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ABSTRACT 

A high speed stirring apparatus was constructed for following 

the kinetics of very rapid solvent extractions. Reactions with half-

lives of 15 seconds can be followed with good precision. Experimental 

data obtained with the device are shown to be superior to kinetic data 

for the same reaction obtained with batch shakers and cruder stirring 

devices. 

The apparatus was used to determine the rate law for the 

extraction of copper by 2-hydroxyl-5-nonylbenzophenone oxime(I) and 

5-dodecyl-2-hydroxylbenzophenone oxime(II). The rate law for the 

extraction of copper by I catalyzed by 5,8-diethyl-7-hydroxy-6-

dodecanone oxime(III) was also determined. 

Equilibrium data are used to characterize the stoichiometry 

of the extracted complexes. Compound I, which is an aromatic 

3-hydroxyoxime, extracts copper as the 2:1 neutral chelate. Compound 

III, which is an aliphatic a-hydroxyoxime, has a much more complicated 

extraction chemistry. Experimental evidence indicates the existence 

of a conventional 2:1 neutral chelate, a neutral (possibly polymeric) 

complex, and a singly charged 1:1 complex which extracts as an ion 

pair with a monovalent anion. 

Distribution constants between chloroform and water were also 

determined for each ligand. The experimentally observed distribution 

constants for I and II are much lower than constants derived from 

viii 



theoretical calculations, Compound III has a partitioning constant 

which is in good agreement with its theoretically calculated value, 

The rate equations for the extraction of copper by I and II, 

and for the extraction of copper by I catalyzed by III, are all first 

order in metal ion, second order in ligand, and inverse first order 

in hydrogen ion. The catalytic rate law is first order in each 

ligand. 

In the case of the reactions which are second order in ligand, 

the rate determining step is proposed to be the aqueous phase reaction 

of a 1:1 intermediate complex with the second ligand molecule. Know

ledge of the partitioning constants of the ligands, which in turn pro

vides their aqueous phase concentrations, leads to the calculation of 

second order reaction rate constants of 1.2 x 107M 1s 1 for I and 

1.1 x 107M 1 for II. In the case of the catalytic mechanism, the 

rate law cannot be used to discern which ligand reacts in the rate 

determining step. If the reactive 1:1 intermediate is assumed to 

be with I, then a catalytic rate constant of 9.5 x 10% *s 1 is 

obtained. A catalytic pathway proceeding through a 1:1 intermediate 

with III is also possible, but this complex is too poorly defined 

for calculating a rate constant. 

A kinetic study of the back extraction of copper into water 

from an organic solution of its 2:1 complex with I indicates three 

pathways. The chelate partitions into water and releases its co

ordinated ligands in a solvolysis reaction. Both hydrogen ion and 

III catalyze the stripping reaction. In the case of catalysis by III, 

a mixed ligand complex is proposed to partition. 



X 

In conclusion, the "homogeneous phase" mechanism is found to 

be the better mechanistic interpretation of these reaction systems. 

Unlike the interfacial model, this mechanism can account for all the 

observed phenomena, is supported by independent measurements, and 

conforms to the vast body of chemical data already acquired on 

extraction systems. 



CHAPTER 1 

INTRODUCTION 

Solvent extraction involves the selective transfer of a desired 

component of an aqueous mixture into an immiscible organic phase. The 

ability of solvent extraction to isolate and concentrate an analyte has 

led to the development of many highly selective organic reagents. These 

materials have been used extensively for trace metal analysis. 

One of the early applications of solvent extraction technology 

to large scale processing was the purification of uranium. Although 

organic reagents with sufficient selectivity for other metals were 

available, hydrometallurgical applications were prohibited by uneco-

nomically high operating expenses. In order for an extraction process 

to compete economically with existing methods the chelating agent must 

be recoverable. The slight water solubility of these reagents, which 

can be ignored in analytical applications, leads to heavy losses of an 

expensive raw material in a large scale process. 

The high cost of suitable extraction agents along with their 

unacceptably high water losses stalled the development of hydrometal

lurgical extraction processes. In the mid 1960's scientists at General 

Mills Inc. overcame this problem by synthesizing high molecular weight 

analogs of well-known analytical chelating agents for use by the copper 

industry. Even though these materials are very expensive, their aqueous 

solubility is low enough to effectively eliminate water losses. The 

1 
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first compound marketed was 5,8-diethyl-7-hydroxy-6-dodecanone oxime 

CLIX63), This compound, an aliphatic analog of a-benzoinoxirae, suffered 

from poor loading characteristics at low pH's and inadequate ferric ion 

selectivity. These problems were overcome with the salicyclaldoxime 

derivative, 2-hydroxy-5-nonylbenzophenone oxime (1IX65N), 

With the development of these sophisticated solvent extraction 

agents and the necessary processing technology came the commercial appli

cation of this technique on an industrial scale. Solvent extraction is 

now routinely used for the production of electrolytic grade copper. This 

has led to a renewed interest in fundamental studies of extraction pro

cesses. One area which has been the subject of much interest and contro

versy is the kinetics and mechanisms of solvent extraction. 

The scientific investigation of solvent extraction under non-

equilibrium conditions began in the early 1940's. Walkely* published a 

2 
brief report on the extraction of zinc dithizonate. Hixon and Smith 

studied the extraction of iodine into carbon tetrachloride. Irving, 

3  
Andrew, and Risdon reported work on the separation of copper and mercury 

4 
dithizonates under non-equilibrium conditions. Later, Geiger investi

gated the role of pH on the rate of extraction of copper di-thizonate. 

In the first quantitative study of reaction rate Honaker and 

Freiser^ examined the kinetics of extraction of zinc by dithizone. They 

concluded that the rate limiting step involving metal complexation was 

an aqueous phase process. A second paper on dithizone extractions by 

McClellan and Freiser^ confirmed the aqueous phase mechanism. According 

to the homogeneous phase mechanism a ligand rapidly partitions into the 

aqueous phase where it reacts with the metal. Rapid extraction of the 
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neutral chelate follows. The mechanism can be described by following 

sequence. 

fast (1.1) 

fast (1.2) 

slow (1.3) 

fast (1.4) 

fast (1.5) 

Inclusion of the distribution and dissociation constants, K , 
R 

and Ka> into the observed rate laws yields second order rate constants, 

kj, which are consistent with those observed by flow and relaxation 

methods in aqueous phase transition metal kinetics. Hence, the slow 

reaction rates in extraction are due to the extremely low aqueous phase 

concentration of the organic reactant. 
» 

In 1963 General Mills introduced the alkylated hydroxy oximes 

and kinetic research shifted from simple model compounds to the high 

molecular weight industrial extractants. The most widely investigated 

extraction agents are 2-hydroxy-5-nonylbenzophenone oxime (LIX65N) and 

5,8-diethyl~7-hydroxy-6-dodecanone oxime (LIX63). LIX65N has favorable 

extraction equilibrium properties for copper in acid leach liquors con

taining large quantities of iron, nickel and cobalt. One drawback of 

R 
HL t HL 
o 

HL t H+ + L" 

M + L ML 

ML+ + L" t ML2 

ML2 ML2, 
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this reagent is its relatively slow extraction kirretics. In order to 

increase throughput LIX63 is added (ca. 1%) as an accelerator. 

A higher molecular weight derivative of 2-hydroxybenzophenone 

oxime has also been prepared. LIX65 which is the dodecyl analog of 

LIX65N has similar equilibrium properties but with even slower kinetics. 

All of these materials were patented and marketed by General Mills Inc. 

7 8 9 
(now Henkel Corp.) , . Ashland Chemical Company offers an 8-hydroxy-

quinoline derivative, 7-alkenyl-8-hydroxyquinoline (KELEX 100), but it 

has not seen as much use as the LIX reagents. Structural formulae of 

these compounds are given in Figure 1.1. 

Despite the earlier work of Freiser et al.^, ^ on the highly 

hydrophobic dithizone (K^ ^HCl 3 _ (HL)Q/(HL) = 105'9), the homogeneous 
R 

phase mechanism has not been seriously considered for the hydrometal-

lurgical extractants. In a review of the kinetics and mechanisms of 

copper extractions Flett"^ asserted that the aqueous phase concentra

tion of the ligand is much too low to account for the observed reaction 

velocities. Thus, the concept that extraction is an interfacial process 

was revived. 

11 
Flett, Okuhara, and Spink studied the kinetics of extraction 

of copper by LIX65N and LIX65N/LIX63 mixtures using an AKUFVE 

12 
apparatus . Their observed rate laws were fractional in order and 

the authors concluded that the rate controlling processes are inter-

13 14 
facial in nature. In subsequent kinetic studies by Flett et al. , 

on the extraction of copper by KELEX 100, and the extraction of nickel 

by a-hydroxyoxime/carbolic acid mixtures, the authors concluded again 

that these reactions are interfacially controlled. 



Cj2H25 

C9H! 

LIX65N LIX65 

C2H5 C2H5 

CH3(CH2)3CHC-CH-CH-(CH2)3CH3 

N OH 
/ 

HO 

LIX63 

C9H1 9 

CHCH=CH2 
OH 

Kelex 100 

Figure 1.1. Structures of some commercial extractants. 
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Kinetic work on the LIX65N/LIX63 system has been carried out 

by various experimental techniques. Using the single drop method*^ 

16 
Whewell, Hanson, and Hughes found the reaction rate to be proportional 

to interfacial area and inversely proportional to hydrogen ion concen-

17 tration. Atwood, Thatcher, and Miller used the same technique and 

reported the rate to be proportional to interfacial area, half order 

with respect to each ligand, but independent of the hydrogen ion con

centration. Fleming*** examined this system using a Lewis cell^, ̂  

and obtained results which are consistent with those of Flett''"'''. 

The kinetic findings of these workers have not always been in 

accord. At times disagreements have even surfaced in the 

21 22 
literature , . The controversies usually stem from experimental 

omissions or the confusing nature of the observed rate laws, them

selves. All authors did agree that the reaction is interfacial, 

however. Since adsorption reactions do have fractional orders in 

the rate expression, this reasoning has been used as proof that the 

copper-LIX reactions are interfacial. In fact, Whewell*^ proposed 

that the study of the interfacial region is necessary for a detailed 

understanding of the reaction mechanism. 

Since then, work has shifted to the physical chemical studies 

of the interface. While there has been some work on the role of the 

2 3— 26 
organic diluent , mechanistic interpretations have concentrated 

14 
on the surface activity of the chelating agents. Flett reported a 

decrease in the organic-aqueous interfacial surface tension when LIX63 

is added to the LIX65N solution and used this in an attempt to explain 

the catalytic behavior of LIX63 on extractions of copper by LIX65N. 
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He proposed that increases in the extraction rate result from increases 

in the interfacial activity of the extractants. Interfacial tension 

27 19 measurements by Whewell, Al-Diwan, and Hughes and Fleming , however, 

do not agree with those of Flett. They found LIX63 to be much less 

surface active than LIX65N and the values of interfacial surface 

tension for LIX65N/LIX63 mixtures to be comparable with solutions con

taining just LIX65N alone. In fact, no one has ever been able to 

explain the catalytic behavior of LIX63 using an interfacial argument. 

28 
On the contrary, Ashbrook proposed a catalytic pathway which proceeds 

through a (CuL^)+ intermediate and he pointed out the unusual sta-

29 30 
bility of 1:1 complexes of copper with a-acyloinoximes , . Copper 

has been observed to form complexes of both 2:1 and 1:1 stoichio-

31 32 
metry with LIX63 , . The off-handed comment of Ashbrook ex

emplified the need to refocus attention on the chemistry of the 

reactive species rather than the physical properties of the interface. 

27 
A later paper Whewell, Al-Diwan, and Hughes cast further doubt on 

all previous interfacial interpretations. After studying the role 

of surface tension on copper-hydroxyoxime systems the authors con

cluded that the rate is unrelated to the interfacial concentration 

of the oxime. 

It is regrettable that kinetic studies were abandoned before 

obtaining satisfactory rate laws which were consistent with the 

proposed mechanisms. Furthermore, the ensuing interfacial studies 

were based on the improper assumption that the homogeneous phase 

mechanism had already been proven to be unjustified for copper 

extractions by high molecular weight extractants. This has led to 
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confusing and contradictory reports as well as an ongoing controversy 

which has significant bearing on the design of future extractants 

and extraction processes. 

Obviously, the reaction site is of fundamental importance to 

present and future work in this field. If the reaction is interfacial 

then reagents of greater hydrophobicity are not needed. On the other 

hand, if the mechanism is a homogeneous phase process, then extractants 

of greater hydrophobicity combined with suitable catalysts are worth 

exploring. Furthermore, interfacial studies on systems governed by 

homogeneous phase kinetics may be irrelevant. 

The reasons for the current inability to conclusively eliminate 

one of these mechanisms are twofold. Firstly, there is still much 

controversy regarding the proper design of an experimental kinetic 

apparatus for two phase systems. Secondly, there appears to be no 

experiment which can directly distinguish between the two mechanisms. 

Taking these problems in order, the existing kinetic methods 

can be divided into two groups: high dispersions and fixed interface. 

• 5-7 11 13 14 33 34 , . , , 
High dispersions , , , , , are achieved by vigorous 

shaking or stirring of the two phases. These experiments are capable 

of attaining the fastest reaction rates. In the case of homogeneous 

phase kinetics a high dispersion is needed to maintain the equilibrium 

bulk phase concentrations of reactive species which occur prior to 

and after the rate determining step. Thus, diffusion effects are 

eliminated from the observed reaction velocity and rate equations. 

In the case of an interfacial mechanism a high dispersion maximizes 

the interfacial surface area, leading to a faster rate. 
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Fixed interfacial designs15"20 are based on the assumption 

that the reaction is interfacially controlled. Rate constants of 

interfacial reactions must be expressed in terms of unit interfacial 

area. Fixed interface experiments allow this calculation to be made. 

This is not possible with high dispersion experiments because the 

interfacial contact area is unknown. Most fixed interface experiments 

have been performed with either a single drop in a continuous phase 

"or a Lewis cell. 

In the single drop method a droplet of one phase is allowed 

to rise (or fall) through a column containing the second phase. This 

approach has been criticized for not overcoming diffusion effects in 

the droplet. The Lewis cell is designed to overcome this problem. 

Both phases stand in contact with each other while each phase is 

stirred separately. Stirring supposedly overcomes diffusion problems 

by replenishing the interface with reactant from each bulk phase. If 

the interfacial reaction is fast, however, can the bulk phases be 

stirred vigorously enough to overcome diffusion limitations without 

destroying the integrity of the interface? Making the diffusion 

reproducible is not sufficient when the rate determining step is 

very rapid because the kinetic experiment may produce diffusion-

controlled rather than chemical reaction-controlled rate information. 

The second problem pertains to directly observing the reaction 

site. One possible test is to observe the dependence of reaction rate 

with increasing interfacial area (i.e. faster and faster stirring). 

In a homogeneous phase mechanism the rate should become independent 

of interfacial area once the dispersion is capable of maintaining the 



equilibrium concentration of the ligand throughout the aqueous phase. 

Kinetic experiments performed on a high dispersion apparatus do reach 

a limiting rate, but it is not known if the interfacial contact area 

continues to change with increasing stirring speed. Attempts to 

prove that a reaction is interfacial by blocking the interface with 

35 
a strongly adsorbed surfactant have also been inconclusive . Sur

factants can cause emulsification and, above all, they are not 

chemically inert. Their affinity for ionic and polar species may 

make them catalytically active. 

This work relies on indirect evidence in order to deduce 

the location of chelation process. Mechanistic interpretations are 

based on the observed equilibrium and kinetic behavior of this 

molecular weight ligands, homologs of these ligands, chemical prin

ciples, and data which are already reported in the chemical literature. 



CHAPTER 2 

STATEMENT OF PROBLEM 

In spite of the prolific number of published reports on the 

kinetics and mechanism of metal ion extraction by high molecular 

weight chelates, convincing evidence of a heterogeneous phase mechanism 

continues to remain beyond the grasp of the most dedicated workers. 

This chemical problem merits continued investigation because our 

fundamental understanding of heterogeneous reactions and the future 

of industrial scale solvent extraction would be advanced by the 

resolution of this mechanistic controversy. Elucidation of the 

extraction mechanism will aid in the development of more industrial 

extractants and may even contribute to the theory of chromatographic 

processes. 

Until now kinetic studies, regardless of approach, have 

produced confusing kinetic data which, if anything, have added fuel 

to the controversy. It is apparent that, if progress is to be made, 

a new and better kinetic apparatus must be developed. 

In order to achieve a successful kinetic study of copper(II) 

extraction an experimental apparatus was fabricated specifically for 

the rapid reactions which are encountered in copper(II) reaction 

chemistry. Ligand substitution reactions of this transition metal 

are often only ten times slower than diffusion controlled reactions 

(i.e. partitioning). Thus, vigorous reaction conditions are necessary 

/ 
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for maintaining the equilibria which precede the reaction rate 

determining step. 

The LIX65N/LIX63 system was chosen for investigation with 

this apparatus because it is the most well studied and documented. 

Furthermore, copper-LIX chemistry is the foundation of the proposed 

interfacial mechanism. Lastly, the mysterious catalytic behavior 

of LIX63 is an inviting, albeit complicated, chemical phenomenon 

which promises to provide fascinating and useful insight into some 

subtle aspects of transition metal chemistry. 



CHAPTER 3 

EXPERIMENTAL 

3.1 Apparatus and Reagents 

3.1.1 Apparatus 

The extraction kinetics apparatus (Figure 3.1) consists of a 

500 ml, 3-necked Morton flask fitted with a high speed vacuum stirrer 

(0-20,000 rpm) supplied by Cole-Palmer Instrument Company (#4660.. 4666). 

A Teflon seal provided with the device effectively isolates the metal 

bushing from the reaction solution. Sampling is performed while the 

reaction is in progress by expelling a portion of the reaction mixture 

with pressurized nitrogen. 

Copper analyses were performed on a Varian AA-6 atomic 

absorption spectrophotometer equipped with a Varian copper hollow 

cathode lamp. All analyses were performed at 324.7 nm with an air 

acetylene flame and a spectral band pass of 0.50 nm. 

Measurements of pH were taken on a Beckman 1019 or an Orion 

701 pH meter calibrated daily at pH 4.0 and 7.0 using standard buffer 

solutions provided by Micro Essential Laboratory, Inc. 

Adsorption spectra of copper-LIX complexes were obtained 

with a Cary 14 spectrophotometer. Absorbance measurements at selected 

wavelengths were taken on a Gilford 2400 spectrophotometer. Chloroform 

was used as a blank for all measurements. 

13 
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c 

LQ 

Figure 3.1. Extraction kinetics apparatus. 

A - Stirrer Motor. C - Nitrogen Inlet. 

B - Stir Shaft. « - Sampling Tubes. 

E - Morton Flask. 
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A box-type Eberbach shaker with a shaking speed of 280 oscill-

ations/mn was used to equilibrate small volumes of organic/aqueous 

phases in 50 ml glass vials fitted with polyethylene stoppers and 

plastic screw caps. 

3.1.2 Reagents 

Diphenylthiocarbazone (dithizone) was obtained from Eastman, 

LIX65N (2-hydroxy-5-nonylbenzophenone oxime), LIX63 (5,8-diethyl-7-

hydroxydodecanone-6-oxime) and LIX65 (5-dodecyl-2-hydroxybenzophenone 

oxime) were kindly made available by General Mills in undiluted form. 

Elemental analyses results are given in Table 3.1. 

Table 3.1 Elemental Analyses of LIX Reagents 

LIX65 LIX65N LIX63 

Founda Theoretical Founda Theoretical Found3 Theoretical 

%c <£>
 

I—»
 

78.7 78.2 77.8 71.6 70.8 

%N 3.1 3.7 3.9 4.1 5.3 5.2 

%H 9.5 9.2 8.5 8.6 12.8 12.3 

Determined by the University Analytical Center ±0.3%. 

All other chemicals were reagent grade. Chloroform (AR grade) was 

double distilled, stored in the dark, and kept no longer than one week. 

A 0.0100 copper solution was prepared by dissolving pure copper 

(>99.9%) in a minimum volume of nitric acid, heating almost to dryness, 

and diluting to volume with water. The buffers used were perchloric 

acid (pH 2.0-2.5), formic acid (pH 2.6-4.0), acetic acid (pH 4.1-5.5), 

phosphoric acid (pH 6.0-8.0), boric acid (pH 8.0-10.0) and sodium 
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hydroxide (pH 11.5-12.0). Solutions were adjusted to an ionic strength 

of 0.10 with sodium perchlorate or sodium sulfate. 

Nickel dithizonate was made by extracting a 0.0100 M solution 

+2 
of Ni(NH3)e (pH = 9) with an 8 x 10 5M solution of dithizone in 

chloroform. The organic phase was washed several times with water to 

remove traces of NH3. 

Copper-LIX complexes were prepared by equilibrating a chloro

form solution of a LIX reagent with an aqueous solution which was 0.10M 

in CuSO^, 0.20M in tartaric acid and a pH of about 6.0. 

3.2 Procedure 

3.2.1 Determination of D„ 
Cu 

The distribution of copper ion between equal phase volumes of 

organic and aqueous phase, was examined as a function of both 

ligand and hydrogen ion concentration. A 100 ml portion of aqueous 

phase containing copper, an acid-base buffer, and an ionic strength 

buffer was added to a glass vial along with 10.0 ml of a chloroform 

solution of the ligand. The vials were capped and shaken for at 

least two hours to ensure that equilibrium was achieved. 

After equilibration the vials were allowed to stand until phase 

separation was complete. If the aqueous phase remained cloudy after 

standing, the phases were transferred to a test tube and centrifuged. 

Once the separation was completed, the aqueous phase was examined for 

pH and copper concentration. 

Copper analysis was performed by aspirating the aqueous phase 

into the burner of the atomic absorption spectrophotometer and measuring 
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the copper absorbance. A portion of unreacted, original aqueous phase 

was also analyzed. This allowed the copper absorbance of the organic 

phase to be calculated by difference. The distribution of copper was 

calculated from Equation 3.1. 

[Cu] A - A 
Dp = £ 

[Cu] Ae (3.1) 

Aq represents the absorbance of copper in the original solution and 

Ag is the equilibrium copper absorbance. This method of using ab-

sorbances rather than concentrations to calculate D û is only valid 

when the response of the instrument is linear throughout the entire 

range of copper concentrations encountered. Deviation from linearity 

was found to occur at concentrations which were twenty times greater 

than the highest used in these experiments. It was possible to main

tain this situation by routine alignment and cleaning of the instrument 

along with daily calibrations using standard copper solutions. 

Analytical resolution was often improved by using the "scale 

expansion" mode of the instrument. Expansion factors of 3X to 5X 

were achieved before instrument noise made further amplification use

less. A strip chart recording of the analog output of the instrument 

was found to be more useful here than the digital display. 

3.2.2 Determination of K 
R 

For the determination of K for the LIX compounds, 100 ml of 
R 

a chloroform solution of the LIX was equilibrated for one hour with 

3.0 liters of aqueous phase in a one gallon reagent bottle fitted 

with a teflon lined cap. The aqueous phase was 0.003M in pH buffer 



(either HCO2H or CH3CO2H), 0.10M in NaClO^, and presaturated with 

CHCI3. 

After equilibration the phases were allowed to separate for 

20 minutes. Two methods were employed for the complete removal of 

chloroform droplets from the aqueous phase. In the first method the 

aqueous phase was passed through a funnel which contained water 

saturated pyrex glass wool. In the second procedure the aqueous phase 

was decanted into 250 ml glass centrifuge bottles and the suspended 

chloroform droplets were removed by centrifuging at 1500 rpm. 

A measured portion of the clarified aqueous extract (ca. 2.0 

liters) was transferred to a separatory funnel and shaken with 10.0 ml 

of chloroform for 10 minutes to achieve quantitative back extraction 

of the ligand into chloroform. Analysis for the ligand in the aqueous 

extract was accomplished by quantitative conversion to the copper 

chelate and measuring the spectral absorbance of the complex. The 

copper chelate was obtained by equilibrating the extract with an 

aqueous copper which was 0.10 M in CuSO^, 0.20 M in tartaric acid and 

adjusted to a pH of ca. 6.0 with NaOH. Calibration curves were 

obtained by treating standard solutions of the ligands in an identical 

manner. This was found to yield the same calibration curve as 

sequential dilutions of a stock solution of copper complex. The 

wavelengths for the analysis of the copper complexes with LIX65N, 

LIX65, and LIX63 was 325 nm, 380 nm, and 430 nm, respectively. 

The ligand concentration obtained from the calibration curve, 

[HL]q, permitted the calculation of the ligand concentration in the 



aqueous extract, [HL], from 

[HL] = [HL]o X Mi 
aq 

where V is the aliquot volume taken from the original three liter 
aq 

extract. The Kn was calculated from 
R 

[HL] C 
v _ 10 _ _o 
D 
R [HL] [HL] (3.3) 

where Cq is the original organic phase concentration of the ligand. 

3.2.3 Extraction Kinetics Procedure 

Each phase was prepared in a 100 ml volumetric flask and 

immersed in a water bath set at 25°C. After thermal equilibration 

(ca. 30 min.), the aqueous solution was transferred to the reaction 

vessel. Next, the heavier chloroform solution was carefully poured 

into the flask through a long stem glass funnel. This was found to 

reduce phase mixing so that metal extraction prior to starting the 

stirrer was negligible. 

The experiment was begun by starting the stirring motor 

and a laboratory timer simultaneously. At predetermined intervals 

samples were collected by delivering 5 to 10 ml of the dispersion 

into a test tube with mild nitrogen pressure without disturbing 

the course of the reaction in the flask. Gross separation of the 

phases, which effectively terminated the reaction, occurred in 

less than 20 seconds. Samples were then centrifuged at 1500 rpm 

to remove any suspended microdroplets of chloroform from the 

aqueous phase. The reaction pH was measured after the kinetic 

experiment. 



For kinetic experiments on the back extraction of nickel 

dithizonate, the loss of nickel from the organic phase was followed 

spectrophotometrically. A spectral scan of dithizone (HDz) and 

nickel dithizonate (Ni(Dz)2)indicated that Ni(Dz)2 could be analyzed 

in the presence of HDz at 675 nm. Since the liberated dithizone 

also absorbs at this wavelength, a method of simultaneous equations 

must be used. Extinction coefficients of HDz and Ni(Dz)2 were 

determined at 675 nm so that the pseudo first order rate constant, 

kj, could be calculated from equation 3.4. 

log X = kj t (3.4) 

where 

X = At " 2 eNi(Dz) 2 Ao 

Equation 3.5 is derived in Appendix B. 

In the copper-LIX kinetic experiments aqueous copper concen

trations were analyzed by atomic absorption. Since, at the low 

copper concentrations used, the response of the spectrophotometer 

was linear with respect to copper concentration, the absorbance 

readings, A, were used in all- calculations. For reactions which 

proceed essentially to completion, pseudo first order forward rate 

constants, kj, were determined from 

A 
In ̂  = kj (3.6) 

o 

where t is the sampling time, A^ is the absorbance of the aqueous 

phase at time t, and AQ is the initial absorbance (t=0). When the 



reaction equilibrium constant was less than 20, rate constants were 

obtained from 

X -X , , 
In = (ki + = V t3-7̂  

e 

where X^ and Xg refer to the concentration of the reaction product 

at time t and at equilibrium. The observed rate constant, k , is 

I ! 
the sum of the pseudo first order forward (k^) and reverse (k_i) 

rate constants. This equation is derived in Appendix C. Again, 

since the response of the instrument is linear with respect to 

concentration, absorbance values were used for X and X_.. 
e t 

When stripping reactions were performed the reaction product, 

Cu , was measured directly, and the absorbance values were inserted 

into Equation 3.7. In the case of extraction reactions the aqueous 

phase was analyzed for copper, and a calculated value for the 

reaction product, CuL2Q, was used in Equation 3.7. The calculated 

absorbance value for CuL2Q was found by taking the difference 

between the original aqueous copper absorbance and the absorbance 

at time t. 

The equilibrium copper concentration for any kinetic 

experiment was determined by collecting about 20 ml of the reaction 

mixture in a glass vial at the end of the kinetic experiment and 

allowing the phases in the vial to equilibrate on a mechanical 

shaker. Determination of the extraction equilibrium constant 

provides a second independent equation which was used to calculate 

' 11 36 
ki from the measured sum (k^ + k-j) in Equation 3.7 



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Equilibrium Properties of the LIX Reagents 

It is essential to any kinetic study for the stoichiometry of 

the reaction products to be well characterized. The first part of this 

chapter deals with the physical and chemical information obtained 

from equilibrium experiments. Correlations between equilibrium and 

kinetic data are made in later sections when the reaction mechanisms 

are developed. 

4.1.1 Extraction Stoichiometry 

One of the simplest measurements which can be made on an 

extraction system is the variation of metal distribution as a 

function of the concentration of another chemical species involved 

in the overall extraction equation. For example, a general equation 

for the extraction of copper by ah organic ligand can be written 

K 
ex 

Cu2+ + aHL t CuL + aH+ (4.1) 
o a 

o 

The equilibrium expression is 

k [CuLjjH+f 

eX [Cu2+][HL]ao (4.2) 

22 
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Since 

(4.3) 

Equation 4.3 can be combined with Equation 4.4 to eventually yield 

stoichiometry of the complex. The hydrogen ion dependency for copper 

extraction is shown in Figure 4.1. The slope of 1.9 indicates a 2:1 

stoichiometry for LIX65N with copper (II). 

The hydrogen ion dependency for copper(II)-LIX63 extractions is 

found to be only 0.8 which, at best, represents a 1:1 stoichiometry. 

32 
This is confirmed by the work of Preston who examined the formation of 

31 the 1:1 copper(II) complex with LIX63. Fritz, Beuerman, and Richard 

were able to observe both 2:1 and 1:1 stoichiometry over a wide range 

in ligand concentration. The brown complex, which is formed at high 

2+ 
{LIX63}/{Cu } ratios was proposed to be the 2:1 complex. At {LIX63}/ 

?.+ 
{Cu } ratios approaching unity a green complex with 1:1 stoichiometry 

is formed. The authors proposed a monomeric, bidentate structure. This 

peculiar property of LIX63 can be demonstrated very easily in the labora-

-3 
tory. If a 10 M solution of copper is equilibrated with an equal volume 

of 0.5M LIX63 in chloroform, the organic phase turns deep brown. When 

_ q 
the same procedure is followed using a 10 M solution of LIX63, the 

organic phase turns emerald green. Finally, if a 0.1M LIX63 solution is 

contacted very briefly with a 0.01M copper solution the brown complex is 

formed. Upon equilibrium of these phases, the green complex forms and 

persists. 

Log DCu = log Kgx + a Log {HL}q + a pH (4.4) 

A plot of log D û vs log {HL}q and log D û vs pH provides the 



Figure 4.1 Distribution of copper as a function 
of pH. [Cu2+] = 1.0 x 10"5M. 
[NaClCV] = 0.10M. pH Buffer = 0.02M([HA]+A~]). 
0-LIX65N.^-LIX63. 
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The monomeric complex proposed by Fritz, Beuerman, and Richard 

does not conform to the bulk of established coordination chemistry 

for copper. Bicoordinate copper, even in an organic phase, is un

likely. Perhaps a more convincing answer can be found in the re

ported behavior of copper(II) with a-benzoinoxime. This reagent 

forms a highly insoluble, green complex with copper. Elemental 

37 analysis has proven the complex to be 1:1 . That the complex is 

polymeric is widely accepted but yet to be proven. Several structures 

38 39 
have been proposed , . Even the oxidation state of copper in the 

39 
complex has been questioned , but the dg electronic configuration 

is generally accepted. Elucidation of the crystal structure of 

copper-benzoinoxime or the configuration of the solvated copper-

LIX63 complex is beyond the scope of this project. However, a 

detailed and comprehensive understanding of the equilibrium and 

kinetic properties of LIX63 may not be forthcoming until the chemistry 

of simpler a-hydroxyoximes is better understood. 

LIX63 does promise to provide more information on these CuL 

type complexes. It is the first copper a-hydroxyoxime complex which 

has been found to have a high solubility in non-coordinating solvents. 

This enables the formation, dissociation and partitioning equilibria 

of the 1:1 complex to be easily studied. 

One unexpected property of the copper-LIX63 extractions which 

was discovered is shown in Figure 4.2. When copper is extracted from 

a solution which contains a low concentration of acid/base buffer 

(C=0.002M) and 0.033M Na2S0tf (1=0.1) the slope of the resulting log 

^Cu VS ̂  line is 2.0. This indicates a neutral copper-LIX63 
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Figure 4.2. Distribution of copper as a function of pH using 
different anions for an ionic strength buffer. 

- SO^. - CI". -ClO^. 
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complex. When 0.10M NaCl or 0.10M NaClO^ are substituted for Na2S0i+ 

the slope of resulting graphs are 1.5 and 1.4 respectively. This is 

strong evidence for the extraction of an ion pair, i.e. 

Cu2+ + HLq + X" ? [CuL+, X"] + H+ X = CI" or ClO^ (4.5) 

The order of stability for ion pairing anions is C101+ > Cl" >> SO". 

Thus, there is evidence of three type of extractable complexes: a 2:1 

bis complex, a 1:1 (possibly polymeric) complex, and a (CuL+, X") 

ion pair. 

4.1.2 Experimentally Obtained Distribution Constants 

The impact of the partitioning behavior of a ligand on metal 

chelate kinetic and equilibrium chemistry cannot be overstated. For 

example, while most workers were pursuing interfacial studies in order 

to account for the catalytic behavior of LIX63 in copper-LIX65N ex

traction, a catalytic scheme which relies only on a suitable difference 

in the ligand K„ 's is possible. If the Kn of LIX63 is sufficiently 
R R 

lower than that of LIX65N, then a higher aqueous phase concentration 

of LIX63 can account for a faster pathway to the final extraction 

form of Cu(LIX65N)2 . 
o 

The results of the Kn study, which are listed in Table 4.1, 
R 

cast doubt on this mechanism because the Kn for LIX63 was found to 
R 

be significantly higher than the K„ of LIX65N. This, combined with 
R 

the 100:1 concentration advantage of LIX65N in a typical mixture, 

precludes this catalytic mechanism. This is only the first time, 

however, that experimental evidence has struck down a catalytic 

scheme which is much simpler then the more involved interfacial model. 
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Table 4.1 Experimentally Measured Distribution Constants for Three 
LIX Reagents Partitioning between CHCI3 and H2O 

Log K 
R 

LIX65N 4.6±0.2a 

LIX65 4.9±0.1b 

LIX63 5.7±0.0C 

3. b 
Average of thirteen determinations. Average of five determinations. 

Average of two determinations. 

The results listed in Table 4.1 raise serious questions con

cerning the "high hydrophobicity" of these materials. The determin

ation of Kn for LIX65N (13 values) provides an indication of the 
R 

reproducibility of the experimental technique. If these numbers are 

correct, they are at least one thousand times lower than previously 

believed. Even if the precision of the Kn determination exceeds 
R 

its accuracy, differences of this magnitude cannot be easily 

rationalized. The most likely source of error which would lead 

to low Kp values would be the entrainment of organic phase droplets 
R 

into the aqueous extract. Extreme care was taken in this work to 

avoid the entrainment of organic phase droplets when the aqueous 

phase was collected. Also, very poor precision would be expected 

to accompany this handling problem. 

4.1.3 Calculated Distribution Constants 

As an additional check on the validity of the experimentally 

observed K„ values, a study of theoretically calculated distribution 

^ 40 constants was undertaken. The work of Leo, Hansch, and Elkins and 
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Leo and Hansch was found to be most applicable in this study. 

Briefly, the distribution constant of an organic compound can be 

shown to be the product (or logarithmic sum) of the constants of 

its substituent moieties. For example, a large organic molecule is 

broken down into common fragments (i.e. phenyl-, ethyl-, -butanol). 

Using the tabulated data and regression equations provided by Hansch, 

distribution constants of the substituents are found and added logar

ithmically to yield an approximate K of the original organic 
R 

compound. 

The detailed accounting of the calculation of Kn values for 
R 

the LIX reagents is given in Appendix D. Calculated constants along 

with the experimentally obtained values are given in Table 4.2. 

Table 4.2 Calculated and Experimental Constants for the LIX 
Reagents R 

Compound Calculated log Kn Measured log Kn 
R R 

LIX65N 8.4 4.6 

LIX65 10.2 4.9 

LIX63 5_19 5/7 

The results of this study provide some very interesting information 

regarding the partitioning behavior of these compounds. The cal

culated Kn values for LIX65N and LIX65 confirm the very high values 
R 

which would be expected. In the case of LIX63, however, calculated 

and measured values of Kn are essentially identical. 
R 

The excellent agreement found in the LIX63 studies confirms 



that the method used to measure Kn is sound enough to indicate that 
R 

the two alkylated 2-hydroxybenzophenone oximes have partition con

stants well below what would be expected. Even if the method cannot 

determine a greater than 106, it is unlikely that materials of 
R 

such a high hydrophobicity would be found to have an apparent 
R 

well below the maximum Kn which can be measured (>105-7). 
R 

Two reasons which account for the anomalous behavior of 

LIX65N and LIX65 are: 

1. Very little is known about the partitioning 

behavior of extremely hydrophobic compounds. 

In fact, the method of Leo and Hansch may 

not be very applicable to materials which 

have partition constants well beyond the 

range of constants contained in their data 

base. Dithizone, which has a CHCI3/H2O 

distribution constant of 105*9, was not 

used in the regression analysis because 

40 
its value was found to be "out of line" 

Another indication that the correlation 

constants may be only marginally accurate 

at high hydrophobicities is the small 

difference in partition constants for 

LIX65N and LIX65. When a homologous 

series is partitioned between chloroform 

and water log K_ is expected to increase 
R 

by 0.6 for each added methylene group. 
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Results in Table 4.1 show that the dodecyl 

LIX65 is only 10°'3 more hydrophobic than 

the nonly LIX65N instead of the expected 

difference of 101'®. It is very unlikely, 

however, that the method used to calculate 

the partition constants in Table 4.2 is 

subject to errors as large as the diff

erence found between the calculated and 

measured values. 

2. A second (and more likely) cause may 

be the purity of the reagents, them

selves. The effect of extensive 

branching on a high molecular weight 

compound has not been examined. Since 

different isomers can be expected to 

have different partitioning behavior, 

then the observed K„ values would be 
R 

sensitive to the least hydrophobic 

isomer. Hansch reports a lowering 

of the partitioning constant by 0.2 

log units which is a significant effect 

for a low molecular weight (low K^) 

compound. 

An even more pronounced lowering of the apparent Kn would be 
R 

observed if trace quantities of a lower molecular weight analog are 

present. In the extreme case a reaction scheme can be written for 
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the catalysis of copper extraction by LIX65N using 2-hydroxybenzo-

phenone oxime (HBPO) as the catalyst. 

HBPO HBPO (4.6) 

Cu2+ + HBPO 1 Cu(HBPO)+ + H+ (4.7) 

Cu(HBPO)+ + HBPO £ CU(HBP0)2 + H+ (4.8) 

CU(HBP0)2 % CU(HBP0)2Q (4.9) 

CU(HBP0)2o + LIX65NQ J Cu(HBPO)(LIX65N)Q + HBPOq (4.10) 

Cu(HBPO)(LIX65N)Q + LIX65NQ £ CU(LIX65N)2O + HBP0Q (4.11) 

The overwhelming difference in the K 's of the ligands leads to a pre-
R 

dominance of HBPO in the aqueous phase. After extraction of the copper 

chelate mass action causes the LIX65N to replace HBPO since, to a 

first approximation, the complexes are comparable in stability. Thus, 

the catalytic agent is never consumed by the metal as long as the 

LIX65N concentration is large enough to ensure pseudo first order 

kinetics. 

Unfortunately the colorimetric analysis used in the Kn ex-
R 

periment cannot distinguish which compound or isomer is predominantly 

extracted into water. Perhaps it is more accurate to label the 

measured values as effective distribution constants rather than 

thermodynamic constants of the principal reagent. Whatever causes 

this anomalous partitioning behavior is not important to the following 

kinetic study, however, because an effective constant is sufficient 

for application to the rate equations obtained from a homogeneous 

phase mechanism. 
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4.2 The Extraction Kinetic Apparatus 

4.2.1 Development of the Apparatus 

42 Previous kinetic work in our laboratory was subject to 

some limitations imposed by the mixing apparatus. A wrist-action 

shaker or box-type shaker is adequate when extraction half-lives are 

very long, but at half-lives of five minutes or less diffusion 

problems interfere. 

The experimental apparatus shown in Figure 3.1 is an 

42 extension of a stirring device constructed by S. Lyle . Lyle used 

a common laboratory stirrer, a glass stirring rod and a 3-necked 

round bottom flask, for following the back extraction, or stripping, 

kinetics of nickel(II) dithizonate (Ni(Dz)2)- On the basis of work 

6 43 
performed by McClellan and Freiser and Oh and Freiser the 

reaction was expected to proceed through an aqueous phase mechanism. 

His results were promising but reaction rates were plagued by 

induction periods and poor precision. 

This design was upgraded in order to achieve maximum 

possible dispersion. Since a high dispersion leads to smaller volume 

elements of each phase reactive species are required to diffuse 

shorter distances when they partition. Therefore, when the metal 

complexation is very rapid, preliminary equilibria prior to the 

rate determining step can be more easily maintained. 

This is illustrated by the data presented in Figure 4.3. 

Curves A, B, and C represent first order kinetic plots for the back 

extraction of Ni(Dz)2 from chloroform into an aqueous phase. The 

reaction is observed to be catalyzed by cyanide ion. These curves 
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Figure 4.3. Back extraction of Ni(Dz)2 into water. 
[Ni(Dz)2] = 1.0 x lO-^M. pH = 7.1 
(0.010M Na2HP04). [NaClOiJ = 0.10M. 

Q Experiment performed on shaker (0.04M[HCN+CN")]. 

O Experiment performed with stirrer (0.03M[HCN+CN~]J. 

c(J) Experiment performed with high speed stirrer 
(0.04M [HCN + CN~]). 



10-

0-90 

0-70-

0-50-

0-30-

200 600 1000 1400 

sec 
Figure 4.3. Back extraction of Ni(Dz) 

—I 1 1 1 1— 
1800 2200 2600 



35 

should be linear for a first order reaction which goes to com

pletion. 

Curve A was obtained by agitating separate vials on a box-

type shaker in the manner described by McClellan and Freiser^. The 

linearity of these points suggests that the reaction is pseudo first 

order in Ni(Dz)2- The experiment appears to be a success, but curves 

B and C show that the reaction rate was not independent of the 

interfacial area or agitation efficiency. Reactions which were 

stirred rather than shaken yielded faster reaction rates. One must 

conclude that either the reaction is interfacial, or controlled by 

diffusion due to inadequate stirring. 

Curve B was produced by a stirring apparatus which was 

similar to one used by Lyle. The slope of this line (pseudo first 

order rate constant) is greater than the slope of line A even 

though the cyanide concentration was 25% less. There is, however, 

a lengthy induction period for the initial 1000 seconds. The cause 

of this lag in the extraction is related to size and shape of the 

reaction vessel along with the initial phase volumes. Apparently, 

attaining a constant and ultimate reaction dispersion can be slow 

and very dependent on these factors. 

In light of the previously described experimental problems 

encountered with the LIX reagents, a successful kinetic study of 

these materials with a stirring device necessitated the elimination 

of the induction period for several reasons; 

1. The non-linearity of the initial portion of the kinetic 

curve raises legitimate concern regarding the validity of the 
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experimental assumptions. Collinearity of the data points is proof 

that the reaction is pseudo first order. Since the proper 

experimental design of an extraction kinetic apparatus is already 

a heated issue, the data obtained from any new device must be beyond 

reproach. 

2. The initial portion of a reaction must be experimentally 

accessible. Since the reaction velocity falls off exponentially 

with time, data points taken at the beginning of the experiment 

coincide with the largest changes in reactant concentration for a 

given interval of time. These large concentration differences 

lead to lower relative errors in subsequent analysis and computations. 

3. The initial stages of a reaction must be available for 

rate constant determination in cases where the reaction system 

reaches an early equilibrium. 

The stirring device shown in Figure 3.1 was fabricated to 

overcome the limitations of the stirring device used by Lyle. 

Curve C in Figure 4.3 was generated by this apparatus. The stirring 

speed was at least ten times greater than that used to produce 

curve B. Compared to the previous stirring device, phase mixing 

was dramatically improved. The dispersion was whipped nearly to 

a froth, and a milky-white suspension remained in the aqueous layer 

long after sampling. The effect of this suspended chloroform will 

be discussed later. 

In spite of the enormous improvement in phase mixing the 

observed pseudo first order rate constant did not increase 

appreciably. This is strong evidence for a homogeneous phase 



mechanism. For the back extraction of Ni(Dz)2 into aqueous cyanide 

the only improvement obtained by using the high dispersion apparatus 

was the elimination of the induction period. The most important 

finding from three experiments shown in Figure 4.3 is that no kinetic 

device can be used to conclusively demonstrate its own validity. 

For example, the data obtained on a shaker (Curve A) was originally 

assumed to be valid because the reaction rate had been found to be 

independent of higher shaker speeds. This "plateau region" is 

frequently used as proof of adequate agitation. Curves B and C prove 

this assumption to be false. Evidently, better phase mixing is not 

synonymous with higher stirrer or shaker speeds. Higher speeds may 

yield more turbulence but not necessarily a better dispersion. This 

argument can also be extended to the stirring devices. Proof that 

the observed reaction rate is not diffusion controlled cannot be 

obtained solely from a study of reaction rate constant as a function 

of stirring speed. 

On the basis of these feasibility studies with Ni(Dz)2 the 

high speed stirring apparatus was judged to be suitable for following 

the extraction of copper (II) by the LIX reagents. The advantages of 

the high speed stirrer/Morton flask combination are a significantly 

improved, instantaneously achieved dispersion. Also, it is likely 

that the baffle structure of the flask keeps the dispersion constant 

throughout the flask. Without these baffles the droplets near the 

walls of the flask could coalesce, remain at the perimeter of the 

flask, and no longer be subjected to the shearing forces near the 

stirring rod. 



38 

4.2.2 Performance of the Stirrer 

Table 4.1 contains the results of four replicate experiments 

of the extraction of copper by LIX65N. The reported rate constant, 

kg, which is pseudo first order was calculated from 

in < >= kct (4.12) 
e 11 

The data in Table 4.2 are for a reaction with a half-life of 

approximately 100 seconds. Using the measured equilibrium dis

tribution ratio value of 13, the forward rate constant, kl, is 

found to be 6.51 x 10~3s_1. The relative standard deviation of 

1.4% is an indication of the excellent reproducibility of the 

device. 

Table 4.3. Kinetic Data for the Extraction of Copper by 1.0 x 10- M 
LIX65Na 

Experiment kg t 1/2, s 

1 6.91 x 10"3 100 

2 7.07 x 10"3 98 

3 6.92 x 10"3 100 

4 7.12 x 10"3 97 

0 = 1.1 x lO"* 

rel a = 1.4% 

7.01 x 10 3 av. 

apH = 3.6 (0.01 M HCOzH). I = 0.1 (,10M NaClO^). DCu = 13 



39 

For the extraction of copper by 1,5 x 10"3M LIX65N at a pH of 3.2, 

the data fit the equation 

where a (slope) = 0.0005 and a (intercept) = 0.0006. As progressively 

faster reactions are studied, the standard deviation of the slope 

increases, as expected. The most significant effect, however, is the 

appearance of a positive intercept. For example, in the extraction 

of copper by 1.0 x 10"3M LIX65N at a pH of 3.9 Equation 4.13 becomes 

where t (slope) = 0.018 and t (intercept) = 0.04. This intercept, 

which suggests a negative t , is the result of the extraction 

continuing after sampling. The reasons for this are twofold: 

1. The small droplets of chloroform which 

remain dispersed in the aqueous phase 

until centrifugation most likely react 

to completion. 

2. Gross separation of the phases always 

takes some finite amount of time after 

sampling. The reaction will therefore 

continue until the interfacial contact 

area becomes negligible. 

Fortunately, the effect of this systematic error is to simply 

shift the position of the first order plot and leave the slope un

changed. This situation is expected as long as the absolute error 

(4.13) 

(4.14) 



in the measurement of time is the same for each data point. The 

first order decay of a radioactive nucleotide is an analogous 

example. The half-life of a decay, which is related to the first 

order decay constant, is independent of the time it is observed. 

Knowledge of time zero is not needed for determining the rate 

constant of a first order reaction. 

This error in determining t is the limiting factor which 

determines the fastest reaction which can be followed. The 

relative error in the measurement of t becomes more significant 

as the separation time becomes an appreciable fraction of the 

total reaction time. 

The LIX reagents provide a most stringent test for this 

apparatus because they reduce the interfacial tension which 

slows gravity phase separation. Also, because of their relatively 

weak chelating ability, rather high concentrations must be used. 

When CU(LIX65N)2 stripping studies are carried out with initial 

concentrations of 1.0 x 10-5M CuR2, the phase separation occurs 

rapidly and the intercept approaches zero. 

In practice the fastest reaction which can be followed 

depends on the phase separation time. Since phase separation 

time varies with the particular ligand and its concentration, 

the limitations of the apparatus will depend on the system 

being investigated. Stripping reactions with half-lives as 

short as 15 seconds have been successfully followed with relative 

ease, while copper~LIX63 extractions, which require high con

centrations of the ligand, necessitate half-lives of 30 to 60 
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seconds. As the half life approaches the limitations of the 

apparatus (ca. 15 sec.) the precision degrades to ± 5-10%. Under 

optimum operating conditions (t 1/2 >60 seconds), a precision of 

±2-5% can be expected. 

4.3 Kinetics and Mechanism of Copper with LIX65N 

4.3.1 Kinetics of Extraction 

A first order plot for a typical kinetic experiment is shown 

in Figure 4.4. The slope of this line is the pseudo first order rate 

constant of the extraction of copper by LIX65N. The vertical dis

placement of the curve is caused by the separation time after 

sampling. This sampling time can be estimated by extrapolating 

the intercept at the negative time axis. The reaction in Figure 

4.4 is seen to have a 40 second lag between sampling and end of 

reaction. 

When the reaction rate is determined for several different 

ligand concentrations, a family of kinetic plots is obtained. This 

is shown in Figure 4.5. 

A more useful manner of displaying these data is a log-log 

plot of the pseudo first order rate constant against the appropriate 

concentration parameter. The slope of the line obtained is the order 

of the reactant as it appears in the reaction rate law. Determin

ation of the rate law leads to elucidation of the reaction 

mechanism. Kinetic data on the extraction of copper by LIX65N is 

listed in Table 4.4. The data is also displayed graphically in 

Figures 4.6 and 4.7. 
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Figure 4.4. Extraction of copper by LIX65N. 
[LIX65N] = 1.5 x 10"3M. 
[Cu2+]initial = 1-0 x 10"5M. 
pH = 3.0 (0.02M HCO2H/HCO2). 

I = 0.10 (0.10M NaClOi+3. 
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cn 

100 300 500 
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Figure 4.5. Kinetic curves for the extraction of copper by LIX65N. 

[Cu2+]. = 1.0 x 10"5M. 0.10 M Formate. (pH =3.0) 
[NaCloJ5'1=10.10M. 
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Table 4.4. Kinetic Data for the Extraction of Copper by LIX65N, 

[LIX65N] pH k' 

7.50 x 10"4 M 3.00 8.53 x 10_1+ 

1.50 x 10"3 3.00 3.31 x 10"3 

1.50 x 10~3 3.00 3.95 x 10"3 

2.25 x 10"3 3.00 7.99 x 10"3 

3.00 x 10"3 3.00 1.23 x 10"2 

3.75 x 10"3 3.00 2.06 x 10"2 

1.50 x 10"3 3.20 5.20 x 10"3 

1.50 x 10~3 3.62 1.98 x 10"2 

1.50 x 10"3 4.00 4.65 x 10"2 

[Cu+2]initial = 1.0 x 10"5M. 0.010 M Formate. 0.10 M 

NaClOtt. 



Figure 4.6. Ligand dependency on the extraction of copper by LIX65N. 
pH = 3.0 (0.010 M Formate). [Cu2+]. ... = 1.0x10"%. 
[NaClOt^] = 0.10M. initial 

Figure 4.7. Hydrogen ion dependency on the extraction of copper by 
LIX65N. [LIX65N] = 1.5xl0_3M. Formate = 0.01 M. 
[NaClOiJ = 0.10 M. 
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Figure 4.6. Ligand dependency on the extraction of 
copper by LIX65N. 
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Figure 4.7. Hydrogen ion dependency on the extraction of 
copper by LIX65N. 
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On the basis of the kinetic data, the rate expression for 

the extraction of copper by LIX65N can be quantitatively described 

by 

[Cu2+] k [CU2+][LIX65N]Q 2.0+0.1 

dt [H*]1'1!0'1 (4.15) 

Reaction orders are taken from Figures 4.6 and 4.7. 

The extraction of copper by LIX65N is unusual in that the 

observed second order dependence in ligand concentration constrasts 

sharply with the nearly universally observed first order ligand 

substitution kinetics. This behavior is not unique, however, and 

44 has also been observed for the extraction of copper by 8-quinolinol 

45 
and dithizone . Furthermore, previous studies of this system have 

also found the reaction to be second order in chelating ligand. 

Since the reaction is second order in LIX65N (HR), it follows 

that the rate determining step is reaction of CuR+ with a second 

molecule of neutral ligand. Thus, in the following extraction 

mechanism the third step is the rate determining step. 

HR HR fast (4.16) 

3iKa 

Cu2+ + HR j CuR+ + H+ fast (4.17) 

k2 

CuR+ + HR t CUR2 + H+ slow (4.18) 

\ CUR2 X CUR2q fast (4.19) 
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where Kn and Kn are the distribution constants of the ligand and 
R C 

chelate respectively, K the acid dissociation constant of HR, and 
E 

3i the formation constant of CuR+ from Cu2+ and R . The overall 

extraction rate, under conditions where extraction is essentially 

complete at equilibrium is determined by the rate of Equation 4.18 

i.e. 

tc"2+] = v. rriiR+i "d d?—= k2 tCuR JM (4.20) 

By substituting the appropriate equilibrium expressions from Equations 

4.16 and 4.17 into 4.20 one obtains 

_d tC"2+] = k. [Cu2+] [HR]2 
dt K2 [H+] (4.21) 

R 

in which the observed dependence on metal ion, ligand and pH are 

explained. Equation 4.21 is seen to be a more explicit form of 

Equation 4.15. Furthermore, the pseudo first order reaction rate-

constant, kj, may now be used to calculate the reaction rate constant, 

k2, from Equation 4.22. 

koPi K , ' z 1 a 
1 2 

k£ (4.22) 
R 

or 

Kn 
i k' R k2 = -1 

Bl Ka (4.23) 

Although, unfortunately, the formation equilibria of Cu2+-

LIX65N have not been studied, a reasonable approximation of $ik 
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(to within about one order of magnitude) can be estimated from values 

obtained with salicylaldoxime, a closely related ligand. In fact, 

inasmuch as within a given ligand family changes in gj tend to be 

compensated by counter changes in 'K t the product tends to remain cl 

relatively constant (with a noticeable but small increase with in

creasing K ). Hence from the measurement of 2 of salicylaldoxime^ 
3 3. 

and Cu2+ of lO4,2 we may take 3iK& as 102,0. 

Using 102-0 for 3IK 104-6 for Kn (Table 4.1), 1.37 for 

ki which is obtained from Table 4.4, and Equation 4.24 

kl = k' DHL! 

[HR]2 (4.24) 

k2 is found to be 2.2 x 107M *s *. This value is quite similar to 

typical substitution reactions of Cu2+ (the corresponding rate constant 

4 7 for Cu2+ with phenanthroline is only three times larger) 

This agreement with generally observed rate constants for 

copper substitution reactions in aqueous media represents strong 

evidence for the mechanism of Cu-LIX65N extraction developed here. 

If chemical reactions at the interface were significant, much larger 

apparent rate constants would be calculated as a result of the in

corporation of [HR]q, the bulk organic phase ligand concentration, in 

the rate expression instead of the significantly larger concentration 

of the ligand, as a surface active material, at the interface. Further 

support of this mechanism and the apparatus used to obtain it is given 

in the following sections. 



4.3.2 Kinetics of the Back Extraction of CU(LIX65N)2 

The kinetic apparatus is also capable of following stripping 

reactions since reaction progress can be monitored by the aqueous 

copper reaction product. For these a 1,0 x 10"5M chloroform solution 

of Cu(LIX65N)2, (CUR2), is contacted with an aqueous phase containing 

an ionic strength and pH buffer. Kinetic data is listed in Table 4.5. 

The same data is also displayed graphically in Figure 4.8. 

Examination of Figure 4.8 reveals two mechanisms by which CuR2 

dissociates. Above a pH of 4.0 the reaction rate is independent of the 

hydrogen ion concentration. Further experimentation above pH 4.0 were 

not possible due to unfavorable equilibrium properties for reversing 

the extraction. When the hydrogen ion concentration is greater than 

1 x 10 the reaction rate is accelerated. Eventually the reaction 

becomes first order in hydrogen ion. The overall rate equation for 

the back extraction of copper can be written as 

d "niP" = "d [d"R23° = k ̂ o + k' [CuR2]g[H+] (4.25) 

The reaction mechanism which is consistent with this rate law and the 

mechanism proposed in Section 4.3.1. 

\ 
CUR2Q J CuR2 fast (4.26) 

k 
and/or CUR2 + H20 £ CuROH + HR slow (4.27) 

+ + 
CuR2 + H J CUR + HR slow (4,28) 

etc. 



Table 4.5. Kinetic Data for the Back Extraction of Cu(LIX65N)2 
into Water. 

PH [CUR2] initial k' 

2.97a 1.0 X 10" 5M 2.12 X 10"3 

3.09a 1.0 X 10"5 2.93 X io"3 

3.65a 1.0 X 10"5 1.33 X io"3 

4.00a 1.0 X 10"5 1.26 X 10"3 

1.10b 1.0 X 10"5 1.03 X io-1 

1.56b 1.0 X 10 "5 1.95 X io"2 

1.76b 1.0 X 10"5 

00 

X io"3 

2.05b 1.0 X 10"5 7.14 X io"3 

2.09b 1.0 X 10"5 7.39 X io-3 

a0.01M formic acid/formate buffer-O.lOM NaClO^. 

hNaClOi* + HCIO4 = 0.10M. 
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Figure 4.8. Hydrogen ion dependency on the back extraction 
of CU(LIX65N)2. [CU(LIX65N)2] = 
1.0 x 10"5M. pH >3.0: Formate =o7010M, 
[NaClOiJ = 0.10M. pH <3.0: [NaClO^+HClO^] = 
0.10M. 
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Since the formation of hexaquo copper is a solvolysis process, the 

reaction order of water cannot be determined from the kinetic study. 

One possibility which has been discarded is the organic phase 

catalysis by formic acid. Ohashi and Freiser found acetic acid to 

48 enhance the rate of back extraction of nickel dithizonates . This 

situation is not likely here, however, due to the lower organic phase 

solubility of formic acid. Furthermore, one would expect a more 

drastic change in reaction rate as the pH passes through the pK of 
a. 

formic acid. Figure 4.8 shows that there is little pH dependency in 

this region. 

The ability of the apparatus to provide self-consistent re

sults for the same reaction is encouraging. The ligand concentration 

in the stripping reactions was one hundred times lower, providing a 

large difference in physical properties at the interface. Further 

confirmation of a homogeneous phase mechanism is demonstrated in the 

copper-LIX65 extraction system (Section 4.4). 

4.4 Kinetics and Mechanism of Copper with LIX65 

The availability of the dodecyl LIX65 provides an opportunity 

to confirm the results of Section 4.2 with a related compound. Kinetic 

data is shown in Table 4.6. Results are also displayed graphically in 

Figures 4.9 and 4.10. 

The observed rate equation is seen to be 

-d[Cu2+] _ KI [CU2+][LIX65]O2-06±0-2 

[ H
+ ] - 0 . 9 6 ± 0 . 0 2  dt (4.29) 



Figure 4.9. Ligand dependency on the extraction of copper by 
LIX65. pH = 3.7 (0.01 M Format). I = 0.10 
(0.033 M Na2S0lt) . 

f 

Figure 10. Hydrogen ion dependency on the extraction of 
copper by LIX65. [LIX65]0 = 1.1 x 10~3M. 
Formate = 0.010 M. I = 0.10 (0.033M Na2S0tf). 
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Figure 4.9. Ligand dependency on the extraction 
of copper by LIX65. 
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Figure 4.10. Hydrogen ion dependency on the 
extraction of copper by LIX65. 
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This rate law is identical to that found for LIX65N (see Equation 

4-15). A similar extraction mechanism is proposed. 

HR'o t HR» (4.30) 

elKa + 
Cu2 + HR' £ CuR' + H (4.31) 

k2 

CuRl+ + HR' t CuR'2 + H+ (4.32) 

k!c 
CUR2 «- CUR'2o (4.33) 

LIX65 is denoted by HR' in this sequence. By substituting the 

appropriate equilibrium expressions from Equations 4.30 and 4.31, one 

obtains 

-d[Cu2+] = k?8jKa [Cu2*][HR']2n 
dt K2 [H+] (4.34) 

R' 

where , is the distribution constant of LIX65. Combining Equations 
R 

4.23 and 4.24 we obtain Equation 4.35. 

i Kp 
k2 = ki R'[H] 

PlKa[HR']o (4.35) 

Using 102-0 for 3iK , 1014,9 for Kn , and 102'99 for k' when [H+] = 
A R 

10~3.68 an(j [HR']q = 10 2-96 (Table 4.6), k2 is found to be 

1.1 x 107M_1S -1. Since LIX65N was found to have a second order re

action rate constant of 1.2 x 107M -^s 1, then the kinetic and 

equilibrium studies prove that a homogeneous phase mechanism can 

easily account for the observed extraction kinetics. In fact, a 
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Table 4.6. Kinetic Data for the Extraction of Cu(II) by LIX65, 

[LIX65]Q pH k' 

1.1 x 10"3M 3.10 2.84 x 10_LT 

1.1 x 10"3 3.68 1.02 x 10~3 

1.1 x 10"3 4,02 2.18 x 10"3 

3.2 x 10"3 3.69 1.16 x 10"2 

5.4 x 10"3 3.67 2.55 x 10"2 

[Cu2] n̂̂ t̂ al = 1.0 x 10"5M. Formic acid/formate buffer at 0.010 M. 

I = 0.10 (0.033M Na2SOif) . 



homogeneous phase mechanism would require identical reaction rate 

constants because a small difference in alkyl chain length in 

the 5 position should have little effect on the reactivity of the 

coordinating group. An interfacial mechanism would require 

differences in interfacial activity or area which coincidentally 

agree with the observed partitioning behavior. It should be noted 

that the determination of Kn and k2 are independent measure-
R 

ments which can be used to substantiate the validity of each 

other. This type of evidence is supportive of a homogeneous phase 

mechanism. Previous work has correlated surface activities, surface 

concentrations, and interfacial areas with extraction rates. These 

parameters, however, are closely interrelated and are not sufficient 

to convincingly support an interfacial mechanism. The data provided 

in these sections are independent and quantitatively consistent with 

the proposed mechanism. 

4.5 Catalysis of Copper(II)-LIX65N Reactions by LIX63 

4.5.1 Catalyzed Extraction 

The catalytic rate law was determined by analysis of the 

log-log plots of the catalytic rate constant against the approp

riate concentration parameter. When copper is extracted by LIX65N 

in the presence of LIX63 the observed rate is the sum of the 

uncatalyzed and catalyzed rates. Therefore, it is necessary to 

measure the overall and uncatalyzed rates and calculate the 

pseudo first order catalytic rate constant by difference. Kinetic 

data is given in Tables 4.7, 4.8, and 4.9. A graphical presentation 



57 

Table 4.7 Kinetic Data for the Extraction of Copper by LIX65N 
Catalyzed by LIX63:LIX65N Dependency. 

[LIX65N] [LIX63] k6JN R65N+63 a 
L J obs obs cat 

5.0 x 10"UM ON 1.60 x 10"3 

4 
5.0 x 10 5.0 x 10"5 - 5.38 x 10"3 3.78 x 10"3 

1.0 x 10"3 0 5.67 x 10"3 

1.0 x 10"3 5.0 x 10"5 - 1.26 x 10~2 6.90 x 10"3 

2.0 x 10"3 0 1.64 x 10~2 

2.0 x 10~3 5.0 x 10"5 - 3.08 x 10~2 1.44 x 10~2 

aCalculated by difference. [Cu+21. ... , = 1.0 x 10~5M. J L Jinitial 

Formic acid/formate buffer adjusted to pH = 3.5 (0.010M). 

I = 0.10 (0.10 M NaC10tt) . 

I 
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Table 4.8. Kinetic Data for the Extraction of Copper by LIX65N 
Catalyzed by LIX63:LIX63 Dependency. 

[LIX63] [LIX65N] k6JN k65N+63 k a 
obs obs cat 

OM 1.0 x 10"3M 1.03 x 10"2 

5.0 x 10"5 1.0 x 10"3M - 1.48 x 10"2 4.5 x 10"3 

1.0 x 10"4 1.0 x 10"3M - 2.17 x 10"2 1.14 x 10"2 

2.0 x 10"4 1.0 x 10"3M - 2.86 x 10"2 1.83 x 10"2 

£ 
Calculated by difference. pH = 3.66. Formic acid/formate buffer = 

0.010 M [Cu+2]initial = l-° x 10"5M. I = 0.10 (0.10 M NaClOjJ. 
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Table 4.9. Kinetic Data for the Extraction of Copper by LIX65N 
Catalyzed by LIX63-Hydrogen Ion Dependency. 

it fT TVC nil i 65N . 65N+63 , a pH [LIX65N] k , k , k ^ r obs obs cat 

2.68 1.0 x 10"3M 0 1.20 x 10"3 -

2.68 1.0 x 10"3 1.0 x 10-lt - 2.68 x 10~3 1.48 x 10"3 

3.11 1.0 x 10"3 0 2.11 x 10~3 -

3.11 1.0 x 10"3 1.0 x 10_1+ - 6.24 x 10"3 4.13 x 10"3 

3.66 1.0 x 10"3 0 1.03 x 10"2 -

3.66 1.0 x 10" 1.0 x 10"4 - 2.17 x 10"2 1.14 x 10"2 

aCalculated by difference. [Cu+21. . .. . = 1.0 x 10~5M. L Jinitial 

Formic acid/formate buffer = 0.01M. I = 0.10 (0.10 M NaClO^). 
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of the data is shown in Figures 4.11, 4.12, and 4.13. The observed 

rate law for the extraction of copper by LIX65N/LIX63 mixtures is 

d[Cu2+] =k [Cu2+][LIX65N]°'97[LIX63]*-01 
~ — — — — — — — _ — — — — _ _ — —  

dt [H+]~0•90 (4.36) 

which, like the uncatalyzed extractions, is second order in ligand and 

inverse first order in hydrogen ion. The second order dependence in 

ligand indicates that the rate determining step is the addition of 

the second coordinating ligand to copper. Unfortunately, the rate law 

cannot tell us the order in which the two organic reagents react with 

the metal. Two homogeneous phase mechanisms can be written. 

In the first mechanism LIX65N reacts with copper first, and 

the rate determining step involves reaction of LIX63 with the 1:1 

complex. Using HR for LIX65N and HB for LIX63 the mechanism is 

expressed by 

HR + HR fast (4.37) O -e v ' 

63 

\ HB HB fast (4.38) o +- . J 

BiKa 

Cu2+ + HR J CuR+ + H+ fast (4.39) 

k2 

CuR+ + HB t CuRB + H+ slow (4.40) 

CuRB t CURBq fast (4.41) 

CuRB + HR -»• CuRo + HB fast (4.42) 
o o •*- ô o 



Figure 4,11. LIX65N dependency on the catalytic extraction of 
copper. [LIX63]0 = 5.0 x 10"5M. [NaClOiJ = 0.10M. 
pH = 3.5 (0.010M formate). û2+]initial = X 5̂ ' 

Figure 4.12. LIX63 dependency on the catalytic extraction of copper. 
pH = 3.7 (0.010 M formate). [Cu2+]initial = 1-0 x 10_5M. 
[NaClO^] = 0.10M. [LIX65N] = 1.0 x 10"%. 
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Figure 4.11. LIX65N dependency on the catalytic extraction of copper. 
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Figure 4.12. LIX63 dependency on the catalytic extraction of copper. 
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Figure 4.13. Hydrogen ion dependency on the catalytic extraction of 
copper. [Cu2+]. 

initial 
= 1.0 x 10"5M. [LIX65N]Q = 

1.0 x 10 3M. [LIX63] = 1.0 x 10"4M. [NaClO^] = 0.10M 
Formate = 0.01M. 
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Using a procedure analogous to that used for uncatalyzed extractions 

Equation 4.36 can now be written more explicitly. 

d[Cu2+] = k2 0, Ka [HR]n [HB]n [Cu2+] 

dt K 5̂N kJ3 [H+] (4.43) 
R R 

The catalytic rate constants listed in Tables 4.7, 4.8, and 4.9 is 

seen to be a combination of constants in Equation 4.43 i.e. 

k = k2 Pi Ka [HR]n [HB]n 
cat r65N k63 ^ (4.44) 

R R 

Using data from Table 4.1 and 4.8 along with 102-0 for 3iKa, k2 is 

calculated to be 9.5 x 109M *s 1. This second order rate constant is 

47 
very large but not beyond the expected range for copper . Certainly 

a rate constant approaching 1010 M *s 1 provides a credible catalytic 

pathway for a reaction which is governed by a rate constant of 107M *s 

The lower concentration of LIX63 at the reaction site requires the 

catalytic pathway to have a substantially higher rate constant. 

The second reaction mechanism which also fits the experimental 

rate law (Equation 4.36) inverts the order of ligation. One mechanism 

of this type would involve a CuB+ intermediate. The apparent stability 

o + — 
of CuB and [CuB , X ] ion pairs make the assignment of a single unique 

mechanism very difficult. Clearly, more information on the chemistry 

of a-hydroxyoximes is needed in order to support or explain the kinetic 

behavior of 1:1 complexes of copper with LIX63. 

In conclusion there are two mechanisms which can account for 

the observed catalytic rate equation. In the first mechanism the rate 



determining step is the reaction of LIX63 with Cu(LIX65N)+ to form a 

neutral, mixed ligand chelate. The catalysis stems from the very 

rapid second order rate constant. In this mechanism the unusual 

chemistry of copper-LIX63 complexes is coincidental. The second 

mechanism involves the rapid formation of a 1:1 complex of copper 

with LIX63 which then reacts with LIX65N in the rate determining 

step. The unusual chemistry of copper-LIX63 complexes can be 

expected to have an effect on reactivity, leading to a catalytic 

pathway. 

4.5.2 Catalyzed Back Extraction 

Kinetic data for the catalyzed stripping of copper from an 

organic solution of Cu(LIX65N)2 is given in Tables 4.10 and 4.11. 

Graphical presentation of the data is shown in Figures 4.14 and 4.15. 

For the reason explained in Section 4.5.1 the catalytic rate constant 

is calculated by difference. 

The experimental rate law is 

jrri12+i 1.110.05 . 0.2+0.2 
dt = kcat [Cu(LIX65N)2]0[LIX63]0 [H ] " (4.45) 

indicating that the reaction is first order in LIX63 and zero order in 

hydrogen ion. This mechanism confirms the likelihood of a rapid ex

change of ligands in the organic phase to form a mixed ligand complex. 

It was not possible to extend the study to higher hydrogen ion con

centrations. At lower pH's the stripping was almost instantaneous. 

It seems likely that at high enough hydrogen ion concentrations the 

decomposition of CuRB will become acid catalyzed as is the case of 

CuR2. 
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Table 4.10 Kinetic Data for the Back Extraction of Cu(LIX65)2 
Catalyzed by LIX63:LIX63 Dependency. 

[LIX63] k . k .a 
o obs cat 

OM 1.46 x 10"3 

5.0 x 10"6 1.71 x 10~3 2.5 x 10_tf 

2.0 x 10"5 2.75 x 10"3 1.29 x 10"3 

5.0 x 10"5 4.53 x 10"3 3.02 x 10~3 

[LIX65N]q = 2.0 x 10_ltM. Initial [Cu(LIX65N) 2]Q = 1.0 x 10_5M. 

pH adjusted to 3.1 with a 0.010 M formic acid/formate buffer. I = 0.10 

(0.10 M NaClOtj) . Calculated by difference. 



Table 4.11 Kinetic Data for the Back Extraction of Cu(LIX65N)2 
Catalyzed by LIX63-Hydrogen Ion Dependency. 

pH [LIX63]q obs k / cat 

2.09b 0 M 7.39 X 10"3 -

2.09b 1.0 x 10"5 8.86 X 10"3 1.47 x 10"3 

3.09C 0 2.93 X 10~3 -

3.09C 1.0 x 10"5 6.75 X 10"3 3.82 x 10"3 

3.65C 0 1.33 X 10"3 -

3.65C 1.0 x 10"5 3.93 X 10"3 2.60 x 10"3 

Initial [Cu(LIX65N)2] = 1.0 x 10_5M. I = 0.10 (0.10 M NaClO^). 

aCalculated by difference. ^[HC10i+ + NaClO^] = 0.10 M. 

c 
Formic acid/formate buffer = 0.010 M. 



Figure 4.14. LIX63 dependency on the catalytic back extraction of 
Cu(LIX65N)2• pH = 3.1 (0.01 M formate). [NaClOj = 
0.10M. [Cu(LIX65N)]initial = 1.0 x 10"5M. 
[LIX65N] = 2.0 x 10"*M. 

Figure 4.15. Hydrogen ion dependency on the catalytic back 
extraction of Cu(LIX65N)2- [Cu(LIX65N)2] = 
1.0 x 10"5M. pH = 2.1: [HClOtt + NaClO^] = 
0.10M. pH >2.1: Formate = 0.01M, [NaClOiJ = 
0.10M. 



i 1——I 1 r~ 
40 50 60 

-log [LIX63| 

Figure 4.14. LIX63 dependency. 
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Figure 4.15. Hydrogen ion dependency. 



CHAPTER 5 

CONCLUSION 

As mentioned earlier in the text, there is still no experiment 

which is capable of unambiguously proving the precise location for the 

reaction of copper with high molecular weight hydroxyoximes. The 

interfacial mechanism is still very popular among current workers and 

will probably continue to be so for some time. This mechanism utilizes 

physical properties of the interfacial region to account for the 

kinetic observations. Thus, the differences in reactivity of LIX65 

and LIX65N must be rationalized according to differences in either the 

interfacial activity or the interfacial area occupied by the molecules 

(in cases of surface saturation). However, it is generally believed 

that LIX63 is not more interfacially active than the g-hydroxyoximes. 

As a result, the catalytic behavior of LIX63 is attributed to its own 

peculiar chemical properties. This situation leads to hybrid-type 

mechanisms which are based on interfacial models but invoke more 

traditional concepts whenever needed^, 

The kinetic experiments and mechanistic( interpretations are 

frequently cyclical arguments. A kinetic apparatus which forces a 

reaction to take place in a well defined interfacial region is used 

to prove that the reaction is interfacial. The proposed reaction 

mechanisms are used to account for deficiencies in experimental 

rate laws which, in turn, are used to propose reaction mechanisms. 
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As a result, there appears to be a built-in consistency in much of 

the interfacial work performed to date, 

The data presented in this work prove the feasibility of 

the homogeneous phase mechanism. While the evidence is indirect, 

this mechanism enjoys two major advantages over the interfacial model. 

First, it is simpler, invokes fewer independent processes, and con

forms to the vast body of information which is already accumulated 

for metal ion coordination chemistry. Secondly, the correlation of 

equilibrium and kinetic observations avoids the cyclic reasoning 

which permeates much of the previous work. 

Interfacial kinetics is frequently confused with an aqueous 

phase reaction in which the reaction rate is diffusion controlled. 

Chelation may occur entirely in the aqueous phase, but inadequate 

mixing leads to substitution reactions occurring only near the 

interface. More vigorous mixing of the phases eventually allows 

the ligand to attain its equilibrium concentration throughout the 

bulk aqueous phase even though it is being removed very rapidly 

by the metal ion. This situation leads to a chemically controlled 

reaction rate rather than a diffusion controlled rate. Any further 

improvement in the dispersion of the phases has no effect on the 

rate because the aqueous phase ligand concentration is determined 

by the distribution constant. 

When reactant concentrations are controlled by equilibrium 

processes, bulk phase concentrations and thermodynamic equilibrium 

constants permit calculation of the second order reaction rate 



constants. Reaction rates of copper with LIX65N and LIX65 were found 

to be consistent with other reaction rates of copper in aqueous 

systems. Furthermore, an aqueous phase mechanism is capable of 

providing a simple and straightforward explanation for the catalytic 

behavior of LIX63. These facts cast serious doubt on all previous 

kinetic and interfacial studies which rely heavily on the assumption 

that the reaction cannot be an aqueous phase process. 

The original kinetic experiments on these materials was 

inspired by the commercial application of the compounds. The kinetic 

apparatus used in this study is comparable to the mixer/settlers used 

by the copper industry. Experimental evidence obtained with this 

device indicates that, under these conditions, the extraction of 

copper is most likely an aqueous phase process. Finally, the catalytic 

behavior of LIX63 is a consequence of the higher reactivity of copper 

species with a-hydroxyoximes and not an artifact of some interfacial 

phenomenon. This work underscores the need to return to fundamental 

chemical principles when examining the partitioning and extraction 

behavior of higher molecular weight analogs of metal complexing agents. 
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APPENDIX A 

DEFINITION OF SYMBOLS 

D û - distribution of copper between chloroform and water 

[HL] - concentration of ligand in the aqueous phase 

[HL] - concentration of ligand in the organic phase 

K - acid dissociation constant of an organic reagent 

K„ - distribution constant of the metal chelate 
C 

Kn - distribution constant of the organic ligand 
R 

ki - second order reaction rate constant of the reaction of 
copper with the first ligand 

k2 - second order reaction rate constant of the reaction of 
the 1:1 copper complex with the second ligand 

- pseudo first order forward rate constant 

k^i - pseudo first order reverse rate constant 

k - sum of k' and k' 
s  l - l  

^obs ~ observed pseudo first order rate constant in a catalytic 
experiment 

kcat " pseudo first order rate constant of a catalytic step 
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APPENDIX B 

DERIVATION OF RATE EQUATION USED 
IN NICKEL DITHIZONATE EXPERIMENTS 

The decomposition of the metal complex, ML2, produces a 

reagent ligand, HL, which is also highly colored. Measurement of 

the absorbance at a particular wavelength, A^, is expressed by 

AX = EML2CML2 + eHLCHL (1) 

or 

AX = eML2CML2 + 2eHL(C ML2 ~ CML2̂  ^ 

where C„. is replaced by twice the difference between the original. 
HL 

metal complex concentration, C°^ » at remaining metal complex 

concentration, C..T . ML2 

kX = CML2(- MLz " 2 eHL^ + 2 £HLC ML2 (3) 

Rearranging and substituting A0̂ /e^ for C0̂  we obtain 

_ A-2(£HL/eML?)A° _ X 

ML2 " o o 
eML2 " HL EML2" HL 



APPENDIX C 

DERIVATION OF RATE EQUATION 
USED IN COPPER STUDIES 

A pseudo first order reaction in which a metal, M, is ex-

traced into an organic phase can be represented by the following 

equation 

ki 

M t M (1) 
o 

Using X to represent the amount of M converted to Mq at time t, 

and using [M] = [M]q and [Mq] = [M ]Q when t = tQ we have 

k2 ([M]o-x) - k_i C[Mq]o + x) (2) 

k l [MJ 0  -  k_ x  [M 0 ] 0  -  (k ,  *  k  l )x  (3)  

Integration yields 

rk:[M] = k . [M ] 
In* 

At equilibrium X Xg, dx/dt -> o, and 

ki(]M]o-Xe) = k_!([Mo]o+XeD (5) 

and 

k,  _  [Mo] n  + X.  
eq - r7 • xe (6) 

Substitution of Equation 6 into Equation 4 yields 

X 

ln = T~-£ = (-kl + k-i-)t = kst ^ 
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APPENDIX D 

CALCULATED DISTRIBUTION CONSTANTS 

41 Using the methods of Leo, Hansch, and Elkins the LIX 

reagents can be subdivided into smaller, more common fragments. 

For example, LIX65 and LIX65N can be separated into a phenyl oxime 

group and an alkyl phenol i.e. 

The principle which allows distribution constants to be calculated 

from substituent constants can also be applied in reverse. Thus, 

if ot-benzildioxime has a log K„ of 2.00 between chloroform and 

51 R 
water , then one half of this symmetrical molecule must have a 

log K of 1.00. 
R 
A substituent constant for nonyl phenol is calculated with 

the help of a measured Kn for p-propyl phenol and an observed 
R 

trend in K„ for a homologous series. 
R 

The log Kp for p-propyl phenol between benzene and water 
R 

is 0.86. Using solvent regression equations this value is converted 

to an octanol water system and then to a chloroform-water solvent 

system. 



75 

lo* PC6H6 " °'675 log Poct " J-842 

lDg Poct = 4-°° 

log PCHC13 = 1A0 l0g Poct " °-62 

log P„u„. = (1.10)(4.00) - 0.62 = 3.78 
Lrlu J. 3 

Distribution studies in chloroform-water systems for homologous 

series show a steady increase in log K of 0.6 for each additional 
R 

methylene carbon. The distribution constants for LIX65N and LIX65 

can now be calculated by summing the substituent constants for the 

oxime group, alkyl phenol and additional methylene carbons. 

LIX65N: log K = 1.00 + 3.78 + 6(0.6) = 8.4 
R 

LIX65: log K = 1.00 + 3.78 + 9(0.6) = 10.2 
R 

The distribution constant of LIX63 is calculated by splitting 

the compound into an octanol group, a methyl oxime, and six methylene 

Dr 
52 carbons. Since the log Kn of dimethylglyoxime is - 1.08 , the 

R 
methyl oxime group is estimated to be -0.54. 

Using a log IC of 3.15 for CqHiqOH in octanol-water and 
R 

log P„uri = 1.10, P -0.62 
b CHCI3 log oct 

the log Kp for octanol in a chloroform-water system is calculated 
R 

to be 5.9, i.e. 

LIX63: log K = -0.54 + 2.85 + 6(0.6) = 5.9 
R 
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