differences in interfacial activity of neutral chelates 

have been shown to serve as a basis for a separation/preconcent-

ration method for metal ions. If a two-phase mixture of a 

surface-active chelate and a non-surface-active one is vigorous-



ly stirred, the organic phase drawn off will be depleted in the 

surface-active component. This "adsorbate stripping" technique 

is best suited for the removal of small amounts of surface-active 

materials. 

Studies of the rate of nickel ion extraction by a series of 

substituted 8-quinolinols in chlorcform and of a single such 

compound into several organic solvents have shown that the 

distribution constant of the neutral ligand (and the!:efore, the 

interfacial activity of the corresponding anion) is an important 

factor governing the respective contributions of bulk and inter

facial pathways to the overall rate of an extraction. The inter

facial rate constant for a particular ligand is independent of 

organic solvent, suggesting that the liquid interface is 

essentially aqueous in character. In systems in which both a 

bulk and an interfacial reaction of a particular form of a ligand 

is observed, the interfacial rate constant is typically 1.6 log 

units greater than the corresponding bulk value, undoubtedly a 

consequence of the more favorable geometric orientation of the 

extractant molecule at the interface, of the expected lower 

dielectric constant of the interfacial region, and the reduced 

number of degrees of freedom of the adsorbed extractant molecule. 

Finally, attempts to measure the dielectric constant of a 

hydrocarbon/water interface by determining the ratio of keto to 

enol tautomer concentrations for several p-diketones at the 

interface by ATR-IR have revealed the existence of a non-intra-
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molecularly hydrogen-bonded enolic form of the ligands, species 

not observed under ordinary conditions in bulk solvents. 

Clearly, considerable progress has been made in this study 

toward more completely defining the role of the liquid-liquid 

interface in the extraction process. This work, however, has 

also raised a number of additional questions, among which are the 

following: 

1. Given that ligand interfacial activity leads to a significant 

participation of the interface in the extraction process under 

high-speed stirring conditions, does chelate interfacial activity 

imply a role for the interface in the kinetics of back-

extraction? 

2. Why does the adsorption of a neutral chelate conform to the 

Langmuir isotherm, an isotherm derived by assuming a fixed number 

of adsorption sites when, as has been shown here, the interfacial 

area in the extraction systems considered here will rise when an 

amount of chelate sufficient to alter the interfacial tension is 

introduced? 

3. Why do variations in the organic solvent produce changes in 

the interfacial area generated under a particular set of stirring 

conditions, despite no obviously significant differences in the 

solvent properties expected to be relevant to the interfacial 

area produced? 



4. Under what conditions, if any, will adsorption of the 

intermediate (i.e. partly-formed) chelates occur? 

5. Will the systematic relocation of the rate-determining step 

from the bulk aqueous phase to the interface observed for the 

various 8-quinolinols hold true for other ligand families? 

Is there a certain minimum interfacial activity (as reflected 

in the value of K' d) required for interfacial participation? 

6. Can the "interfacial pressure barrier" produced by the 

addition of neutral surfactants be exploited to advantage in 

metal ion separations? Will charged surfactants yield the 

same results as .neutrals or will the effects be more complex? 

7. Might the measurement of the fluorescence properties of an 

adsorbed molecule yield information about interfacial polarity? 

The answers to these questions, in addition to their obvious 

practical importance to the design of improved separation 

techniques, would represent a further step toward an eventual 

understanding of the fundamental chemical properties of the 

liquid-liquid interface and its characterization as a reaction 

medium. 
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APPENDIX A 

Definition of Symbols 

specific interfacial area 

organic phase absorbance without stirring 

organic phase absorbance upon high-speed 
stirring 

the absorbance drop induced by high-speed 
stirring 

interfacial area 

equilibrium absorbance in a kinetics run 

initial absorbance in a kinetics run 

absorbance at any time t in a kinetics run 

cell path length 

interfacial thickness 

distribution ratio of a species in an 
unstirred system 

distribution ratio of a species under high
speed stirring 

molar absorptivity 

fraction relating the observed and true 
absorbance in a kinetics run in which a 
surface-active product is formed 

interfacial tension 

interfacial excess 

free energy change 

organic phase concentration of neutral ligand 

transmittance of pure continuous phase 
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I 

Ka 

k 
HL 

k 
L 

k 
i 

k obs 

k' 

K' 
L 

K' 
M 

K' 
MLn 

K' 

Kdr 

pH 1/2 

R 

o 

T 

v 

transmittance of a dispersion 

acid dissociation constant in the bulk 
aqueous phase 

second order rate constant for the reaction of 
the neutral ligand in the aqueous phase 

second order rate constant for the reaction of 
the ligand anion in the bulk aqueous phase 

second order rate constant for the reaction of 
the ligand anion at the interface 

observed pseudo first order rate constant 

apparent pseudo first order rate constant 

distribution constant of a ligand anion between 
the interface and the bulk aqueous phase (with 
adsorbate concentration expressed in moles/unit 
volume) 

distribution constant of the metal ion between 
the interface and the bulk aqueous phase 

distribution constant of a metal chelate 
between the interface and the bulk organic 
phase (adsorbate concentration expressed in 
moles/unit volume) 

distribution constant of a metal chelate 
between the interface and the bulk organic 
phase (adsorbate concentration expressed in 
moles/unit area) 

distribution constant of a ligand between the 
bulk organic and bulk aqueous phases 

interfacial pressure 

the pH at which 50% of a species is extracted 

ideal gas constant 

interfacial tension 

absolute temperature 

volume 
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Appendix B 

Computer Programs for the Correction of Absorbance versus Time 
Data (for the Effects of Interfacial Adsorption of a Product 
Chelate) and for the Calculation of Extraction Rate Constants 
from the Corrected Data 

PROGRAM CORR; 

VAR DATA:ARRAY[l .. 1000] OF REAL; 
CHOICE,CH,CH1:CHAR; 
INNNAME:STRING; 
DATAFILE:FILE OF REAL; 
DATAFIL:FILE OF REAL; 
A,J,I,COUNT:INTEGER; 
M,LAG,PLTSLP,PLTINT:REAL; 
TIME:ARRAY[l .. lOOO] OF REAL; 
RECIP:ARRAY[l .. lOOO] OF REAL; 
PROD:ARRAY[l .. 1000] OF REAL; 
SUM:ARRAY[l .. lOOO] OF REAL; 
FINAL:ARRAY[l .. lOOO] OF REAL; 
FINSUM:ARRAY[l .. lOOO] OF REAL; 

PROCEDURE ONE; (*THIS LOADS ALL DATA FROM DATATAKER*) 
BEGIN 

COUNT:-l; 
WRITELN('ENTER FILE NAME'); 
READLN(INNAME) ; 
INNAME:-CONCAT('KINETIC:' ,INNAME); 
(*$1- *) 
RESET(DATAFILE,INNAME); 
IF (IORESULT <> 0) THEN 
BEGIN 

END; 

WRITELN ( , CAN'T YOU REMEMBER THE NAME?'); 
WRITELN('FILE NOT AVAILABLE'); 
EXIT(CORR); 

M:-DATAFILE"; 
GET(DATAFILE); 
J:-TRUNC(M); 
WRITELN('ENTER LAG TIME'); 
READLN(LAG) ; 
WHILE «NOT EOF(DATAFlLE» AND (COUNT <1000» DO 

BEGIN 
DATA[COUNT]:-DATAFILE"; 
TIME[COUNT]:-COUNT*J-LAG 
GET(DATAFILE); 
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END; 

COUNT-COUNT+1 ; 
END; 

CLOSE(DATAFILE); 
COUNT: ... COUNT-1; 

PROCEDURE THREE; (*DISPLAYS POINTS*) 
VAR CH1:CHAR; 
BEGIN 

WRITELN('WANT ALL POINTS DISPLAYED? Y OR N'); 
READLN(CH) ; 
CASE CH OF 

'N' :WRITELN(NUMBER OF POINTS IS " COUNT); 
'Y' : BEGIN 

REPEAT 
FOR 1:-1 TO COUNT DO 
BEGIN 

WRITELN('TIME : ' ,TIME[I],' SEC ABSORBANCE 
" FINSUM) 

END; 
WRITELN('DO YOU WANT TO DISPLAY IT AGAIN? 

<YIN>'); 
READLN(CH1) ; 
UNTIL (CH1 = 'N'); 

END; 
END; 

END; 

PROCEDURE STORE; (*STORES DATA*) 
BEGIN 

END; 

WRITELN('WANT TO STORE CORRECTED DATA? Y OR N'); 
READLN(CH) ; 
CASE CH OF 

'Y' :BEGIN 
WRITELN('ENTER FILE NAME FOR STORING DATA'); 
READLN (INNAME) ; 
INNAME:-CONCAT('KINETIC:' ,INNAME); 
REWRITE(DATAFIL,INNAME); 
FOR J:-1 TO COUNT DO 
BEGIN 

DATAFILA:FINSUM[J]; 
PUT (DATAFIL); 

END; 
CLOSE(DATAFIL,LOCK); 

END; 
'N' :END; 
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PROCEDURE CORRECT; (*CORRECTS EACH DATA POINT FOR ABSORBANCE LOSS 
DUE TO CHELATE ADSORPTION*) 
BEGIN 

WRITELN('IS A CORRECTION FOR INTERFACIAL ADSORPTION'); 
WRITELN('OF THE SPECIES WHOSE ABSORBANCE WAS MONITORED'); 
WRITELN('IN THIS KINETICS RUN NECESSARY? Y OR N'); 
READLN(CHOICE); 
CASE CHOICE OF 

'N' :BEGIN 

END; 

WRITELN('USE THE CALC PROGRAM TO OBTAIN'); 
WRITELN('UNCORRECTED RATE CONSTANTS. '); 
EXIT(CORR); 

'Y' :BEGIN 

END; 
END; 

WRITELN('ENTER THE SLOPE OF THE LANGMUIR PLOT'); 
READLN(PLTSLP) ; 
WRITELN('ENTER THE Y-INTERCEPT OF THE PLOT'); 
READLN(PLTINT) ; 
FOR A:-l TO COUNT DO 
BEGIN 

END; 
END; 

RECIP[A]:-l.OO/DATA[A] ; 
PROD[A]:-RECIP[A]*PLTSLP; 
SUM[A]:-PROD[A]+PLTINT; 
FINAL[A] :-l.OO/SUM[A]; 
FINSUM[A] :-FINAL[A]+DATA[A] ; 

BEGIN(*MAIN PROGRAM*) 
REPEAT 

ONE; 
CORRECT; 
THREE; 
STORE; 
WRITELN('CORRECT ANOTHER DATA SET? <Y OR N>'); 
READLN(CHl) ; 

UNTIL (CHl) - 'N'; 
WRITELN('NOW APPLY THE CALCCORR. PROGRAM TO YOUR CORRECTED 

DATA') ; 
WRITELN('TO OBTAIN CORRECTED RATE CONSTANTS.'); 
END. 

221 



PROGRAM CALCCORR; (*DOES CALCULATIONS ON CORRECTED DATA SET 
WHICH GIVE A LEAST SQUARES FIT TO THE DATA AND YIELD THE 
SECOND ORDER RATE CONSTANT WHEN APPROPRIATE CONSTANTS ARE 
ENTERED*) 
USES TRANSCEND; 
VAR DATA:ARRAY[l .. lOOO] OF REAL; 
PRINT: TEXT; 
CH,CHl:CHAR; 
NDATA:ARRAY[l .. lOOO] OF REAL; 
NTIME:ARRAY[l .. lOOO] OF REAL; 
LHS:ARRAY[l .. lOOO] OF REAL; 
INNAME:STRING; 
DATAFILE:FILE OF REAL; 
DATAFIL:FILE OF REAL; 
LTIME,LSTIME,i3,iCOUNT,J,K,Jl,Kl,I,COUNT:INTEGER); 
LGKP,DEV,SDE,SIG,SDLS,SDINT,M,D,E,BOUND,HL,PH,KDR,KA,ZABS:REAL; 
LAG,RSDS,SDX,SDY,EX2,EXEY,AF,Y,EXY,EX,EY,EY2,SLOPE,YINT:REAL; 
COR,LGKl:REAL; 
TIME:ARRAY[l .. lOOO] OF REAL; 

PROCEDURE ONE; (~LOADS CORRECTED DATA*) 
BEGIN 

COUNT:-l; 
WRITELN('ENTER FILE NAME'); 
READLN(INNAME) ; 
INNAME:~CONCAT( 'KINETIC:', INNAME); 
(*$1- *) 
RESET(DATAFILE,INNAME); 
IF (IORESULT <> 0) THEN 
BEGIN 

WRITELN(' CAN'T YOU REMEMBER THE NAME?'); 
WRITELN('FILE NOT AVAILABLE'); 
EXIT (CALCCORR) ; 

END; 
M:-DATAFILE"; 
GET(DATAFILE); 
J :-TRUNC(M) ; 

WHILE «NOT EOF(DATAFILE» AND COUNT < 1000» DO 
BEGIN 

DATA[COUNT]:-DATAFILE"; 
TIME[COUNT]:-COUNT+l; 
GET(DATAFILE); 
COUNT:-COUNT+l; 

END; 
CLOSE(DATAFILE); 
COUNT:-COUNT-l; 

END; 
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PROCEDURE TWO; (*DELETES STRAY POINTS*) 
BEGIN 

END; 

J:-1; 
K:-2; 
I3:-I-1; 
ICOUNT:-O; 
REPEAT 

D:-ABS(NDATA[J]-NDATA[K]); 
IF D > BOUND THEN 

BEGIN 
ICOUNT:-ICOUNT+1; 
FOR J1:-K TO 13 DO 
BEGIN 

END 
ELSE 

UNTIL K>I; 
I:-I-ICOUNT; 
WRITELN; 

END; 

K1:-J1+1; 
NTIME[J1] :-NTIME[K1] ; 
NDATA[J1]:NDATA[K1]; 

BEGIN 
J:-J+1; 
K:-K+1; 

END; 

WRITELN(ICOUNT,'NUMBER OF POINTS REJECTED'); 
WRITELN(I,' NUMBER OF POINTS USED IN CALC. '); 

PROCEDURE THREE; (*DISPLAYS POINTS*) 
VAR CH1: CHAR; 
BEGIN 

WRITELN('WANT ALL POINTS DISPLAYED? Y OR N'); 
READLN(CH) ; 
CASE CH OF 

'N':WRITELN('PLEASE ENTER PARAMETERS'); 
'Y' :BEGIN 

REPEAT 
FOR 1:-1 TO COUNT DO 
BEGIN 

END; 

WRITELN('TlME: " TIME[I],' SEC ABS.: ' 
DATA[I]); 

WRITELN('DO YOU WANT TO DISPLAY IT AGAIN? 
<Y/N>'); 

END; 

READLN(CH1) ; 
UNTIL (CH1 - 'N'); 
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END; 
END; 

PROCEDURE THREEFOUR; (*TAKES IN PARAMETERS USED IN RATE CONSTANT 
CALCULATIONS*) 
BEGIN 
WRITELN('NllMBER OF POINTS IS ',COUNT); 
WRITELN('ENTER LOWEST TIME FOR RATE CALCULATION'); 
READLN(LTIME) ; 
WRITELN('ENTER LAST TIME FOR RATE CALCULATION'); 
READLN(LSTIME) ; 
WRITELN('ENTER MAX. DEV. ALLOWED'); 
READLN(BOUND) ; 
WRITELN('ENTER CONC OF MAJOR COMPONENT (MOLAR)'); 
READLN (HL) ; 
WRITELN('ENTER PH OF AQUEOUS PHASE'); 
READLN(PH) ; 
WRITELN('ENTER LOG KDR VALUE'); 
READLN(KDR) ; 
WRITELN('ENTER PKA VALUE'); 
READLN(KA) ; 
WRITELN('ENTER ABSORBANCE AT TIME ZERO OR FINAL ABS. FOR AN 
ABSORBANCE DROP EXPERIMENT. '); 
READLN(ZABS) ; 
K:-O; 
1:-1; 
REPEAT 

BEGIN 
K:-K+1; 
IF(TIME[K]>-LTIME) AND (TIME[K]<=LSTIME) THEN 

BEGIN 

END; 
END; 

UNTIL K:-COUNT; 
1:1-1; 

NTIME[I] :-TIME[K]; 
NDATA[I] :-DATA[K]; 
1:-1+1; 

WRITELN(' THERE ARE' I, 'POINTS LEFT. '); 
END; 

PROCEDURE XFUNC; (*CALCULATES RATE CONSTANT*) 
BEGIN 

WRITELN; 
WRITELN('ENTER EQUILIBRIUM ABSORBANCE OR INITIAL ABSORBANCE 
FOR AN ABSORBANCE DROP EXPERIMENT.'); 
READLN (AF) ; 
WRITELN('IS THIS AN ABSORBANCE DROP EXPERIMENT?'); 
READLN (CH) ; 
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END; 

CASE CH OF 
'N' :BEGIN 

END; 

FOR J:-1 TO I DO 
BEGIN 

Y:-(AF-ZABS)/(AF-NDATA[J]); 
LHS [J] : -LN (Y) ; 

END; 

'Y' :BEGIN 
AF:-AF-ZABS; 

END; 

FOR J:=l TO I DO 
BEGIN 

END; 
END; 

Y:-AF/(NDATA[J]-ZABS); 
UiS [J] :=LN(Y) ; 

PROCEDURE STORE; (*STORES DATA*) 
BEGIN 

END; 

WRITELN('WANT TO STORE THE RATE PLOT DATA? Y OR N'); 
READLN(CH) ; 
CASE CH OF 

'Y' : BEGIN 
WRITELN('ENTER FILE NAME FOR STORING DATA'); 
READLN(INNAME) ; 
INNAME:-CONCAT('KINETIC:' ,INNAME); 
REWRITE(DATAFIL,INNAME); 
FOR J:-1 TO I DO 
BEGIN 

DATAFILA:-NTIME[J]; 
PUT(DATAFIL) ; 
DATAFILA:-LHS[J]; 
PUT(DATAFIL); 

END; 
CLOSE(DATAFIL,LOCK); 

END; 
'N' :END; 

PROCEDURE LSQR; (*DOES LEAST SQUARES ANALYSIS OF THE DATA*) 
BEGIN 

EXY:-O; 
FOR J:-1 TO I DO 
BEGIN 

EXY:-EXY+NTIME[J]*UiS[J]; 
END; 

EX.:-O; 
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EY:-O; 
WRITELN; 
FOR J:-l TO I DO 

BEGIN 
EX:-EX+NTIME[J] ; 
EY:-EY+UlS [J] ; 

END; 
EXEY:-EX*EY; 
WRITELN; 
EX2:-0; 
EY2:-0; 
FOR J:-l TO I DO 
BEGIN 

EX2:-EX2+NTIME[J]*NTIME[J]; 
EY2:-EY2+UlS[J]*UlS[J]; 

END; 
SLOPE:-(I*EXY-EXEY)/(I*EX2-(EX*EX»; 
YINT:-(EY*EX2-EXY*EX)/(I*EX2-(EX*EX»; 
SDX:-SQRT(I*EX2-EX*EX); 
SDY:-SQRT(I*EY2-EY*EY); 
COR:-(I*EXY-EXEY)/(SDX*SDY); 
D:-I*EX2-(EX*EX); 
SDE:-O; 
FOR J-l TO I DO 
BEGIN 

END; 

DEV:-SLOPE*NTIME[J]+YINT-UlS[J]; 
SDE:-SDE+DEV*DEV; 

SIG:-SDE/I; 
SDSL:-SQRT(I*SIG/D); 
RSDS:-IOO*SDSL/SLOPE; 
SDINT:-SQRT(SIG*EX2/D); 
LGKP:-LOG(SLOPE/HL)-PH; 
LGKl : -LGKP+KA+KDR; 
E:-(O.693-YINT)/SLOPE; 
END; 

PROCEDURE COPY; (*SOFT COpy OUTPUT*) 
BEGIN 

WRITELN(INNAME) ; 
WRITELN('FIRST TIME FOR RATE CALC: ',LTIME,' SEC.'); 
WRITELN('LAST TIME FOR RATE CALC: ',LSTIME,'SEC. '); 
WRITELN('PH IS :', PH); 
WRITELN('HALF LIFE IS ',E,' SECONDS'); 
WRITELN('Y-INT IS: • ,YINT); 
WRITELN('K OBSERVED IS: ',SLOPE); 
SLOPE:-LOG(SLOPE); 
WRITELN('LOG K OBSERVED IS: • ,SLOPE); 
WRITELN(STD DEV OF SLOPE IS: ',SDSL); 
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END; 

WRITELN('RELATIVE STD DEV OF SLOPE IS: ',RSDS, 'PERCENT'); 
WRITELN('STD DEV OF YINT IS: ',SDINT); 
WRITELN('CORR. COEFF. IS: ',COR); 
WRITELN('LOG Kl IS: ',LGK1); 
WRITELN; 

PROCEDURE HCOPY; (*HARD COpy OUTPUT*) 
BEGIN 

END; 

WRITELN(CHR(12»; 
REWRITE(PRINT,'PRINTER:'); 
WRITELN(PRINT,'FILENAME IS ',INNAME); 
WRITELN(PRINT); 
WRITELN(PRINT,' MIN. TIME USED IN RATE CALC. IS: ' 
LTIME, ' SEC.'); 
WRITELN(PRINT,' MAX. TIME USED IN RATE CALC. IS: ' 
LSTIME, ' SEC.'); 
WRITELN(PRINT, 'PH IS : ',PH); 
WRITELN(PRINT, 'HALF LIFE IS ',E, 'SECONDS'); 
WRITELN(PRINT, ' Y-INT. IS: ',YINT); 
WRITELN(PRINT, ' K OBSERVED IS ',SLOPE, 'SECONDS'); 
SLOPE:-LOG(SLOPE); 
WRITELN(PRINT, 'LOG K OBSERVED IS: ',SLOPE); 
WRITELN(PRINT, 'STD. DEV. OF SLOPE IS: " SDSL); 
WRITELN(PRINT, 'RELATIVE STD. DEV. OF SLOPE IS: ' ,RSDS, 
, PERCENT'); 
WRITELN(PRINT, 'STD. DEV. YINT IS: ',SDINT); 
WRITELN(PRINT, 'CORR. COEFF. IS: ',COR); 
WRITELN(PRINT,' LOG Kl IS: ',LGK1); 
WRITELN(PRINT); 
WRITELN(PRINT) ; 
CLOSE(PRINT); 

BEGIN(*MAIN PROGRAM*) 
REPEAT 

ONE; 
REPEAT 

THREE; 
THREEFOUR; 
TWO; 
XFUNC; 
STORE; 
LSQR; 
WRITELN ( , DO YOU WANT A HARD COPY? Y OR N); 
READLN(CH) ; 
CASE CH OF 



END; 

'N' :BEGIN 
COPY; 

END; 
'Y' : BEGIN 

HCOPY; 
END; 

WRITELN('RECALC THE SAME KINETIC AGAIN? Y OR N'); 
READLN(CH) ; 

UNTIL (CH)-'N'; 
WRITELN(' CALCUlATE ANOTHER RUN? <Y/N»; 
READLN (CH1) ; 
UNTIL (CH1)-'N'; 
WRITELN('THAT'S ALL FOLKS); 
END. 
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Appendix C 

Derivation of a Relationship Between the Reciprocal Absorbance 
Decrement and the Organic Phase Absorbance upon Stirring for 

a Ligand whose Anion is Interfacially Active 

Mass balance requires that the amount of ligand lost from 

the bulk organic phase upon stirring be equal to that adsorbed 

at the interface plus that entering the aqueous phase: 

[HL]o Vo - [HL]'o Vo - ([HL]'a + [L ]'a) Va + [L ]i Ai (1000) 

where HL and L represent the neutral and anionic forms of the 

ligand, respectively, the subscripts 0, a, and i indicate the 

organic, aqueous, and interfacial phases, respectively, and 

the use of a prime superscript designates a measurement made 

on a bulk phase under stirred conditions. 

Taking equal volumes of the two phases and recalling that 

Kdr [HL]o/[HL]a and Ka - [H+] [L-]/[HL] , we can write: 

[HL]o Vo = [HL]'o Vo + [HL]'o Vo + Ka [HL]o Vo + [L-]i Ai (1000) 
Kdr Kdr [H+] 

For conditions under which Ka « Kdr [H+] and Kdr » 1, this 

expression simplifies to: 

Vo[HL]o - Vo[HL]'o + [L-]i Ai (1000) 

or Vo([HL]o - [HL]'o) 

Since Ao - E b [HL] 0 and A' - E b [HL] , 0 and noting that the 

absorbance decrement caused by stirring, 4A, is Ao - A': 

[L-]i - Vo AA / E Ai (1000) 
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If the adsorption of the anion corresponds to the Langmuir 

isotherm, the interfacial concentration of the ligand can also 

be expressed as follows: 

[L-]i - a b [L-]' a 
1 + b [L -] I a 

Equating these two expressions, noting that K' - ab, and re-

arranging yields: 

€/ Vo A A ( 1 + 1.) (l/Ai (1000» 
K' [L-] a 

Since Ka - [H+] [L ]/[HL] and [HL] - [HL]o/Kdr, this may be 

re-written as: 

([H+] Kdr€ + 1.) Vo 
K' Ka A' a € Ai (1000) 

According to this equation, a plot of the reciprocal of the 

absorbance decrement induced by high-speed stirring versus the 

reciprocal of the organic phase absorbance observed during 

stirring will, at constant pH, yield a straight line. The slope 

of this line is related to the product K'Ai, frequently taken 

as a measure of the interfacial activity of the ligand (29,30), 

by the following expression: 

K'Ai Kdr Vo [H+] 
(slope) Ka (1000) 

It is important to note that K'Ai is not the only value 

which has been employed to express the interfacial activity of 

a ligand. Several references (27,28) report the product K' d 
L 

(where K' is the ratio of the interfacial concentration of the 

ligand in moles/liter to the bulk aqueous ligand concentration, 
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again in moles/liter, at infinite dilution and d is the inter-

facial thickness.) It becomes important for our purposes here 

then to understand how these two values are related. It can be 

shown by simple algebraic manipulation that K' (as obtained from 

one of the above-mentioned l/AA versus l/A' plots) is equal to 

K' d. Thus, after obtaining the value of K'Ai from the slope of 
L 

this plot, one need only divide by the interfacial area to obtain 

the K' d value. 
L 
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Appendix D 

Derivation of a Relationship between the Reciprocal Absorbance 
Decrement and the Organic Phase Absorbance upon Stirring for 
an Interfacially Active Neutral Chelate whose Adsorption is 
Described by the Freudlich or the Tempkin (Frumkin) Isotherm 

Freundlich 

Mass balance requires that the amount of chelate lost from 

the organic phase upon stirring be equal to the amount adsorb-

ed at the liquid interface: 

Vo [MLn]o - Vo [MLn]'0 = [MLn]i Ai (1000) 

Since the absorbance decrement,AA, is given by Ao - A' and 

since Ao ~ e: b [MLn]o and A' - e: b [MLn] '0, it follows that 

Vo A Ale: [MLn] i Ai (1000) 

or [MLn] i - Vo A A I e: Ai (1000) 

If the adsorption of the chelate conforms to the Freundlich 

isotherm, the interfacial concentration of the chelate may also 

be expressed as: 
m 

[MLn]i - k [MLn]'0 

where k and m are constants. Equating these two expressions, 

noting again that A' is given by e: b [MLn] '0, and rearranging 

yields the following: 

Therefore, 

m 
(A'/e: ) Vo A A 

k e: Ai (1000) 

m-l 
log A A - m log A' - log Vo e: 

k Ai (1000) 

It can be seen from this that if the adsorption of a given 
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chelate conforms to the Freundlich isotherm, that a plot of 

log AA versus log A' should yield a straight line. 

Frumkin 

If the adsorption of the chelate conforms to the Frumkin iso-

therm, the interfacial concentration may be expressed as 

follows: 

[MLn] i-..§.. In a [MLn] , 0 

f 

If this is equated with the above expression for the inter-

facial concentration derived from mass balance considerations 

and if substitutions are made using Beer's Law and the defin-

ition of the absorbance decrement as described above, we can 

obtain: 

Vo AA ..§.. Ai (1000) In a [MLn] , 0 

f 

Rearranging and again noting that A' - € b [MLn] '0, we can 

obtain the following equation: 

or 

In A' ~ f Vo A A - In a/€ 
S € Ai (1000) 

A A - S € Ai (1000) (In A' + In a/8 ) 
f Vo 

From this, it may be seen that conformity to the Frumkin 

isotherm requires that a plot of A A versus In A' be linear. 
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