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exhibited sUbstantial 

interfacial activity in its neutral form. The interfacial 

activity of QSH may stem from its zwitterionic form QH+S-. 

The interfacial activities of Ni-HPMBP system are in the 

order Ni (PMBP) 2 > PMBP- > HPMBP. The interfacial rate 

constant of formation reaction is 4 times greater than the 

bulk value. The bulk and interfacial rate constants for 

dissociation reaction of Ni(PMBP)2 are essentially the same. 

The centrifugal partition chromatography (CPC) inefficiency as 

measured by the quantity channel equivalent of a theoretical 

plate (CETP), reflects the slow chemical kinetics of the back 

extraction reaction, and increases with the half life of the 

dissociation reaction. This correlation, for the first time, 

enables the determination of the interfacial areas generated, 

and hence the average size of the mobile phase droplets, in 

the CPC experiments. 

The interfacial activities of dodecylsalicylaldoxime 

(HDSO) in its neutral and deprotonated forms and its Ni 

complex at the hexanes-aqueous interface are very nearly the 

same. The Ni 2+ is complexed by HDSO and DSO- in the bulk 

aqueous and hexanes-aqueous interface. The interfacial rate 

constants for HDSO and DSO- are 3-5 times smaller than the 

bulk aqueous values. The interfacial rate constant of the 

dissociation of Ni(DSO)2 is an order of magnitude larger than 
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the bulk dissociation rate constant. The CPC efficiencies for 

the Ni-HDSO system indicate specific interfacial areas of 1350 

cm-1 being generated in these experiments corresponding to a 

mobile phase droplet size of 24 ~m. This is effect leads to 

much larger CPC efficiencies than that predicted by the 

dissociation kinetics in the highly stirred mixture. 

The interfacial excess of 8-hydroxy-7-iodo-5-quinoline 

sulfonic acid is about 3 times bigger than its nickel complex, 

in contrast to the OMNTP which interfacial excess is about 4 

times smaller than its barium complex. 

A new ATR-based method, agar-organic phase model, was 

developed for the determination of the liquid-liquid (L-L) 

interfacial adsorption of ligands and their metal-ligand 

complexes which were useful in L-L extraction. 
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19 

Isolating the desired unknown from a mixture is a 

challenging and important step in the analytical process. 

Solvent extraction plays a significant position among 

separation techniques because of its ease, speed, and wide 

scope. Extraction have been proven to be a useful technique 

in both inorganic and organic trace analysis by enhancing the 

sensitivity and removing interferences. 

The basic aspects of solvent extraction have been 

described by various authors [1-4]. Briefly, in solvent 

extraction, a solute of interest transfers from one solvent 

into a second solvent that is essentially immiscible with the 

first. Greatest controls of extraction occurs in systems 

involving chemical reactions. The extent of transfer can be 

varied from negligible to essentially total extraction through 

control of the experimental conditions (eg. pH, solvent, 

extractant, etc.) The relative low energy consumption 

involved in solvent extraction has led the solvent extraction 

to a powerful technique for the mining industrial and 

strategic importance. 

In the early 1960' s, the kinetic aspect of solvent 

extraction was recognized as a significant influence in the 

course of extraction as well as a means to investigate the 

mechanisms with a very rapid sUbstitution reactions of metals. 



20 

The most complicated and controversial aspects of solvent 

extraction chemistry is the kinetics and mechanisms of 

extraction processes. 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 in the two 

phases [5]. In mUlti-step process, the overall rate is 

limited 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 

entirely due to chemical kinetics and the system is said to be 

in the "kinetic regime". This situation will most likely be 

encountered in a vigorously shaken or stirred system where a 

thoroughly fine dispersion of the two phases is produced. If 

the chemical kinetics involved are rapid, the diffusion of 

either products or reactants may be rate-limiting and the 

system is said to be in the "diffusion regime". 

Unfortunately, in practical experimental work it is often 

difficult to draw a sharp line between the two limiting cases, 

i.e. pure kinetic regime and pure diffusional regime. 

Although criteria that can be used to distinguish between 

kinetically and diffusionally controlled processes have been 

reported [6], they are not completely unambiguous when applied 
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to experimental data. Many of the extraction processes in the 

condition of presence a mixed regime could not be ruled out. 

A mixed regime is thus one in which the rates of chemical 

kinetics and diffusion are both significant and neither can be 

neglected. The unambiguous identification of the extraction 

rate regime must be addressed in order to compare much of the 

experimental work done in the area of solvent extraction 

kinetics. 

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-limiting step. 

Two locations, the bulk aqueous phase and the liquid-liquid 

interface may serve as the site of the rate-limiting step. 

until recently, however, most chemists tended to ignore 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 

[7J. In 1962, Honaker and Freiser [8J, in the course of 

determining the formation constant of the zinc chelate of 

dithizone, observed an unexpectedly slow extraction 

equilibrium, and obtained results consistent with the 

formation of a 1:1 intermediate complex in the aqueous phase 

as the rate-limiting step. Some other workers, indicating to 

the very low aqueous solubilities of these extractants, 

rejected the possibility of chelate formation in the aqueous 
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phase, proposing instead that interfacial reactions 

predominate [9-11]. For example, in reviewing the kinetics 

and mechanisms of copper extraction by LIX reagents [9], Flett 

takes the extreme position that because such reagents are so 

hydrophobic, their aqueous phase solubility may be 

disregarded. 

A closer examination of this bulk vs. interfacial 

reaction site controversy reveals the role of 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 

reactions in which the interfacial area is fixed, designs 

based upon the assumption that the reaction is either 

diffusion-controlled or interfacial. 

Those favoring the aqueous phase mechanism, however, 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 

utilized a high-speed stirring apparatus in which the two 

phases could be vigorously stirred at speeds up to 20,000 rpm. 
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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 

rates. 

In addition to the possibility of the virtual elimination 

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. 

In 1983, Watarai and Freiser [12,13] examined the 

influence of vigorous stirring upon the distribution 

equilibria of n-alkyl substituteed dithizones. In this study, 

measurements of the interfacial tensions between aqueous 

phases (acidic or basic aqueous) and organic phases 

(chloroform or carbon tetrachloride solution) of either 

dithizone or n-butyldithizone showed that a decrease in the 

interfacial tension is observed only under basic conditions. 

At high concentrations, this decrease became linear with the 

logarithm of the solute concentration. When these high pH 
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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 reversiple concentration change was equated with 

the amount of ligand adsorbed at the interface. In 1986, 

Watarai et al. [14] investigated the extraction of nickel by 

(E) -2 '-hydroxy-5'-nonylacetophenone oxime, 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, Apprahamian and Freiser 

[15] examined the kinetics of nickel extraction with 8-

hydroxyquinoline and its higher molecular weight analog, 7-

dodecenyl-8-quinolinol. In each case, the extraction rate had 

previously been determined to be dependent upon the hydrogen 

ion concentration to a fractional power, indicating two 

concurrent reaction pathways whose rate-determining steps 

involve the neutral and anionic forms of the ligand [16,17]. 

It had been proposed in these studies that these steps occur 

str ictly in the bulk aqueous phase. Subsequent study by 

Haraguchi and Freiser [18] showed that the anionic form of 

Kelex 100 is interfacially active, raising the possibility 

that the reaction of nickel with the ligand anion may involve 

complex formation at the liquid-liquid interface. For further 

investigation, Aprahamian [15] measured the rate of extraction 
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as a function of specific interfacial area (interfacial 

area/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 anionic ligand would affect the balance 

between the bulk and interfacial pathways. The results shows 

the reaction mechanism involving three distinct concurrent 

pathways, namely, (a) reaction between metal and neutral 

ligand in the bulk aqueous phase, (b) reaction of metal and 

ligand anion in the bulk aqueous phase, and (c) reaction of 

metal and ligand anion at the interface. Given the magnitude 

of the interfacial activity of the Kelex 100 anion , it is not 

wholly unexpected that in a vigorously agitated system in 

which many thousands of square centimeters of interfacial area 

are present, an extraction might proceed by a mechanism 

involving the interface. What is somewhat unexpected is that 

an identical reaction scheme was found from the results of 

parent ligand, 8-quinolinol, this despite the fact that it is 

undetectable surface active under the conditions of the 

experiment. The significance of this observation are, (a) 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, (b) it would seem to indicate 

that only modest ligand interfacial activity is required for 

the observation of appreciable interfacial participation in an 
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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. In 1991, 

Dietz and Freiser [19] systematic examined the effect of 

variations in ligand sUbstitution and the nature of the 

organic solvent upon the mechanism of nickel extraction with 

several 8-quinolinols. In this study, halogen- or alkyl

sUbstitution of the chelating extractant 8-quinolinol raises 

the distribution constant of the neutral ligand and the 

interfacial activity of the corresponding ligand anion. This 

results in a systematic change in the rate-determining step in 

the extraction of nickel with 8-quinolinols from a combination 

of bulk aqueous phase and interfacial reactions to reaction 

solely at the liquid-liquid interface. 

study of the interfacial adsorption phenomena in solvent 

extraction systems has drawn increasing attention in recent 

years. Especially, with the introduction of microporous 

Teflon phase separators, it has become possible to monitor the 

composition of the bulk organic phase under conditions of high 

speed stirring, facilitating the observation of the effects of 

interfacial adsorption upon both extraction kinetics and 

equilibria. 

8-Mercaptoquinoline (QSH) , the sulfur analog of QOH, 

exists predominantly as its dipolar tautomer QH+S- in the 

aqueous phase under conditions pK1 < pH < pK2 (pK1 = 2.07 and 
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pK2 = 8.27) [20,21]. The examination of the kinetics of the 

complexation of Ni(II) by QSH in the toluene-H20 phase pair 

using a microporous teflon phase separator was conducted in 

order to determine if the presence of the zwitterion provides 

an additional pathway, Le., a significant interfacial pathway 

for QSH (unlike QOH) and to compare the interfacial and bulk 

rate constants of QSH and QS- with those of the 8-quinolinols. 

Recently, a systematic study of the factors affecting 

eff icient separations of metal ions in mul tistage solvent 

extraction processes was initiated in our laboratory. We are 

especially interested in the influence of slow kinetic steps 

in the metal complex formation and dissociation reactions, on 

the efficiencies of these separations. In previously study, 

using centrifugal partition chromatography (CPC) , (a 

mUltistage liquid-liquid countercurrent distribution technique 

consisting of discrete stages) shows that the chromatographic 

inefficiencies have a direct relationship to the half lives of 

slow back-extraction reactions for the platinum group metals 

[22] and lanthanides [23]. For further study of the 

generality of this correlation in different extraction systems 

which should aid in fully understanding the factors 

influencing the CPC efficiencies. 

Acylpyrazolones are a family of stable chelating 

extractants, whose chelating group is similar to that of B

diketones, which react with metal ions at significantly lower 
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pH values than do the B-diketones. For example, l-phenyl-3-

methyl-4-benzoyl-5-pyrazolone (HPMBP) extracts many metal ions 

at relatively low pH. It has been used as a powerful and 

useful extractant for alkali metals, transition metals, 

lanthanides and actinides [24-28]. HPMBP exists predominantly 

in its enol form due to intermolecular and/or intramolecular 

hydrogen bonding. It is thus an appropriate choice for 

advancing our objectives, namely, the understanding of 

interfacial acti vi ty-reacti vi ty and the separation eff iciency

chemical kinetics (hence efficiency-interfacial activity) 

relationships. 

Ni(II)-dodecylsalicylaldoxime (Ni-LIX 860) in the 

hexanes-H2o (hexanes - a mixture of hexane isomers) phase pair 

is another system chose to determine whether this parallels 

the behavior of the Ni-HPMBP system or these two systems 

provide a general CETPck vs. tl/2 correlation. It was also the 

objective of this work to compare the interfacial activities 

and reactivities of the two ligands, HPMBP and LIX 860 which 

have quite different molecular properties in order to further 

understand the influence of fundamental molecular properties 

on the bulk and interfacial extraction and back-extraction 

kinetics and on CPC efficiencies. The impetus for the choice 

of LIX 860 (HDSO) is provided by the fact that it is a widely 

used industrial extractant in the recovery of copper from its 

ores and the study of its behavior in multistage separations 
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has great practical value. The ligands QSH, HPMBP and LIX 860 

differ in a number of properties, namely, QSH (pK1 = 2.07; pK2 

= 8.27) is a zwitterion in its neutral form, HPMBP (pKa = 

3.98) is a B-diketone that exists predominantly in the enol 

form, and LIX 860 is an aromatic aldoxime with OH (pKa = 8.84) 

and dodecyl groups in the ortho and para positions of the 

oxime functionality and is predominantly dimeric in the 

organic phase. The examination of the Ni-LIX 860 formation 

and dissociation kinetics and its CPC behavior are valuable 

towards gaining an understanding of the influence of molecular 

properties of ligands on their interfacial activity, 

reactivity and efficiencies of multistage separations. 

The adsorption of ligands useful in the separation of 

metals by liquid-liquid extraction, and their metal complexes 

at the liquid-liquid interface, is a major focus of research 

in our laboratory [29-31]. In previously studied, a total 

internal reflection element (IRE) was coated with a highly 

viscous hydrocarbon liquid (Apiezon M), and IR spectra were 

taken with the coated IRE in contact with aqueous solutions 

[29,31]. The advantages of this very thin hydrocarbon film 

«1 J.1.) are neither stirring nor separation of phases is 

required. The extraction system in a film geometry allows 

freedom from diffusion limitation on the time scale required 

for IR detection. The quantity of reagent exposed to metals 

is only a few nanomoles; this is suitable for precious and new 
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reagents. However, the disadvantage of this method is an 

inevitable interference from the adsorption of chelating 

reagents at the ApM - IRE (liquid - solid) interface. 

studying of the adsorption behavior of water soluble 

ligands and their metal complexes at the liquid-liquid 

interface by this hydrophobic-aqueous (ApM - H20) interface 

method could enhance the application of this method to most of 

solvent extraction systems. using water soluble ligands 

instead of previous chelating extractants (hydrophobic 

ligands) [29,31] to evaluate this ApM - H20 method, which 

minimized the interference of adsorbed species at the ApM -

IRE interface. 

Another new approach, agar-organic interface model, such 

as IRE was coated with hydrophilic film (agar) instead of 

hydrocarbon film. This model has the advantages of ApM - H20 

method and also avoid the interferences caused by the 

adsorption 

interface) . 

at the ApM IRE interface (liquid-solid 

A ligand, di-octyl-sulfoxide (DOSO), which had a 

very strong s=o stretching band at 1050 cm-1 and was a useful 

chelating extractant for precious metals, was selected for 

this new method study. 
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The importance of the role of the liquid-liquid interface 

in solvent extraction equilibrium and kinetics has become 

increasingly evident in recent years. Thus, a systematic 

study of the role of the liquid-liquid interface for fully 

understanding of the extraction process, which can help us to 

select and design a useful metal ion extractants and to 

optimize the separation processes. 

The objectives of this study were emphasis on fundamental 

aspects of solvent extraction equilibria and kinetics, 

including (1) to determine the interfacial activity-

interfacial 

(ligands), 

reactivity relationship of metal extractants 

(2) to determine the role of the liquid-liquid 

interface on back-extraction kinetics, (3) to investigate the 

relationship between interfacial activity and separation 

efficiencies in multistage separation techniques. The 

multistage separation technique that we have adapted for 

metals separations is centrifugal partition chromatography 

(CPC) which is a countercurrent liquid-liquid distribution 

technique, and (4) to develop an ATR-based method for the 

determination of the liquid-liquid (L-L) interfacial 

adsorption of chelating extractants and their metal complexes. 

The results of these studies are expected to characterize the 

interface as a reaction medium and to improve the metal ions 



32 

separation processes. 
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CHAPTER 3 
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containing a 

microporous teflon phase separator for extraction kinetics 

measurements is depicted in Figure 1. Briefly, it consists of 

a 250 mL, 3-neck Morton flask fitted with a high speed stirrer 

(0-2 0, 000 rpm) supplied by Cole-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 inclosed in a length of 

Teflon tubing which extended from the stirrer blades to 

several centimeters above the Teflon bushing. Rotation speed 

was varied with a motor controller (Model GT-21, G.K. Heller 

Corp.) and measured with an analog tachometer (Western, Model 

7541) . 

A microporous Teflon membrane phase separator consisting 

of a bored Teflon Cylinder (internal diameter = 2 mm and 

length = 24 mm) wrapped with a special Teflon cloth (PF-2, 6 

~m, Micro Filtration Systems, Dublin, CAl was used to sample 

the reaction mixture. The sample was withdrawn with a 

variable speed peristaltic pump (Minipuls II, Gilson France 

S.A.) fitted with 1.14 mm I.D. Acidflex tUbing (Technicon 
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Corp., Tarrytown, NY}. All absorption spectra were obtained 

in 1 cm light path quartz cellon Cary 219 spectrophotometer, 

and samples from the kinetics experiments were pumped through 

a flow cell whose volume was 80 microliter and return to the 

flask. Absorbance data were collected from the Gary 219 

spectrophotometer via its digital interface port using an 

Apple II plus computer. 

A Hi-Tech stopped-flow SF-51 spectrophotometer interfaced 

to an IBM PC instrument was used for the determination of rate 

constants in the aqueous and micellar phases, Figure 2. 

acquisition and treatment were accomplished with 

associated Hi-Tech software. 

Data 

the 

A Perkin-Elmer ICP-AES (model 6500) system was used for 

the determination of distribution ratios of selected elements. 

A cross flow nebulizer was used through out the studied except 

at the high salt content where the micro Babington nebulizer 

was utilized. 

The interfacial tension of ligands and metal complexes at 

different pH values were determined by the pendant drop method 

and the apparatus was constructed in our laboratory. All pH 

measurements were made with a Fisher Scientific 925 pH meter 

which was calibrated daily with standard buffer solutions. 

A CPC instrument (Sanki, Co., Japan) consisting of a 

model SPL centrifuge containing 6 analytical/semi-preparative 

cartridges each having 400 channels, a model CPC FCU-V loop 
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injector and a model LBP-V pump. The internal volume of these 

six cartridges is 120 mL. A block diagram of the CPC 

instrument system is depicted in Figure 3. The organic phase 

was used as the stationary phase at a rotational speed of 800 

rpm through which an aqueous mobile phase was pumped in the 

ascending/descending mode at a specific flow rate. A uv-vis 

spectrophotometric detector (Model 770, Schoeffel Instrument 

Co.) with a 0.1 mL cell volume and 8-mm path length was used. 

A Perkin-Elmer Model 1800 FT-IR spectrometer was used for 

the infrared spectra collection and controlled by the Perkin

Elmer CDS-3 software. The internal reflection elements (IRE) 

used was ZnSe. Integrated molar absorptivities were 

determined in cells with ZnSe or KBr transmission windows 

(Janos optical) with organic solvents and CaF2 windows (Janos 

optical) for aqueous solutions. 

3.2. Reagents 

8-Mercaptoquinoline was obtained from sigma Chemical Co. 

(st. Louis, MO) as the hydrochloride. A 2.5 x 10-3 M stock 

solution was prepared by dissolving 0.1 g of this reagent into 

200 mL of pH 7.0 phosphate buffer. A solution of 8-

mercaptoquinoline in toluene was prepared by extracting 8-

mercaptoquinoline from that stock solution with 200 mL of 

toluene. The concentration of 8-mercaptoquinoline in toluene 

thus obtained was 2.5 x 10-3 M. A 5 X 10-3 M nickel stock 

solution was prepared by dissolving appropriate quantity of 
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reagent grade nickel perchlorate in 100 mL of deionized water. 

The water and toluene used for sample preparation were 

equilibrated overnight and de-aerated for one hour with argon 

before conducting experiments. The ionic strength of the 

aqueous solution was maintained at 0.1 by the addition of 

sodium perchlorate (Alfa Products). 

1-Phenyl-3-Methyl-5-Pyrazolone (ICN Pharmaceuticals, 

Inc., Plainview, N.Y.) was used as the starting material for 

the synthesis of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone 

(HPMBP). A 0.01 M of nickel stock solution was prepared by 

dissolving an appropriate quantity of reagent grade nickel 

perchlorate (Alfa Products) in 100 mL of deionized water. The 

water and chloroform used for sample preparation were 

equilibrated overnight. The ionic strength of the aqueous 

solution was maintained at 0.1 by the addition of sodium 

perchlorate (Alfa Products). A solution of 0.01 M 3-picoline 

(Eastman Kodak Co.) was prepared in water. A 10-3 M solution 

of 4- (2-pyridylazo) resorcinol (PAR) (Aldrich) at pH 5.0 

(succinate buffer) was used for the spectrophotometric 

detection of nickel in the CPC experiments by post-column 

derivatization. Brij 35 (>97% purity, Fluka) was used as 

received and a 0.5 - 4% solutions were prepared in water for 

the study of dissociation kinetics. 

LIX 860 (dodecylsalicylaldoxime) was obtained from Henkel 

Corp. and was purified by equilibrating a 500 mL of 0.1 M 
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solution of the crude ligand in hexanes with 500 mL of 0.5 M 

Cu(II) at pH = 4.5 for 4 hr. After phase separation, the 

organic phase was dried over anhydrous Na2S04 and hexanes 

removed by rotary evaporation to obtain the viscous Cu(LIX 

860)2 complex. This was washed with several 25 mL portions of 

methanol to remove the uncomplexed impurities and the methanol 

washes discarded. The complex was redissolved in 500 mL of 

hexanes and equilibrated with 500 mL of 1 M HCl twice to strip 

the Cu(II). The remaining hexanes solution was washed with 

500 mL of H20 several times and dried over anhydrous Na2so4' 

Evaporation of the hexanes yielded LIX 860 as a pale yellow 

liquid. The purity was determined to be 98.5 ± 1.5 % from the 

amount of Cu(II) complexed by a 0.001 M solution of the 

ligand. Analytical grade hexanes (mixture of isomers, EM 

Science) was used without further purification in all our 

studies as it is economical. Representative equilibrium, 

kinetic and CPC experiments were performed in n-hexane and the 

resul ts in this solvent and in the hexane mixtures were 

essentially identical, i.e. within the standard deviation. 

Apiezon M is a product of Apiezon Products, Ltd., London, 

England. 8-hydroxy-7-iodo-5-quinoline sulfonic acid (> 99%) 

was obtained from Eastman organic Chemicals Co. (New York). 

Octamethylene bis(nitrilodimethylene) tetra phosphonic acid 

(OMNTP) was synthesized and purified in our laboratory. 

Agar and di-octyl-sulfide are products of Aldrich 
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Chemical Company. Di-octyl-sulfoxide was synthesized from di

octyl-sulfide. The synthesis procedures were described below. 

Palladium(II) chloride (Johnson Matthey, Ward Hill, MA) and 

ferric chloride (Mallinckrodt Chemical Works) were analytical 

grade. A 0.001 M of PdC14
2- stock solution was prepared by 

dissolved 0.0177 g of PdCl2 and 3.0 g of NaCI in 100 mL of pH 

= 3 buffer solution. AD. 03 M of DOSO stock solution was 

prepared by dissolved 0.822 g of DOSO in 100 mL of CCI4. 

3.3. Procedures 

3.3.1 Synthesis of 1-Phenyl-3-Methyl-4-Benzoyl-5-Pyrazolone 

(HPMBP) 

Fifteen grams of 1-phenyl-3-methyl-pyrazolone were placed 

in a flask equipped with a stirrer, separatory funnel and a 

reflux condenser and dissolved in 80 mL dioxane (Aldrich) by 

application of heat. 12 g of calcium hydroxide were added, 

and 9.9 mL of benzoylchloride (Aldrich) were added dropwise 

within 1 min. The reaction mixture became a thick paste and 

the temperature increased during the first few minutes. The 

mixture was heated to reflux for 40 min. The calcium complex 

in the flask was decomposed by pouring the mixture into dilute 

hydrochloric acid (200 mL, 2 M) which caused cream colored 

crystals to separation. The HPMBP was twice recrystallized 

from a slightly acidic water-methanol (5 v/v%) solution and 

three times from pure methanol, m.p. 90-92 °c, yield = 70 % 

[32]. The purity of HPMBP was determined to be greater than 
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99 % on the basis of the maximum amount of Cu(II) extracted by 

its CHCl3 solution. 

3.3.2 synthesis of Octamethylene Bis (nitrilodimethylene) 

Tetra Phosphonic Acid (OMNTP) 

Formaldehyde (81 mL; 1 mole) was added dropwise at reflux 

temperature over a 2 hour period to a mixture of 1,8-

diaminooctane (18 g; 0.125 mole) and phosphorus acid (H3P03 ; 

41 g; 0.5 mole) in 6 M HCI (100 mLi 50 mL H20 + 50 mL Conc. 

HCI). The mixture was refluxed for an additional 2 hours 

after the addition of formaldehyde was complete. The product 

OMNTP was obtained as a white precipitate and was collected by 

filtration and washed with cold H20. It was recrystallized 

twice from hot water (70 oC), filtered and dried in the vacuum 

at 120 oC. The yield of OMNTP was 71 % (46 g) and the pure 

product had a sharp melting point of 238 ± 1 oC. 

3.3.3 Synthesis of Di-octyl-Sulfoxide (DOSO) 

Five grams of di-octyl-sulfide was dissolved in 100 mL of 

ethanol (100%) at 50 °C. A 1.97 mL aliquot of 30% of H20 2 was 

added to that ethanol solution drop by drop. The oxidation 

reaction was slow and required 24 hrs reflux [33]. The 

overoxidation of di-octyl-sulfide could avoid by using less 

than the equivalent amount of H20 2 and repeating the 

oxidation. 

3.3.4 Preparation of the Nickel Complex 

A 5 x 10-3 M stock solution of the Ni(PMBP)2 was prepared 
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by equilibrating 0.01 M HPMBP with 0.1 M Ni(Cl04)2 at pH 6.8 

for 2 hr. 

For the Ni-LIX 860 study, a 2 x 10-3 stock solution of 

the Ni(DSO)2 was prepared by equilibrating 4 x 10-3 M HL with 

0.1 M Ni(N03)2 at pH 9 for 4 hr. 

These solution were used for the determination of 

interfacial excess by the pendant drop method, and the 

adsorption isotherm and the specific interfacial areas by uv

vis spectrophotometry. 

3.3.5 Determination of KDR by ICP 

A 0.03 g sample of 8-mercaptoquinoline hydrochloride was 

dissolved in 20 mL of deionized water. The 8-

mercaptoquinoline was extracted into 20 mL of toluene by 

equilibrating the phases for 10 minutes. The QSH was 

quantitatively extracted into toluene as evident from its KDR 

value and the absence of sulfur ICP emission signal in the 

aqueous phase. The extracted QSH was equilibrated with 20 mL 

of buffer solution at pH 8.3. The 8-mercaptoquinoline in the 

aqueous phase was determined by monitoring the sulfur ICP 

emission at 182 nm (detection limit = 0.05 ppm) [37,38]. The 

plasma chamber was purged with argon to prevent the absorption 

of the sulfur emission by oxygen. The concentration of 8-

mercaptoquinoline in toluene after equilibration was obtained 

by subtraction of the aqueous phase concentration determined 

by ICP from the initial organic phase concentration. 
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3.3.6 Determination of the KOR and Koc Values by uv-vis 

Spectrophotometry 

A 100 mL hexanes solution of 2 x 10-3 M LIX 860 was 

equilibrated with 1000 mL of H20 at pH = 7.0 for 2 hr. The 

concentration of LIX 860 distributed into the aqueous phase 

was determined by reextracting it into 100 mL of hexanes and 

recording its uv-vis spectrum. The KOR value was calculated 

in the usual manner ([HLJol [HLJ a ) taking into account the 

volumes of the hexanes and aqueous phase. The Koc was 

determined in a similar manner by equilibrating a 10 mL of 5 

x 10-4 M nickel complex in hexanes prepared from the 0.002 M 

stock solution of the complex, with 1000 mL of H20 at pH = 7.0 

for 2 hr. 

3.3.7 Determination of Extraction stoichiometry and 

Equilibrium Constant 

A 10-3 M of Ni(II) solution was equilibrated with 0.01 M 

of HPMBP in CHC13 in the pH range, 5.8 - 7.3 for pH dependence 

studies, and with various concentrations of HPMBP (0.01 -

0.05 M) at pH 5.8 for ligand dependence studies. The 

distribution ratio of Ni(II) was determined from the amount of 

Ni(II) in the aqueous phase after extraction with HPMBP, by 

ICP-AES at 221.647 nm (detection limit: 0.34 ppm). The 

extraction equilibrium was derived from the log D vs. pH and 

log D vs. log [HPMBPJ (D: distribution ratio of Ni(II» plots 

which yielded the number of protons released and the number of 
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HPMBP molecules complexed by Ni (II). These plots also yielded 

the extraction equilibrium constant, Kex. 

The LIX 860 dimerizes in organic solvents and has a 

dimerization constant of 30.54 ± 1.82 in hexanes. The total 

concentration of LIX 860 is mentioned throughout but the 

concentration of free monomer calculated using the 

dimerization constant has been used in all equilibrium and 

kinetic calculations. A 2 x 10-4 M of Ni(II) solution was 

equilibrated with 2 x 10-3 M of LIX 860 in hexanes in the pH 

range, 4.1 - 6.2 for pH dependence studies, and with various 

concentrations of LIX 860 (5 x 10-4 - 5 x 10-3 M) at pH 5.1 for 

ligand dependence studies. 

A 0.001 M of PdC14
2- stock solution was prepared by 

dissolved 0.0177 g of PdCl2 and 3.0 g of NaCI in 100 mL of 

buffer solution (pH 3, formic acid). A 0.03 M of OOSO in CCl4 

stock solution was prepared by dissolved 0.822 g of OOSO in 

100 mL of CCI4 . A 10 mL aliquot of PdC14
2- solution was 

extracted by 10 mL of different concentrations (0.018 - 0.03 

M) of OOSO in CCl4 for 1 hour, respectively. The distribution 

ratio of palladium was determined from the amount of palladium 

in the aqueous phase after extraction with OOSO, by ICP-AES at 

340.458 nm (detection limit: 1.47 ppm). The extraction 

equilibrium was derived from the log 0 vs. pH and log 0 vs. 

log [OOSO] (0: distribution ratio of Pd(II» plots. Kex value 

could be calculated by this plot. 
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3.3.8 Determination of the Interfacial Tensions 

The interfacial tension, y (± 3%), of the neutral and 

deprotonated QSH at the toluene-aqueous interface was 

determined at 24.0 ± 0.1 °c by the pendant drop technique 

[34]. Various concentrations of QSH (5 x 10-5 M - 5 x 10-3 M) 

in toluene were pre-equilibrated with an appropriate buffer 

solution (pH 4.5 - 9.6) and the pre-equilibrated phases were 

used for the y determination. The aqueous drops were formed 

at the end of a stainless steel needle of diameter 0.13 cm of 

a syringe controlled by a micrometer screw. Once formed, the 

drop was allowed to hang in the organic phase at room 

temperature for sufficient length of time (ca. 30 min) before 

its maximum equatorial diameter, de and its diameter, ds' in 

a selected plane at a distance de from the apex of the drop 

were measured. The de and ds were measured by a dial caliper 

(Scienceware, Dial type 6932). The interfacial tension, y, 

was calculated using the appropriate equation [34]. 

The interfacial tensions, y, of the neutral, anionic 

HPMBP and its nickel complex (HPMBP, PMBP-, and Ni(PMBP)2) at 

the CHCl3-H20 interface was also determined by the pendant 

drop technique. Various concentrations of HPMBP (5 x 10-5 M -

0.1 M) in CHCl3 were pre-equilibrated with an appropriate 

buffer solution (pH 3.2 and pH 6.8) and the pre-equilibrated 

phases were used for the y determination. A CHCl3 solution of 

Ni(PMBP)2 was equilibrated with an aqueous phase at pH 6.8 and 
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these phases were used for the determination of y. The CHCl3 

drops were formed at the end of a 0.0975 cm i.d. stainless 

steel needle on a syringe controlled by a micrometer screw. 

Trial and error method was used as the same as previous 

procedures. 

The interfacial tension of LIX 860, . and its nickel 

complex at the hexanes - H20 interface was determined by the 

same procedure as above. 

3.3.9 Adsorption Isotherms 

The adsorption isotherms for PMBP- and Ni (PMBP) 2 were 

obtained by measuring their drops in concentration from 

observed absorbance decrements at 345 nm (EHPMBP = 911 M-1cm-1 ; 

ENi(PMBP)2 = 1998 M-Icm- I ) in CHCl3 at a stirring speed of 5000 

rpm, as a function of the concentrations of HPMBP and 

Ni(PMBP)2 in CHCl3 with the aqueous phase maintained at pH 

6.8. The isotherms \.,rere obtained by plotting the 

concentrations of adsorbed species against their equilibrium 

CHCl3 concentrations. 

The adsorption isotherms for neutral and anionic LIX 860, 

and its nickel complex were obtained by the same procedure as 

above. The absorbance decrements were at 310 nm (€ = 3567 M

Icm-I ) for both neutral and anionic LIX 860 and at 405 nm (€ 

= 3146 M-Icm- I ) for its nickel complex in hexanes at a stirring 

speed of 5000 rpm. The aqueous phase pH for the isotherms of 

neutral LIX 860 and its nickel complex was 7.0 and for the 
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isotherm of anionic LIX 860 was 9.6. 

3.3.10 Determination of the Specific Interfacial Areas and the 

Interfacial Distribution Constants 

A 5 x 10-4 M of 8-mercaptoquinoline in toluene was 

equilibrated with an aqueous buffer solution (pH 4.5 - 9.6), 

at a constant stirring speed. The absorbance of 8-

mercaptoquinoline was determined at 340 nm before 

equilibration with the aqueous phase (Ai)' after equilibration 

with the aqueous phase (Ao) and under stirred conditions (As). 

The difference, Ao-As (~A), is related to the interfacial 

excess. Similarly Ao/(Ai-Ao), the distribution ratio of QSH 

under unstirred conditions (D) and As/(Ai-As), the 

distribution ratio of QSH under stirred conditions (D') are 

related to its distribution constant between the bulk aqueous 

phase and interface. 

The concentrations of HPMBP and its nickel complex in 

CHCl3 employed were 2 x 10-3 M and 5 x 10-4 M respectively. 

These concentrations are sufficient to saturate the CHCl3-H20 

interface. The absorbance values, Ai at 345 nm before 

equilibration with the aqueous phase at pH 6.8 were recorded. 

The CHCl3 and aqueous phases were then equilibrated by 

stirring at 5000 rpm for 30 min. The absorbance measurements 

are the same as previous procedure. 

In the Ni-LIX 860 system, the absorbance values at 310 nm 

for neutral and anionic LIX 860 and at 405 nm for its nickel 
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complex. The concentration of LIX 860 and its nickel complex 

employed in the hexanes phase were 10-3 M and 5 x 10-4 M, 

respectively, which are sufficient to saturate the hexanes

aqueous interface. 

3.3.11 Extraction Kinetics by MTPS 

One hundred milliliters of 5 x 10-4 M 8-mercaptoquinoline 

and 99 mL of aqueous buffer at the desired pH were mixed in a 

reaction vessel immersed in a constant temperature bath held 

at 24.0 ± 0.1 °C. This concentration of ligand is sufficient 

to saturate the toluene-aqueous interface in the pH range of 

the kinetic experiments. The stirrer was set to the desired 

stirring speed and the mixture allowed to stir for 10 minutes 

in order to ensure that thermal equilibrium and steady-state 

drop size were attained. Kinetic experiments were conducted 

in an argon atmosphere to prevent oxidation of the ligand 

[35]. The kinetic run was started by a rapid injection of 1 

mL of 5 x 10-3 M nickel solution into the reaction vessel and 

monitored at 560 nm. The experiments were conducted under 

pseudo-first order conditions with the concentration of ligand 

in the organic phase being 10 times that of the concentration 

of nickel ion in the aqueous phase. The pseudo-first order 

rate constants, kobe' were obtained from analysis of the plot 

of In(Aeq-Ao)/(Aeq-At) versus time, where Aeq , Ao ' and At are 

the absorbance values at equilibrium, at time zero, and at 

time t, respectively [Appendix A]. 
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All kinetic experiments were conducted under pseudo first 

order conditions by monitoring the formation of Ni(PMBP)2 at 

345 nm in CHCI3 • The rate limiting step was determined by 

conducting kinetic experiments both under excess HL and excess 

Ni(II). The dependence of the pseudo first order rate 

constant on interfacial area was determined under conditions 

of excess HL. The kinetic runs was the same procedures as 

previously described. The pseudo-first order rate constant, 

kobs ' were obtained from the slopes of the plot of In (Aeq

AO)/(Aeq-At ) versus time under excess Ni(II) and In(l

(D/ (D+1) ) (At-Ao) / (Aeq-Ao» versus time [Appendix A], under 

excess HPMBP. Where D is the distribution ratio of Ni(II). 

In Ni-LIX 860 system, all kinetic experiments were also 

conducted under pseudo first order conditions by monitoring 

the formation of Ni (OSO) 2 at 394 nm (€ = 4430 M-1cm-1) in 

hexanes using the previous procedure. The rate limiting step 

was determined by conducting kinetic experiments under excess 

[HOSO] ([Ni] = 2 x 10-4 Mi [HOSO] = 0.004 - 0.016 M). The 

dependence of the pseudo first order rate constant on 

interfacial area was determined under conditions of excess 

[HOSO] ([Ni] 2 x 10-4 Mi [HOSO] = 0.02 M). The 

concentration of LIX 860 employed are sufficient to saturated 

the interface in the pH range of the experiments. The pseudo

first order rate constants, kobs' were obtained from analysis 

of the plot of In (Aeq-Ao)/(Aeq-At) versus time. 
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3.3.12 Kinetics of Back-Extraction by MTPS 

The back-extraction by MTPS experiments were performed 

under excess ligand. The Ni(PMBP)2 was formed in CHCl3 by 

extracting 10-4 M Ni(II) buffered at pH 6.95 with 10-3 M HPMBP. 

The aqueous phase was then replaced with a fresh aqueous 

solution at ionic strength 0.1. The two phases were 

equilibrated and an appropriate volume of 10-3 M HCl was 

injected to yield final proton concentration of 10-6 - 10-5 M 

and the dissociation reaction was monitored at 345 nm. 

In Ni-LIX 860 system, the Ni(OSO)2 was formed in hexanes 

by extracting 0.02 M Ni(II) buffered at pH 7.0 with 4 x 10-4 

M HOSO ([Ni(OSO)2] = 2 x 10-4 M). This complex was then 

placed in the morton flask for the MTPS experiments and an 

appropriate amount of HOSO added ([HOSO] = 0.002 - 0.1 M). 

This was equilibrated with aqueous phase at an ionic strength 

of 0.1 (NaCl04) to which an appropriate volume of 0.2 M HCl 

was injected to yield final proton concentration of 2 x 10-4 -

3 x 10-3 M (pH = 2.5 - 3.7). The dissociation reaction 

(pseudo first order in [H+]) was monitored at 398 nm at 

various stirring speeds to determine the dependence of the 

dissociation rate constant on the specific interfacial area. 

3.3.13 Kinetics by Stopped-flow 

Stopped-flow kinetic measurements were performed in the 

pH range 4.3 - 7.8, under pseudo first order conditions with 

either excess Ni(II) or excess QSH, the concentration of the 
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excess reagent being 10-3 M and the limiting reagent 10-4 M. 

The reaction was followed at 560 nm, 2 ms after mixing. The 

data collection and analysis were performed with the Hi-Tech 

software. 

The dissociation kinetics of Ni (PMBP) 2 was also 

investigated in micelles formed by 0.5 - 4% (4.2 X 10-3 -

0.0334 M) Brij 35 (C12H25 (OCH2CH2) 230H) which has a critical 

micelle concentration of 2 x 10-4 M under the experimental 

conditions employed [36]. The kinetic experiments were 

conducted at ionic strength 0.1, under excess HPMBP and excess 

Ni(II) in 1% Brij (8.3 x 10-3 M) with the concentrations of 

the excess and limiting reagents being 10-3 M and 10-4 M 

respectively. The Ni(II) and HPMBP in 1% Brij 35 were mixed 

at pH 6.95 and stirred at room temperature for 1 hr to achieve 

equilibrium. The dissociation kinetics was performed by 

mixing the complex solution with HCl concentrations from 4 x 

10-4 to 10-2 M in 1 % Brij 35 in the stopped-flow apparatus. 

The experiments as a function of the concentration of Brij 35 

(0.5 - 4%) were conducted under excess HPMBP (10-3 M) at an 

HCl concentration of 10-3 M. The kinetics was monitored at 

345 nm, 0.02 s after mixing the complex and the acid. 

3.3.14 CPC Studies 

CPC experiments were conducted with 4 x 10-3 - 10-2 M 

HPMBP in CHC13 as the stationary phase and the aqueous phase 

at pH 5.8 - 6.2 as the mobile phase, pumped in the ascending 
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mode. All the experiments were performed at 25 ± 0.1 DC. The 

solutions of HPMBP in CHCl3 were pre-equilibrated with an 

aqueous solution at the appropriate pH for 4 hours. The 

equilibrated phases were separated and filtered just before 

use. The CPC cartridges were loaded with the CHC13 stationary 

phase and equilibrated with the aqueous mobile phase and the 

resulting volumes of the stationary and mobile phases were 35 

mL and 90 mL respectively. A 2 mL sample of nickel stock 

solution (10-3 M) was injected into the CPC system for each 

run at an aqueous mobile phase flow of 0.4 ± 0.04 mL/min. The 

eluting Ni(II) was detected at 498 nm by post-column 

derivatization with PAR. 

The 3-picoline chromatograms were obtained in the pH 

range 4.8 - 5.1 at D values similar to Ni(II) with the 

detection wavelength being 262 nm. 

In Ni-LIX 860 system, CPC experiments were conducted at 

25 DC with 0.02 M - 0.1 M LIX 860 in hexanes as the stationary 

phase. The CPC cartridges were loaded with the hexanes 

stationary phase and equilibrated with the aqueous mobile 

phase pumped in the descending mode. The resulting volumes of 

the stationary and mobile phases were 27 and 98 mL 

respectively. The Ni (II) chromatograms were obtained by 

employing a pH gradient. A 2 mL solution of Ni(II) (4 x 10-4 

M) was injected into the CPC system at an aqueous mobile phase 

pH = 8.5 and flow rate of 0.4 ± 0.04 mL/min with the mobile 
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phase being maintained at this pH for 1 hr to ensure complete 

extraction of Ni (II). The mobile phase pH was then changed to 

an appropriate value (4.2 - 4.7) and maintained at the same 

flow rate for the back-extraction of Ni (II) . The eluting 

Ni(II) was detected by post-column derivatization with PAR at 

398 nm. Extraction equilibria were achieved at the eluting pH 

as indicated by the D values of Ni(II) and the log D vs. pH 

and log D vs. log [HDSO] plots. 

3.3.15 ATR-Based Method 

3.3.15.1 casting an ApM Film 

Fifteen gram of ApM was dissolved in 140 mL of 

cyclohexane at a constant temperature (58 ± 1°C). Films were 

coated on both side of IRE by soaking an IRE plate vertically 

in the cyclohexane solution and followed by pulling the IRE 

plate with a constant pulling speed. The thickness of films 

was dependant on pulling speed and the concentration of ApM in 

cyclohexane solution. The thickness could be determined by 

transmission experiment. The thickness of ApM film was 0.7 -

0.9 micron. 

3.3.15.2 casting an Agar Film 

A 0.04 g of agar was dissolved in 50 mL of deionized 

water by generally increasing the temperature. Fifty mL 

aliquot of a solution with an appropriate amount of metal ion 

at a constant pH was mixed with 50 mL of agar solution. The 

temperature was kept at 60 ± 1°C. A 0.04 mL aliquot of this 
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agar solution was spread evenly in a polyethylene film 

retaining form (opening 45 x 18 mm) resting on an ZnSe plate, 

which ZnSe plate was coated with 2000 A of A120 3 . The Al20 3 

coated ZnSe plate increased the hydrophilic property of the 

ZnSe surface and kept the water spread evenly on the surface. 

The agar film was allowed to gel on the ZnSe plate by placing 

it in a saturated water vapor chamber at room temperature for 

one hour. As the temperature fell lower than the critical gel 

temperature (38 °C), an agar film was formed on the ZnSe 

plate. The thickness of agar film was various with 

concentrations. Film thicknesses were determined by IR 

transmission through the film and ZnSe plate, from the bulk 

absorptivity of agar previously determined with agar solution 

between caF2 windows. The thickness of agar film was 0.5 -

0.8 micron. 

3.3.15.3 IR Studies 

The IRE was mounted in an appropriate holder (Harrick 

Scientific) and an aliquot of sample solution (aqueous 

solution for ApM model and organic solution for agar model) 

was introduced against the film by a syringe. Infrared 

spectra were recorded with a Perkin-Elmer 1800 FT-IR 

spectrometer controlled by CDS-3 software. All spectra were 

acquired in the double beam mode versus open reference beam 

with the "quantitative" scan program, typically using 10 

cycles. Transmission spectra were obtained with KBr 



56 

transmission windows for organic solvents and CaF2 windows for 

aqueous solutions. The entire optical path was purged with 

PneumaTech compressed air dryer apparatus at each run. The 

penetration depth, dp, is define as dp = 'AI (n121T(sin20 -

(n2/nl)2)1/2), and the effective pathlength, de (= (n21E02dp)/(2 

cos 0), represents the bulk solution contribution [30], and a 

term in de/dp represents the contribution of surface-adsorbed 

analyte. A program "part286.exe" was used to calculate de' 

and dp values for ApM-H20 model [30]. For the agar-organic 

model, a substance which had no adsorption on agar film was 

selected (e.g. heptane) for monitoring the C-H stretching band 

at 1380 cm-1 for the determination of "effective thickness", 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Extraction Equilibrium 

The extraction equilibrium is the first step for studying 

a solvent extraction system. The systems, which were selected 

by this studies, are described as follows. 

4.1.1 The Extraction Equilibrium of Ni(II) with HPMBP 

The extraction equilibria of Ni(II) species were 

characterized by both solvent extraction and CPC as a function 

of proton and HPMBP concentrations. The log D vs. pH and log 

D vs. log [HPMBP] plots yielded slopes of +2 indicating the 

following extraction equilibrium (D is the distribution ratio 

of nickel between two phases): 

Kex 
Ni 2+ + 2HL .. NiL2 +2H + (1) 

The log of the extraction equilibrium constant, Kex' defined 

in equation 2, is -7.72 ± 0.10 

[N iL2 ] [H + ] 2 
= 

(2) 

[Ni 2+] [HL] 2 

4.1.2 The Extraction Equilibria of Ni(II) with LIX 860 

The extraction equilibria of Ni(II) species were 

characterized by both solvent extraction and CPC as a function 
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of proton and LIX 860 concentrations. The log D vs. pH and 

log D vs. log [HDSO] yielded slopes of 1.92 ± 0.07 and 2.10 ± 

0.05 respectively for the Ni(II) extracted with LIX 860, 

indicating the extraction equilibrium was the same as equation 

1. The log Kex is -4.63 ± 0.19. 

4.1.3 Extraction Equilibrium for PdCl2 (DOSO) 2 and PDCl4 (DOSOH) 2 

The extraction equilibrium of palladium was characterized 

by solvent extraction as a function of DOSO in the low acid 

concentration (pH 3). The slope of log D vs. log [DOSO] is 2; 

D is the distribution ratio of palladium between two phases. 

This indicates that each PdCl4
2- is bound to 2 DOSO at pH = 3. 

The extraction reaction is: 

Kex 
PdCl;- + 2DOSO .... PdC1 2 (DOSO) 2 + 2Cl - (3) 

The logarithm of extraction constant is 2.32. 

The extraction equilibrium of palladium \.,ras determined by 

solvent extraction as a function of DOSO and proton 

concentrations ([H+] > 4.0 M). The slopes of log D vs. log 

[DOSO] and log D vs. log a(H) are 2. This indicates that each 

PdCll- is bound to 2 DOSO and 2 proton under high acid 

concentrations condition. The acid concentrations, a(H), were 

corrected by ionic strength [54]. The extraction reaction in 
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these high acid concentrations is: 

Kex 
PdClt- + 2DOSO + 2H + ... PdC14 (DOSOH) 2 (4) 

The logarithm of extraction constant of palladium with 

DOSO in high acid concentrations is 3.53. 

It is apparent that the complexation of palladium with 

DOSO in low acid concentrations was different from that in 

high acid concentrations. 

4.2 Interfacial Adsorption in Solvent Extraction Systems 

In order to evaluate the role of the liquid-liquid 

interface on the extraction process, the examination of the 

interfacial properties of the ligands and complexes are the 

first thing to begin with. The interfacial properties are 

depend primarily upon the concentration of the reagent 

adsorbed at the interface, the interfacial excess, r. The 

interfacial excess is a function of the bulk concentration of 

reagent, the molecular geometry of the reagent, the nature of 

the organic solvent, and its interfacial activity. 

Interfacial activity can be regarded as a measure of the 

amount of change in interfacial property by the adsorption of 

a given amount reagent. There are three methods can be used 

for the determination of interfacial activity, namely, 

measurement of interfacial potential, interfacial viscosity, 
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or interfacial tension. Interfacial tension measurement, is 

a useful and convenient method for the interfacial activity 

determination, was selected for this study. 

4.2.1 Interfacial Tensions Determination 

The interfacial tension, y, of the neutral and 

deprotonated QSH at the toluene-aqueous interface is shown in 

Fig. 4. As evident from Fig. 4, a concentration of ligand ~ 

5 X 10-4 M (-In(5 x 10-4) = 7.6, which is in the saturated 

region, Fig. 4.), is sufficient to saturate the toluene

aqueous interface in the pH range of the kinetics experiments. 

The interfacial tensions, y, of the neutral, anionic 

HPMBP and its nickel complex (HPNBP, PMBP-, and Ni(PMBP)2) at 

the CHCl3-H20 interface is shown in Fig. 5. In this system, 

the CHCl3-H20 interface is saturated with PMBP- when the bulk 

HPMBP concentration is ~ 1.5 X 10-3 M and, and with Ni(PMBP)2 

when its bulk concentration is ~ 4.0 X 10-4 M. 

The interfacial tensions of the neutral, anionic LIX 860 

and its nickel complex at the hexanes-H20 interface is shown 

in Fig. 6. In this system, the hexanes-H20 interface is 

saturated when the bulk LIX 860 and its nickel complex 

concentrations is > 10-4 M. 

4.2.2 Interfacial Excesses 

The interfacial excess, r, was calculated using the 

Gibbs equation, 
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Figure 4. Interfacial tension as a function of the 

concentration of 8-mercaptoquinoline in the 

toluene-H20 phase pair at pH 4.5 and 9.6 
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Figure 5. Interfacial tensions as a function of 

various concentrations of HPMBP, PMBP- and Ni (PMBP) 2 

in the CHCl3-H20 pair (a) HPMBP (pH 3.2), (b) PMBP

(pH 6.8), (c) Ni(PMBP)2 (pH 6.8) 
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Figure 6. Interfacial tensions as a function of various 

concentrations of HOSO, OSO-, and N i (OSO) 2 , the 

hexanes-H20 pair (a) OSO- (pH 9.6), (b) Ni(DSO)2 (pH 

7.0), (c) HOSO (pH 7.0) 
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(5) 

where y is the interfacial tension in dynes/cm, C is the 

bulk concentration in moles/L, R is 8.314 X 107 erg/K mol, and 

T is the absolute temperature. The r values were determined 

from the linear part of y vs. -In C plot by linear regression. 

Such plots of 8-mercaptoquinoline (QSH) at pH 4.5 and 9.6 are 

shown in Fig. 4 and the r values in the pH range 4.5 - 9.6 are 

listed in Table 1. As may be seen, the r value of the neutral 

QSH is 7.7 x 10-11 moles/cm2 and that of its anion is 9.3 x lO

II moles/cm2• The r value steadily increases from pH = 4.5 -

9.6 indicating that the adsorption of QS- occurs well below 

the pK2 (8.27). 

Clearly QSH and QS- have similar interfacial activities. 

Further, unlike QOH, QSH is interfacially active. This may 

reflect the influence of its zwitterionic form, QH+S-. In 

other words, the zwitterionic form of QH+S- is favored at the 

interface. Its anion, QS- has much higher interfacial 

activity (- 1-2 orders of magnitude) than does 8-quinolinate 

(r = 3.0 x 10-12 moles/cm2; CHCI3-H20), 5,7-dichloro-8-

quinolinate (r = 1. 7 X 10-11 moles/cm2; toluene-H20) or 5-

octyl-8-quinolinate (r = 1.4 X 10-11 moles/cm2; CHCI3-H20) 

[39]. 

The plots, y vs. -In C, for Ni(PMBP)2 at pH 6.8, HPMBP at 

pH 3.2 and PMBP- at pH 6.8 (pKa = 3.98) [40] are shown in Fig. 
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Table 1, Interfacial excess of 8-mercaptoquinoline at 
different pH values by the pendant drop method 

pH r (moles/cm2)xl011 

4.5 7.7 ± 0.8 
5.1 8.0 ± 0.8 
5.9 8.2 ± 0.9 
7.0 8.4 ± 0.7 
9.6 9.3 ± 0.6 
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5 and the corresponding r values are listed in Table 2. 

Clearly the interfacial activities are in the order Ni(PMBP)2 

> PMBP- > HPMBP. 

In the Ni-LIX 860 system, the plots, y vs. -In C, for 

Ni(D80)2 and neutral LIX 860 at pH 7.0, and anionic LIX 860 at 

pH 9.6 are shown in Fig. 6 and the corresponding r values are 

listed in Table 3. The interfacial activities of HDSO, D80-, 

and Ni(D80)2 for LIX 860 are very similar. These r values are 

much larger than the values for the 8-quinolinols, 8-

mercaptoquinoline (QSH) , and 1-phenyl-3-methyl-4-benzoyl-5-

pyrazolone (HPMBP), ligands and their Ni(II) complexes. The 

LIX 860 in its neutral form, unlike the 8-quinolinols and like 

QSH and HPMBP exhibits substantial interfacial activity. The 

deprotonated HPMBP is about four times more interfacial active 

than its neutral form, while the neutral and deprotonated QSH 

and LIX 860, possess very similar interfacial activities. The 

Ni(PMBP)2 is about seven times more interfacially active than 

the neutral ligand, but in the case of LIX 860 these 

interfacial activities are very similar. 

4.2.3 Calculation of Interfacial Areas 

As has been previously shown [41], the absorbance 

decrement !!A of QSH in the organic phase upon stirring at 

different rotational speeds is related to r and the 

interfacial area S, equation 6, 
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Table 2, Interfacial excess and adsorption equilibrium 
constants for Ni-HPMBP system 

System r x lOll K' X 108 Kid X 103 

moles/cm2 L/cm2 L/cm2 

HPMBP 1.4 ± 0.1 

PMBP- 6.0 ± 0.3 2.62 ± 0.22 1.94 ± 0.21 

Ni(PMBP)2 9.4 ± 0.7 8.24 ± 0.52 5.10 ± 0.40 
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Table 3, Interfacial excess and adsorption equilibrium 
constants for Ni-LIX 860 system 

System r x 1010 K' x 107 Kid x 102 

moles/cm2 L/cm2 L/cm2 

HOSO 1.87 ± 0.1 5.11 ± 0.21 1.40 ± 0.10 

OSO- 2.40 ± 0.3 9.65 ± 0.62 1. 79 ± 0.21 

Ni(OSO)2 1.26 ± 0.1 5.06 ± 0.42 1. 73 ± 0.20 
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rs IlAv (1 + ~) 
be KDR 

(6) 

where V is the volume of organic phase in liters (0.1 L), 

e is the molar absorptivity (2831 M-1cm-1) of QSH in toluene 

at the monitoring wavelength 340 nm, b is the path length of 

the flow cell (lcm) and KDR the distribution constant of QSH 

between toluene and H20 (225). Thus the interfacial areas at 

different stirring speeds can be determined using the r values 

obtained by the pendant drop method. The interfacial areas 

were determined at different stirring speeds for each of the 

pH values at which the kinetics of complexation of Ni(II) by 

QSH were studied and these values were used for the 

calculation of the bulk and interfacial rate constants. 

The absorbance decrement IlA (= Ao - As; Ao is the 

absorbance under non stirred condition, and As is the 

absorbance under stirred condition) of HPMBP in CHC13 at 

varying stirring speeds is related to r and the interfacial 

area, equation 6. A similar equation applies for Ni(PMBP)2. 

Values of the specific interfacial area a (cm-1), the 

interfacial area per unit volume of the organic phase (a = 

S/Vo ) , for PMBP- and Ni(PMBP)2 at pH 6.8 are listed in Table 

4. The specific interfacial areas for Ni(PMBP)2 are roughly 

twice as those for PMBP-, reflecting the trend in their r 

values. The molecular cross section at the interface could be 

calculated by the r values, for example, the cross section per 
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Table 4, Specific interfacial area a (cm-1 ) at different 
stirring speeds for HPMBP and Ni(PMBP)2 at pH 6.8 

Stirring Speed 
(rpm) 

5000 

4500 

4000 

3500 

3000 

2500 

2000 

HPMBP 

251. 8 ± 
231. 3 ± 
215.9 ± 
200.4 ± 
179.9 ± 
164.5 ± 
149.1 ± 

Ni (PMBP) 2 

18.0 552.4 ± 33.1 

15.0 531.5 ± 31.9 

15.1 498.1 ± 30.8 

14.1 476.5 ± 32.4 

12.6 431.4 ± 30.2 

12.4 398.0 ± 29.9 

12.0 352.0 ± 26.4 
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molecule ( = 1 / r x 6.02 X 1023 ) for HPMBP, PMBP- and 

Ni (PMBP) 2 are 

cm2/molecule, 

A2/molecule, 

1.2 X 10-13 , 2.8 x 

respectively (or 

and 180 A2/molecule, 

10-14 , and 1.8 x 

1200 A2/molecule, 

respectively) • 

10-14 

280 

It is 

apparent that molecules of Ni(PMBP)2 are stretch out on the 

interface. 

Values of the specific interfacial area a (cm-1), for 

HOSO and Ni(OSO)2 at pH 7.0 and OSO- at pH 9.6 are listed in 

Table 5 which reflect the trend in their r values. The 

molecular cross section at the interface could be calculated 

by the r values, for example, the cross section per molecule 

( = 1 / r x 6.02 x 1023 ) for HOSO, OSO- and Ni(OSO)2 are 8.9 

x 10-15 , 6.9 X 10-15 , and 1.32 x 10-14 cm2/molecule, 

respectively (or 89 A2/molecule, 69 A2/molecule and 132 

A2/molecule, respectively). 

4.2.4 Adsorption Isotherms 

To better understand the adsorption behavior, 

measurements of the absorbance decrement were carried out at 

a constant pH value as a function of reagent concentrations. 

The absorbance decrement rises steeply at first, and then 

levels off, gi ving the plot a shape reminiscent of the 

Langmuir adsorption isotherm. 

The adsorption isotherms for PMBP- and Ni(PMBP)2 is shown 

in Fig. 7. 

The adsorption equilibrium constants K'L for PMBP- and 
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Table 5, Specific interfacial area a (cm- I ) at different 

stirring speeds for HOSO, and Ni(OSO}2 at pH 7.0, and OSO- at 

pH 9.6. 

Stirring Speed 

(rpm) 

5000 

4500 

4000 

3500 

3000 

2500 

2000 

HOSO 

194.8 

176.5 

158.2 

140.0 

121. 7 

103.4 

85.1 

± 10.0 

± 9.0 

± 7.6 

± 7.0 

± 5.4 

± 5.5 

± 4.2 

Ni(OSO}2 

208.4 ± 11. 0 104.5 ± 6.5 

188.6 ± 10.2 94.2 ± 5.3 

168.7 ± 9.1 83.8 ± 4.9 

148.9 ± 8.0 73.4 ± 4.3 

129.0 ± 6.9 63.1 ± 3.7 

109.2 ± 6.2 52.7 ± 3.4 

89.3 ± 4.6 42.3 ± 3.0 
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Figure 7. The adsorption isotherms of (a) Ni(PMBP)2 and (b) 

PMBP-. The abscissa for PMBP- is 3 times its actual 

value 
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K'c for Ni(PMBP)2 can be defined as 

(7) 

where subscripts i and 0 represent interfacial and bulk CHCl3 

concentrations (for PMBP- the bulk concentration is that of 

HPMBP), C represents the concentration of HPMBP, or PMBP-, or 

Ni(PMBP)2 and K' represents K'L or K'c. It may be shown from 

the mass balance equations that [42] 

(8) 

The total interfacial area, S, can be used to determine 

K' from the slope of equation 8. The S values from the 

intercepts for PMBP- and Ni(PMBP)2 at pH 6.8 and a stirring 

speed of 5000 rpm are (3.4 ± 0.2) x 104 cm2 and (5.5 ± 0.7) x 

104 cm2 respectively, which are in agreement with values 

determined from equation 6, (Table 4). The K'L and K'c values 

obtained from the slopes of equation 8 plots (Table 2), again 

indicate that Ni (PMBP) 2 is more interfacially active than 

It is evident that the CHCl3-H20 interface is 

saturated with PMBP- when the bulk HPMBP concentration is ~ 

1.5 x 10-3 M, and with Ni(PMBP)2 when its bulk concentration 

is ~ 4.0 x 10-4 M, (Fig. 7). 
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In Ni-LIX 860 system, the specific interfacial areas for 

HDSO, 080-, and Ni(OSO)2 at pH 5.1, 9.6 and 7.0 respectively 

are 218.6 ± 27.6, 242.6 ± 34.8, and 112.1 ± 5.5, which are 

obtained from the slopes of l/Ci vs. l/Co ' Figure 8. These a 

values are in agreement with values determined from equation 

6, Table 5. It is evident from Fig. 6 that the hexanes-H2o 

interface is saturated with HDSO, DSO- and Ni(DSO)2 when the 

bulk concentrations of HDSO and Ni(DSO)2 > 3 x 10-4 M. 

4.3 Distribution constants of QSH and QS- between Bulk Aqueous 

and Toluene-Aqueous Interface 

The ligand distribution ratios under stirred and 

unstirred conditions, namely D and D', are related to its 

distribution constant between the aqueous phase and the 

interface by equation 9, [Appendix B) 

log(~-l) = log(Kid)+log a 
D' 

(9) 

where d is the thickness of the interface, and a is the 

specific interfacial area (interfacial area/unit volume). 

KiHLd for QSH and this enables us to evaluate KiHLd from the 

other known quantities. Only the product KiHLd need be known 

for deriving the interfacial rate constants (see below). 

Similarly, experiments conducted above the pK2 of QSH (pK2 = 

8.27) yield KiLd. The KiHLd and KiLd values of QSH and QS- are 

5.5 x 10-3 and 3.0 x 10-3 • These values for QSH and QS- are 
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similar paralleling the behavior of their r values. The KiLd 

for QS- is an order of magnitude larger than the values for 

the 8-quinolinate and 5,7-dichloro-8-quinolinate in a variety 

of organic-aqueous phase pairs [39] and in general K\d 

increases with r. 

4.3.1 Distribution constants of PMBP- and Ni(PMBP)2 between 

CHCl3-H20 Interface and Bulk Aqueous Phase 

The distribution ratios of HPMBP and Ni (PMBP) 2 under 

unstirred (D) and stirred (D') conditions are related to the 

products of their distribution constant between the interface 

and bulk aqueous phase (Ki) and interfacial thickness (d), and 

the specific interfacial area, using the same equation 9. 

The KiLd for PMBP- and Kicd for Ni(PMBP)2 determined at a 

stirring speed of 5000 rpm using the appropriate a values 

(Table 4) are listed in Table 2. These values again indicate 

that Ni(PMBP)2 is more interfacially active than PMBP-. Only 

the product, KiLd, need be known for deriving the interfacial 

rate constants. 

4.3.2 Distribution constants of HDSO, DSO-, and Ni (DSO) 2 

between Hexanes-H20 Interface and Bulk Aqueous Phase 

The KiHLd, KiLd for HDSO and DSO-, and Kicd for Ni(DSO)2 

determined at a stirring speed of 5000 rpm are listed in Table 

3. These values again indicate that the interfacially actives 

of HDSO, DSO-, and Ni(DSO)2 are similar. Only the product, 

Kid, need be known for deriving the interfacial rate 
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constants. 

4.4 Kinetic Studies 

When two immiscible liquids are agitated, it will produce 

dispersion droplets from one phase within the other. After a 

sufficient time, a dynamic balance between breakup and 

coalescence is established. This balance governs both the 

average drop size and the distribution of drop sizes observed 

in a given dispersion. This balance is dependent upon the 

agitation and the physical properties of the two liquids (eg. 

densities, viscosities and interfacial tensions). In the 

presence of surface active species, when the concentration of 

the surface active species are 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 [41]. As applied to extraction kinetics 

runs, it clearly indicates 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 (expressed 

as average drop size) present in the reaction vessel. 

For an extraction which proceeds by a mechanism involving 

only in the bulk reaction of the metal ion and the ligand, 

such changes in area are no observed, as the extraction rate 

is independent of interfacial area. Many extraction systems, 

involve either a purely interfacial reaction [9-11] or as both 
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the interfacial and bulk reactions (eg. Ni(II) extracted with 

8-quinolinols [15,19]). For such systems, an increase in area 

provides an increased opportunity for contact between reacting 

species and an increased extraction rate constant is expected. 

4.4.1 Kinetics of complexation of Ni(ii) by 8-

Mercaptoquinoline 

The rate limiting steps in the aqueous phase for the 

complexation of Ni (II) by the neutral and deprotonated 8-

mercaptoquinolines were determined by stopped-flow to be the 

formation of the 1:1 (metal: ligand) complexes as in the case 

of the 8-quinolinol family [43,44]. Plots of log kobs vs. log 

[Ni2+] and log [QSH] when Ni(II) and QSH were the excess 

reagents, respectively, yielded slopes of 1. The log kHL and 

log kL values in the aqueous phase were determined to be 3.40 

and 5.26, respectively, under excess Ni(II) and excess QSH 

from kinetic runs at different pH values, 4.3 - 7.8, Table 6. 

For the complexation kinetic studies in the toluene-H20 system 

under excess QSH, the rate of formation of the complex is 

given by 

(10) 

where kobs is the observed pseudo first order rate constant. 

As shown in previous studies the overall reaction can be 

written as a sum of the bulk and interfacial reactions 
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Table 6, Second order rate constants for nickel complexation 

by 8-quinolinol (oxine) and 8-mercaptoquinoline (thiooxine) 

Extractant Solvent 

oxine1 a 

thiooxine2 b 

thiooxine3 c 

thiooxine4 a 

5,7-dichloro-

oxineS b 

5,7-dichloro-

oxineS a 

5,7-dibromo-

oxines a 

2.97 5.46 

3.18 4.70 

3.40 5.26 

3.45 5.43 

4.69 

2.92 

6.70 

5.11 

5.81 

6.09 

5.41 

1: reference 1; 2,3: present work; 4: reference 3; 5: 

reference 2; a: CHCl3-H20; b: toluene-H20; c: H20. 
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[45,46], equation 11 [Appendix C]. 

( 11) 

Thus, with excess ligand 

(12) 

Where kHL and kL are the second-order rate constants in 

the bulk aqueous phase for QSH and QS-, respectively, k i
HL and 

k i
L are the corresponding interfacial rate constants, KiM is 

the distribution constant of the metal ion between the 

interface and the bulk aqueous phase, and Ka is the acid 

dissociation constant corresponding to proton loss from the SH 

group (10-8 •27 ). The value of KiM may be taken to be unity as 

the interface more closely resembles the bulk aqueous phase 

[45]. Thus, a plot of kobs vs. a should yield the bulk and 

interfacial components to the overall observed rate constant 

as the intercept and slope, respectively (Fig. 9). A plot of 

the intercepts and slopes of Fig. 9 as a function of Ka/[H+] 

yields the rate constants for QSH and QS- in the bulk aqueous 

and toluene-aqueous interface. As before assumed that Ka and 

[H+] are the same at the interface as the bulk aqueous phase, 
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again due to similarity of the polarity of the interface to 

that of the aqueous phase [19,45,46]. The bulk and 

interfacial rate constants for QSH and QS- are listed in Table 

6 along with values for 8-quinolinol, 5,7-dichloro-8-

quinolinol and 5,7-dibromo-8-quinolinol [19]. 

The bulk aqueous rate constants kHL and kL determined in 

this work (Table 6) by stopped flow and MTPS are in excellent 

agreement and in agreement with the values determined 

previously in our laboratory [20]. The bulk rate constant for 

neutral QSH includes both neutral and zwitterionic components 

as the complexation of Ni(II) can occur by either form. Thus 

the experimental rate constant kHL = (kN+kzKT)/(1+KT) where kN 

and k z are the rate constants for the neutral and zwitterionic 

forms of QSH and KT is the tautomeric equilibrium constant in 

the aqueous phase (-27) [35] [Appendix D]. The individual 

values kN and k z for the neutral and zwitterionic forms cannot 

be determined, unlike the values for the neutral and 

deprotonated forms which can be derived by pH dependent 

kinetic studies. If kN and k z are similar, then the 

experimental kHL will be entirely due to the zwitterion. 

The rate constants for QSH and QS- in the bulk aqueous 

phase and interface are very similar. The value of k i
HL in 

the interface is probably all due to the zwitterion (k i
HL = 

k i
z), the interfacially active species since the neutral form 

in 8-quinolinol and substituted 8-quinolinols do not have 
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interfacial reactivity. This probably means that the values 

of both k z and KT are different at the interface. If the 

assumption is made that k i
z " kz' the bulk aqueous value, then 

The lowering of KT at the interface, which has a 

lower dielectric constant than the bulk aqueous can be 

expected as KT in 50 v/v dioxane-water is 1.74 [35]. The 

interfacial rate constant for QS- exhibits only a modest 

increase at the interface compared to 8-quinolinate and 5,7-

dichloro-8-quinolinate whose interfacial rate constants are 

10-25 times their bulk values, Table 6. As mentioned before 

the r of QS- is 10-100 times larger than those of the 8-

quinolinol family, and the rate limiting step in the 

complexation of Ni (II) has the same mechanism for the two 

ligand systems. The reason for the lower reacti vi ty of QS- at 

the interface is not clear and the factors influencing the 

interfacial reactivities of ligands are currently under 

investigation. 

4.4.2 Kinetics of Complexation of Ni(II) by HPMBP 

All complexation kinetic experiments were conducted at pH 

> pKa as HPMBP has negligible reactivity towards Ni(II). Such 

experiments conducted under excess HPMBP and excess Ni(II) 

yielded plots of log kf cbs (kf cbs: pseudo first order rate 

constant of formation) vs. log [HPMBP] and log [Ni(II)], with 

slopes of +1. This indicated that the formation of the 1:1 

complex, NipMBP+ is the rate limiting step, equation 13. 
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(13) 

(14) 

The rate expression for the formation of Ni(PMBP)2 is shown in 

equation 15. 

d[NiL2] = ki [Ni(II)] [HLJ = ki [Ni(II) J [HLJ o (15) 
dt ~R 

The dependence of the kinetics of complexation on 

interfacial areas was examined under excess HPMBP. Clearly 

the pseudo first order rate constant k f
obs , under these 

conditions is k f
2 [HPMBP]o/KDR • The calculation of kfobS from 

the absorbance increase at 345 nm must account for the 

distribution ratio of Ni(II) especially when this ratio is 

small. It can be demonstrated readily that kf obs must be 

obtained from the slope of the plot of In((1-(D/(D+1»(At

Ao)/(Aeq-Ao» vs. t at low D values. At high D values, where 

D/ (D+1) '" 1, the kfobs is obtained from the slope of the 

familiar In((Aeq-Ao)/(Aeq-At» vs. t plot. 

When the kinetic experiments are conducted at pH values 
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are higher than the pKa of HPMBP, all of the complexation 

reaction is due to PMBP-, the predominant species in both 

aqueous and interfacial phases. As shown in our previous 

studies the overall reaction can be written as a sum of the 

bulk and interfacial reactions [19,45]. 

(16) 

with excess ligand the experimentally determined second 

order rate constant kf2 is the sum of the bulk and interfacial 

components, equation 17. 

(17) 

where kL and k i
L are the second order rate constants for PMBP

in the bulk aqueous phase and interface respectively, and KiM 

is the distribution constant of the metal ion between the 

interface and the bulk aqueous phase. The value of KiM may be 

taken to be unity as in our previous studies as the interface 

more closely resembles the bulk aqueous phase. The plot of 

kf2 vs. a should yield the bulk and interfacial rate constants 

as the intercept and slope, respectively. such a plot at pH 

6.8 is shown in Fig. 10 and as expected from equation 16 a 

similar plot was obtained at pH 7.3. The average values of 
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88 

log kL and log k i
L from the measurements at pH 6.8 and 7.3 are 

given in Table 7. The interfacial rate constant k i
L is about 

4 times bigger than the bulk rate constant kL. It is 

interesting to note that the interfacial rate constant 

exhibited only a marginal increase over the bulk value as in 

the case of QS-. 

4.4.3 Kinetic of complexation of Ni(II) by LIX 860 

The rate limiting steps and the second order rate 

constants in the bulk aqueous and interfacial regions for the 

complexation of Ni(II) by the LIX 860 were determined by MTPS. 

The plot of log kobs vs. log [HOSO] at pH = 7.0 and at 

stirring speeds of 2500 - 5000 rpm, when LIX 860 was the 

excess reagent ([Ni(II)] = 2 x 10-4 M; [HOSO] = 0.004 - 0.016 

M) yielded slope of 1. 09 ± 0.10. The experiments as a 

function of pH and specific interfacial areas at fixed 

concentrations of Ni(II) and LIX 860 ([Ni(II)] = 2 x 10-4 M; 

[HOSO] = 0.02 M) indicated the observed rate constant to be a 

linear function of pH and interfacial area, Fig. 11. These 

observations can be rationalized by the concurrent 

complexation of Ni(II) by HOSO and OSO- (rate limiting steps), 

equations 18 and 19, in the bulk aqueous and interfacial 

regions. The Ni(OSO)2 is formed by the rapid complexation of 

NiL+ by HOSO and OSO-. 
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Table 7, Logarithm of rate constants for the formation and 

dissociation of Ni(PMBP)2 in CHC13-H20 and in Brij 35 

Formation Dissociation 

Medium Bulk Interfacial Bulk Interfacial 

CHC13-H20a 4.01 ± 0.02 4.61 ± 0.05 3.92 ± 0.02 3.93 ± 0.06 

Brij 35b 3.99 ± 0.18 

a: rate constants obtained under excess HPMBP 

b: average value of rate constants under excess HPMBP and 
excess Ni(II) 
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(18) 

(19) 

The dissociation of Ni(DSO)2 is insignificant in the pH range 

of the formation reactions. The rate expression for the 

formation of Ni(DSO)2 can be written as the same as equation 

11. Plots of kobs vs. a in the pH range 5.5 - 7.5 are shown 

in Fig. 11. The bulk and interfacial rate constants for 

neutral and anionic LIX 860 are listed in Table 8. The bulk 

rate constant kHL is about 2 times bigger than the interfacial 

rate constant k i
HL . 

It is evident from Table 6, Table 7, and Table 8 that the 

ligands QSH, HPMBP and LIX 860 are different from the 8-

quinolinols in that, there is no sUbstantial difference in the 

bulk and interfacial formation rate constants. The 

interfacial rate constants in the complexation of Ni(II) by 

the 8-quinolinate ions was generally larger than the bulk 

values, by as much as two orders of magnitude. The neutral 

LIX 860 exhibits interfacial reactivity like QSH but the 

interfacial rate constants is four times smaller than the bulk 

aqueous value. The interfacial rate constants for the 

deprotonated LIX 860 is three times smaller than the bulk 
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Table 8, Logarithm of rate constants for the formation and 

dissociation of Ni(DSO)2 in hexanes-H20 system. 

Formation 

log kHL 

(M-1s-1) 

2.77 ± 0.04 

Dissociation 

log kb 

(M-1s-1) 

3.49 ± 0.03 

5.34 ± 0.09 

4.49 ± 0.05 

log k i
HL 

(M-1s-1) 

2.17 ± 0.05 4.89 ± 0.12 
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aqueous value. The rate constants for the deprotonated LIX 

860 in the bulk aqueous and interfacial regions is about 2.5 

orders of magnitude larger than the values for the neutral 

ligand. This difference is larger than that observed for QSH 

where the difference is roughly two orders of magnitude. 

These observations indicate that there is no real correlation 

between interfacial activity and reactivity and that 

interfacial activity is a complex function of many parameters 

such as interfacial polarity, i.e., nature of the organic 

phase, interfacial acti vi ty, molecular properties such as 

zwitterion equilibrium, keto enol equilibrium, dimerization in 

the organic phase etc. Further insights into these factors 

may be gained by examining a given system as a function of the 

nature of the organic phase and an examination of the 

activation parameters of the bulk and interfacial reactions. 

4.4.4 Kinetics of Back-Extraction of Ni(PMBP)2 

The dissociation of Ni(PMBP)2 by H+ under pseudo first 

order conditions in H+, in the CHCl 3-H20 phase pair under 

excess HPMBP, and in Brij 35 under excess HPMBP and excess 

Ni(II), yielded a slope of -1 in the log kb
obs vs. pH plot. 

The kb obs was independent of the concentrations of Ni (II) , 

HPMBP and Brij 35. These observations lead to the mechanism 

for the dissociation reaction in equations 20 and 21 that is 

consistent with the mechanism for the formation reaction 

(equations 13 and 14). 
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(20) 

(21) 

The kinetic expression for the rate limiting step, eq. 21 

taking into account the fast pre-equilibrium step, eq. 20 is 

[Appendix E] 

-d[NiL +] 
dt 

(22) 

The quantity in parenthesis is the pseudo first order rate 

constant kb
obs which reduces to the form k'_l[H+] when K'_2[H+] 

» [HPMBP], and under these conditions d[Ni(PMBP)2]/dt = 

d[Ni(PMBP)+]/dt. This situation is reasonable since the 

complexation of Ni(II) by HPMBP is not observed, i.e., K'-2 is 

large and [HPMBP], the aqueous phase concentration of the 

neutral ligand is small (=[HPMBPJo/KoR). The rate constants 

for the dissociation of Ni(PMBP)2 are given in Table 7. The 

bulk and interfacial rate constants in the CHCI3-H20 system 

were determined by plotting kb obs as a function of the specif ic 

interfacial area, in an manner analogous to the formation 
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reaction. The specific interfacial area in these experiments 

is governed by HPMBP as its concentration is 13 times that of 

Ni(PMBP)2· It may be noted that the dissociation rate 

constants in the bulk aqueous and CHCl3-H20 interface are 

essentially the same. Surprisingly, the rate constant for the 

dissociation of Ni(PMBP)2 at the interface does not exhibit 

even a marginal increase over its bulk value. 

The observed second order rate constant for the 

dissociation in Brij 35 micelles is very similar to the values 

We have shown previously that the 

reactions in micelles have both a bulk aqueous and micellar 

components [36]. The observed rate constant, kbmobs in Brij 

35 for the dissociation reaction can be written as 

bm 
kobs (23) 

where, Vm is the volume fraction of the micellar pseudo phase 

(Vm = ¢ X (c - cmc); ¢: molar volume of Brij 35 micelles = 

3.94 M-1 , c: molar concentration of Brij 35, cmc: critical 

micelle concentration = 2 x 10-4 M) [47], k'-lm is the second 

order dissociation rate constant in micellar pseudophase and 

KOC is the distribution constant of Ni (PMBP) 2 between the 

micellar pseudophase and the bulk aqueous phase. It is 

reasonable to expect that Koc will be larger than KOR (unless 
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the chelate is hydrated). Thus, the product k'-lmKDc is much 

larger than k'-la' and from equation 23, kbmobs ~ k'-lm' A 

further proof of this is provided by the independence of kbmobS 

on Vm. The most likely site for the dissociation reaction in 

the micellar pseudophase is the aqueous-micellar interface. 

It may be seen from Table 7 that the value of k'-lm is similar 

to the rate constant for dissociation at the CHC13-H20 

interface. 

4.4.5 Kinetics of Back-Extraction of Ni(DSO)2 

The dissociation of Ni(DSO)2 by H+ under excess [H+] and 

[HDSO] was studied by MTPS using the conditions mentioned in 

the experimental section. While the dissociation reaction may 

be expected to proceed by a proton dependent pathway (reverse 

of equation 18) and a proton independent pathway (reverse of 

equation 19), it is evident from the formation rate constant 

in Table 8 that the proton dependent pathway will be 

predominant. This assertion is supported by the experimental 

data which yielded a slope of -1.03 ± 0.10 in the log kdbobS 

(observed dissociation rate constant) vs. pH. Such a plot 

also indicates that the formation reaction under the 

conditions of the dissociation reaction is negligible. The 

observed dissociation rate constants of Ni(DSO)2 (2 x 10-4 M) 

by H+ (2 x 10-3 M) at various specific interfacial areas are 

shown in Fig. 12. The rate constants for the dissociation of 

Ni(DSO)2 are given in Table 8. Unlike Ni(PMBP)2 which has 
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the same bulk and interfacial dissociation rate constants, the 

rate interfacial dissociation rate constant for Ni-LIX 860 is 

an order of magnitude larger than the bulk value. This is 

also in contrast to the formation reaction for which the 

interfacial rate constants are smaller than the bulk values. 

The interfacial formation and dissociation rate constants 

indicate that the Ni-LIX 860 complex is less stable at the 

hexanes-aqueous interface compared to the bulk aqueous phase. 

4.5 CPC Studies 

As shown recently, the efficiencies of mUltistage liquid

liquid separations of metal ions is limited by slow chemical 

kinetic steps [22,23]. For example, values of CETP, the 

channel equivalent of a theoretical plate (analogous to 

reduced plate height in conventional liquid chromatography) 

which is a measure of chromatographic inefficiency, has been 

shown to increase with the half life of the dissociation of 

the extractable metal complex, in systems involving Pd(II) 

[22] and lanthanides [23]. 

4.5.1 The CPC Behavior of the Ni-HPMBP System 

The CPC behavior of Ni(II)-HPMBP has been examined to 

test the generality of such correlations. The experimentally 

measured CETPobs is defined as 

CETPobs = 2400 
-N- (24) 
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where 2400 is the total number of channels in the CPC 

apparatus, N is the chromatographic efficiency determined in 

the usual manner, i. e., 16 (Vr/w) 2, Vr being the retention 

volume and w the width of the band. CETPcbs is the sum of 

contributions from diffusion and mass transfer (CETPdif ) as 

well as that due to slow chemical kinetics (CETPck)' equation 

25 [22] 

CETP cbs = CETP dif + CETP ck (25) 

The CETPdif can be determined by using an organic analyte 

also whose D is similar like 3-picoline whose phase 

distribution involves only a proton exchange reaction which 

occurs very rapidly [22]. Also, it has been recently 

determined that the CETPdif values of 3-picoline and the ion

pair (NR4)2IrCI6 (R = heptyl) are essentially the same in a 

variety of organic-aqueous phase pairs over a wide range of 

phase volume ratios and mobile phase flow rates [48]. Thus, 

the CETP of 3-picoline is a reasonably good measure of CETPdif 

for neutral metal complexes and ion-pair complexes. 

The Ni(II) chromatograms were obtained at different pH 

values (5.8 - 6.2) at a constant HPMBP concentration (0.01 M) 

in CHCl3 , Fig. 13, and at different HPMBP concentrations 

(0.0045 - 0.01 M) at a constant pH 6.2. The D value of 

Ni(II) determined from these plots (D = (Vr-Vrn)/Vs ' Vr = 
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retention volume, Vm, Va = volumes of mobile and stationary 

phases, respectively) yielded slopes of +2 in plots of log D 

vs. pH and log D vs. log [HPMBP] indicating that extraction 

equilibrium was reached in the CPC experiments. The CETPdif 

values were determined from 3-picoline chromatograms at D 

values identical to those of Ni (II) . The CETPck values 

calculated using equation 25 were independent of the 

concentration of HPMBP and the plot of log CETPck vs. pH had 

a slope 1. 

These results in light of the expression for t 1/ 2 , the 

half life for the dissociation of Ni (PMBP) 2' equation 26, 

indicate that the slow kinetics of this reaction is indeed the 

major contributing factor for the band width of Ni(II). 

(26 ) 

It may also be seen from Table 7 that under the 

conditions of the CPC experiment the formation of Ni(PMBP)2 is 

104 times faster than its dissociation reaction. Thus, as was 

the case for Pd(II) and lanthanides, a plot of CETPck against 

the t1/2 (equation 26) using the k '-1m values in Brij 35 

micelles, Fig. 14, indicates an excellent linear relationship 

between the CETPck and the t 1/ 2 , having a slope 1.23 ± 0.05. 

In the ideal situation CETPck would be equivalent to the 
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half life of the slowest chemical kinetic step, i.e., the CPC 

band width is a direct measure of the half life. This 

hypothesis could be used to obtain an estimate of the overall 

second order rate constant for the dissociation of Ni(PMBP)2 

under the conditions of the CPC experiments. This can be 

achieved from the log CETPck vs. pH plot, as the intercept of 

this plot equals log (0.693/k'_1) (equation 26). A value of 

4.25 was obtained for log k'_l which must be due to both bulk 

and interfacial dissociation reactions as evident from the 

kinetic studies using MTPS. The bulk and interfacial rate 

constants determined by MTPS (Table 7) should be valid for the 

conditions that obtain in the CPC experiment. Hence the k'_l 

value from CPC experiments, can be used to obtain the specific 

interfacial area in these experiments using an expression for 

the dissociation of Ni(PMBP)2 that is analogous to the one 

within the parenthesis of equation 17. This yields a value of 

207.7 cm-1 for the specific interfacial area in the CPC 

experiments which is close to the specific interfacial area 

generated at a stirring speed of 3500 rpm in the MTPS 

experiment (Table 4). This is the first time to be able to 

estimate the specific interfacial area in the CPC experiments 

by a comparison of the CPC results with independent MTPS 

kinetic and equilibrium studies. This analysis also indicates 

that the CPC experiment, in which aqueous mobile phase 

droplets move through the stationary organic phase held in 
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discrete channels by a centrifugal force, is capable of 

generating interfacial areas similar to that of a highly 

stirred system such as MTPS. 

The specific interfacial area 207.7 cm-1 corresponds to 

an average mobile phase droplet radius of 144 ~m (r = 3ja). 

This may be compared with 450 ~m, the radius of the capillary 

duct through which the mobile phase droplets enter the 

channels [49], and 404 ~m, the droplet size calculated by 

equating the surface tension strength of the drop to the 

interfacial tension at the HPMBP concentration of 0.01 M (Fig. 

5) employed for the pH dependence studies in CPC [50,51]. On 

the other hand, the radius of the mobile phase droplet is 7.4 

~m based on Stoke's law [52], using the linear velocity of the 

droplets calculated from the flow rate and the cross-sectional 

area of the capillary ducts. Thus, the drop size using 

Stoke's law is 20 times smaller and the size calculated from 

the interfacial tension is only three times bigger than the 

drop size from kinetic measurements. This suggests that the 

motion of the mobile phase droplets in cPc, through the ducts 

and channels under a centrifugal force is more complex than 

that predicted by conventional equations normally applicable 

to the motion of fluids under gravity. 

The CETPck-t1/ 2 correlation for the different metal-ligand 

systems examined so far are not identical, i.e., the same CPC 

band width represents a different tl/2 value for a different 
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system. The foregoing analysis of the dissociation rate 

constant for Ni(PMBP)2 provides a clue as to the source of 

this discrepancy. In many metal-ligand systems we are forced 

to correlate CETPck values with tl/2 values from micelles as 

the dissociation reactions are too fast to be studied by the 

MTPS set up. This in turn results in correlating a system 

with a combination of bulk aqueous and interfacial kinetics 

(CPC), with a system that has predominantly interfacial 

kinetics (micelles; we have examined dissociation reactions of 

several metal complexes in neutral micelles which also appear 

to be mainly interfacial) [53]. It would appear that the 

slope of the CETPck-t1/ 2 plot will vary depending on the 

degrees of participation of the bulk and interfacial reactions 

in the CPC exper iments and the magnitudes of the bulk and 

interfacial rate constants. 

4.5.2 The CPC Behavior of the Ni-LIX 860 System 

Ni-LIX 860 is an another system chose to determine 

whether this parallels the behavior of the Ni-HPMBP system or 

these two systems provide a general CETPck vs. tl/2 

correlation. The Ni-LIX 860 system in the hexanes-H2o phase 

pair (stationary phase = hexanes; mobile phase = aqueous) has 

been examined by CPC to correlate the CPC band widths with 

t 1/ 2 values for the dissociation of the Ni(DSO)2 complex and 

obtain the interfacial area and mobile phase droplet size. 

The experimental approach was different from that of the Ni-
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HPMBP system as outlined in the experimental section. A pH 

gradient was utilized, the extraction of Ni(DSO)2 being 

performed at pH = 8.5 and the back-extraction being performed 

in the pH range 4.2 - 4.7. The chromatograms were also 

obtained as a function of the concentration of HDSO in hexanes 

at a fixed pH = 4.5. The Ni (II) CPC chromatograms as a 

function of pH are displayed in Fig. 15. The D value of 

Ni(II) determined from these plots yielded a slope of 1.91 ± 

0.04 in the plot of log D vs. pH and a slope of 1.94 ± 0.08 in 

the plot of log D vs. log [HDSO]m (m represents monomer) 

indicating the existence of extraction equilibrium under these 

experimental conditions. The CETPck (= CETPobs - CETPdif ) 

values were calculated as before by measuring the CETPdif 

values using 3-picoline at D values identical to that for 

Ni(II). The plot log CETPck vs. pH had a slope +1.05 ± 0.06 

(correlation coefficient = 0.99) again indicating that the 

dissociation of Ni(DSO)2 is the predominant factor in 

determining the Ni(II) CPC band widths. The intercept of this 

plot as in the case of the Ni-HPMBP system yields the 

composite rate constants under the CPC experimental 

conditions. As the following discussion indicates this 

composite rate constant cannot be readily used as in the case 

of Ni-HPMBP system to calculate the a generated in the case of 

the Ni-HDSO system. 

The CPC experiments at different pH values have been 
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conducted at a fairly high total concentration of HDSO, 0.05 

M and under these conditions the concentration of the free 

monomer is 0.021 Musing dimerization constant of 30.5 ± 1.8. 

As a result, competing formation (Ni(II) + HDSO) and 

dissociation (Ni(DSO)+ + H+) reactions simultaneously occur. 

Realizing that the composite rate constant is the sum of the 

forward and reverse rate constants (both forward and reverse 

reactions are pseudo first order), the expression in equation 

27 can be written from which the specific interfacial area a 

can be calculated as all the rate constants and equilibrium 

constants have been determined by MTPS experiments. 

Even though the plot of log CETPck vs. pH has a slope +1 

with excellent correlation, the specific interfacial areas 

were calculated using the composite k C
obs obtained at each pH 

value instead of from the intercept of the log CETPck vs. pH 

plot (individual k C
obs = 0.693/(log CETPck - slope x pH». 

This allows for a more accurate accounting for the competing 

forward reaction which contributes 10% to k C
obs at pH = 4.2 and 

30% at pH = 4.7. Such a calculation yields an average 

specific interfacial area of 1370.5 ± 402.1 cm-1 and an 

average mobile phase droplet radium of 24.0 ± 7.3 ~m. The 
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intercept of the log CETPck vs. pH plot yields a specific 

interfacial area of 1880.5 ± 350.3 cm-1 and a mobile phase 

droplet size of 16.1 ± 3.2 ~m. Clearly the CPC band widths 

yield a specific interfacial area that is much higher than 

that generated in MTPS in the presence of excess HDSO in the 

hexanes. The area in the CPC exper iments is about 7 times the 

area generated at a stirring speed of 5000 rpm in the MTPS set 

up, which is the highest area attainable in this system with 

HDSO and the hexanes-H2o phase pair. In other words, the CETP 

values obtained experimentally are much smaller (the CPC 

efficiency much better) than that calculated assuming the 

specific interfacial to be similar to that generated at a 

stirring speed of 3500 rpm in MTPS, analogous to the Ni-HPMBP 

system. The CPC mobile phase droplet radius is about 4 times 

larger than 6.3 ~m, the radium calculated using stoke's law 

taking into account the centrifugal force (104.5 x g), and the 

linear velocity of the mobile phase in the capillary ducts 

(1.05 cm s-l). This different in the CPC behavior of Ni-HDSO 

and Ni-HPMBP systems may stem from a combination of factors 

such as the motion of the aqueous phase through an organic 

phase under a centrifugal force, the motion of the lighter 

mobile phase through the heavier stationary phase (CHC13-H20; 

Ni-HPMBP) and the heavier mobile phase through the lighter 

stationary phase (hexanes-H20; Ni-HDSO), the interfacial 

activities of the ligand and the complex (both are higher in 
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the Ni-HOSO compared to the Ni-HPMBP), the rate constants and 

equilibrium constants. Clearly more systems need to be 

studied to elucidate the role of these factors in determining 

the efficiencies of mUltistage separations like CPC. 

The tl/2 for the back-extraction of Ni (OSO) 2 can be 

calculated using the specific interfacial area and the 

expressions for the formation and dissociation reactions. The 

plot of CETPck vs. the tl/2 calculated this way is linear with 

a slope of +1. 02 ± 0.03 and such a plot for the Ni-HPMBP 

system has a slope of +1.15 ± 0.05. Indeed as seen from Fig. 

16 a common straight line can be drawn through the plot of 

CETPck vs. t 1 / 2 for the Ni-HOSO and Ni-HPMBP systems. This 

analysis indicates that a given CPC band width should 

represent a single tl/2 irrespecti ve of the system 

investigated, provided all the distribution constants, rate 

constants and interfacial areas have been taken into 

consideration. This also indicates the factors responsible 

for the various slopes obtained in the CETPck vs. tl/2 plots 

obtained in the case of the PMG and lanthanides where the 

correlation has to be made with dissociation rate constants 

measured in the micellar pseudophase. 

4.6 IR studies 

The adsorption of ligands useful in the separation of 

metals by liquid-liquid extraction, and their metal complexes 

at the liquid-liquid interface, is a major focus of research 
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in our laboratory [29-31]. In previously studied, a 

hydrocarbon gel film supported on an infrared attenuated total 

reflection (IR-ATR) internal reflection element (IRE), in 

contact with aqueous solutions, as a model for 

hydrocarbon/water interfaces have been reported [29-31]. This 

technique promises to provide molecular level information for 

the liquid-liquid (L-L) interface and is shown to be useful 

for studies of diffusion, partition, and adsorption in L-L 

systems. The advantages of this very thin hydrocarbon film 

«1 J.l.m) are neither stirring nor separation of phases is 

required. The extraction system in a film geometry allows 

freedom from diffusion limitation on the time scale required 

for IR detection. The quantity of reagent exposed to metals 

is only a few nanomoles; this is suitable for precious and new 

reagents. However, the disadvantage of this method is an 

inevitable interference from the adsorption of chelating 

reagents at the ApM - IRE (liquid - solid) interface. 

Two new approaches, which could avoid the disadvantage of 

ApM - H20 method, such as (1) using the ApM-aqueous method for 

the study of water soluble ligands and their metal complexes, 

(2) using the hydrophilic film instead of hydrocarbon film on 

an IRE for the L-L interface studies, were investigated. 

4.6.1 IR Transmission Experiments 

A band at 1044 cm-1 (-803- symmetrical band) was selected 

for monitoring the adsorption behavior of 8-hydroxy-7-iodo-5-
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quinoline sulfonic acid (HL) and its nickel complex (NiL2). 

The molar absorptivities for HL and NiL2 at 1044 cm-1 are € = 

781 M-1cm-1, and € = 1933 M-1cm-1 , respectively. 

A band at 1080 cm-1 (P03
2- symmetrical band) was selected 

for monitoring the adsorption behavior of OMNTP and its barium 

complex. The molar absorptivities for OMNTP and Ba(OMNTP) at 

1080 cm-1 are € 

respectively. 

The strong s=o stretching band at 1050 cm-1 appears in 

the spectrum of 0.02 M of DOSO in CCl4 (Fig. 17(a». A new 

band at 1144 cm-1 was observed for the Pd-DOSO complex (Fig. 

17 (b». The complex band shift to high wavenumbers is in same 

direction as that of palladium extracted with di-methyl

sulfoxide [55]. 

The purpose for this study was to understand the di

octyl-sulfoxide coordinated different metals could through 

oxygen or sulfur. A transmission spectrum of DOSO in KBr 

pellet shows there is a strong s=o band at 1020 cm-1 (Fig. 

18(a». A Fe-DOSO complex residue spectrum shows a complex 

band at 950 cm-1 (Fig. 18(b». However, a Pd-DOSO complex 

residue spectrum (complex formed at pH = 3) shows a complex 

band at 1120 cm-1 (Fig. 18(c». The complex bands of Fe-DOSO 

and Pd-DOSO shift to opposite direction indicate that the 

oxygen in DOSO coordinated with Fe(III) and the sulfur in DOSO 

with Pd(II). The conjugation structures of DOSO are shown as 
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(R=octyl) 

If coordination occurs at oxygen, the contribution of 

structure (II) will decrease and result in low wavenumber 

shifting (s=O). If coordination occurs at SUlfur, the 

contribution of structure (I) will decrease and may result in 

a high wavenumber shifting (S=O). The di-methyl-sulfoxide 

extracted with different metals were showed the same behavior 

as above [55]. A Pd-DOSO complex residue spectrum (complex 

formed at 6 M Hel) shows a complex band at 970 cm- I , however, 

this complex band is very weak. 

4.6.2 ATR Experiments 

As expected for hydrocarbons, ApM did not dissolve from 

the films dur ing exposure to the aqueous phases. The ApM 

spectral bands were of constant amplitude during a 24 hr. 

exposure. ATR spectra for HL and its nickel complex are 

monitored at 1044 cm- I , and for OMNTP and its barium complex 

are monitored at 1080 cm- I • 

The interfacial excess could be calculated as equation 28 
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where Af , Ab , and Ai represent the absorbance of film 

contribution, bulk contribution, and interface contribution, 

respectively. Where C is the bulk analyte concentration, € is 

the molar absorptivity, and N is the number of ATR 

reflections, de is Harrick's effective thickness and dp is 

Harr ick' s penetration depth [30]. The distribution ratio 

between ApM and aqueous phase for those water soluble ligands 

are < 0.01, which values can be determined using a similar 

phase pair, dodecane - H20. The Af , absorbance of film 

contribution, could be ignored because of these small 

distribution ratio values. The interfacial excesses, r, and 

spectral parameters are shown in Table 9. The interfacial 

excess of HL is about 3 times bigger than NiL2 , in contrast to 

the OMNTP which interfacial excess is about 4 times smaller 

than its barium complex. NiL2 is more hydrophilic than HL 

(complexation of metal: ligand = 1:2, and each HL has one -S03-

group), thus the interfacial excess for NiL2 is smaller than 

that of HL. Ba(OMNTP) is 1:1 of metal: ligand complex [56] and 

the two ends -P03
2- wrap Ba(II) in a bent shape. The alkyl 

group (hydrophobic property) of Ba(OMNTP) is exposed to the 

interface and caused the Ba(OMNTP) to be more interfacially 

active than OMNTP. 



118 

Table 9, Interfacial excesses and spectral parameters for 8-

hydroxy-7-iodo-5-quinoline sulfonic acid and its nickel 
complex, and OMNTP and its barium complex. 

ApM thickness, J,£m de' J,£m r, mol/cm2 

HL 0.8181 0.603 1. 37 X 10-10 

NiL2 0.7847 0.632 4.46 X 10-11 

OMNTP 0.8643 0.535 3.75 X 10-11 

Ba (OMNTP) 0.8725 0.528 1.36 X 10-10 
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An ATR spectrum of 0.03 M DOSO in CCl4 (Fig. 19(a), shows 

the s=o band at the same position (1050 cm-1) as obtained from 

the transmission spectrum, and the thickness of this agar film 

on IRE plate is 0.6 - 0.8 micron. The same transmission and 

ATR spectra indicate that there is no spectrum distortion 

caused by an uneven film. The Pd-DOSO complex ATR spectrum 

shows there is a complex band at 1144 cm-1 (Fig. 19 (b) ) . 

However, when the chloride concentration was increased (0.5 M 

NaCI) in the film, the Pd-DOSO complex has two bands at 1144 

cm-1 and at 1007 cm-1 (Fig. 19(c». This interesting results 

shows (1) DOSO coordinated with Pd through sulfur at the 

interface which was the same as the Pd-DOSO complex formed in 

the bulk and the complexation was PdCI2 (DOSO)2' (2) when the 

chloride concentration and the local H+ concentration at the 

interface were quite high, the orientation (steric effect) 

became a critical factor at the interface. The DOSO 

coordinated with Pd through oxygen might occur also, and the 

complexation was PdCl4 (DOSOH) 2. Thus, there are two bands 

which one is at 1144 cm-1 (sulfur coordination) and the other 

is at 1007 cm-1 (oxygen coordination). 

The results are very interesting, however, the ATR 

spectra are quite weak, and the reproducibility is not very 

consistent because the thickness of agar films are changed 

when agar films are inevitably exposed to the air for 

thickness determination. There are three possibilities to 
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improve this technique, (1) a thinner IRE plate needed, which 

can provide more reflectance and increase the absorption of 

analytes, (2) improve the coating technique, (3) select an 

another hydrophilic material, which keep water inside films 

very well and can represent a real aqueous phase. 
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The objectives in the statement of the problem have been 

accomplished in this study. 

I. The results indicate that, the 8-mercaptoquinoline 

system exhibits markedly different interfacial equilibrium and 

kinetic behavior compared to the 8-quinolinol family. These 

differences probably stem from the fundamental differences in 

QSH and QOH as evidenced by the dipolar tautomeric equilibrium 

in the former and the absence such an equilibrium in the 

latter. The results shows the reaction mechanism of 8-

mercaptoquinoline system involving four distinct concurrent 

pathways, namely, (a) reaction between metal and neutral 

ligand in the bulk aqueous phase, (b) reaction of metal and 

ligand anion in the bulk aqueous phase, (c) reaction of metal 

and neutral ligand at the interface, and (d) reaction of metal 

and ligand anion at the interface. This study brought to the 

fore differences in the interfacial behavior that could be 

correlated to differences in the bulk aqueous behavior. It 

also indicates that interfacial activity and reactivity do not 

bear a direct correlation. 

II. In general the rate constants for the complex 

formation reactions at the aqueous-organic interface seem to 

decrease with increasing interfacial activities of the neutral 

and deprotonated ligands. The trend is less clear for the 
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complex dissociation reactions as enough systems have not been 

studied; the few systems studied indicate no correlation 

between the dissociation rate constants and the interfacial 

activities of the metal complexes. 

III. The order of variation of the interfacial activities 

of the neutral and deprotonated ligands and their metal 

complexes is a function of a variety of parameters such as the 

nature of the ligand, the organic phase in the aqueous-organic 

phase pair, the dielectric constant of the interface etc. 

IV. The CPC inefficiencies are caused by metal complex 

dissociation reactions as indicated by the linear correlation 

between the CPC band widths and the half lives of the 

dissociation reactions measured by independent kinetic 

experiments in two phase and micellar systems. This is the 

first indication that the correlation of the band widths with 

kinetic results in two phase systems permits the estimation of 

the interfacial area generated in the CPC experiments. This 

suggests that it might be possible to improve efficiencies in 

the CPC experiments by conducting these experiments under 

conditions of large interfacial areas with ligands that 

exhibit higher reactivities at the liquid-liquid interface 

compared to the bulk aqueous phase. 

V. Complexes with relatively slow dissociation kinetics 

can display much higher efficiencies in mUltistage separations 

than that would be expected based on such kinetics. 
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VI. It has been demonstrated that the ApM - aqueous model 

could apply to study of the adsorption behavior of water 

soluble ligands and their metal complexes. This study could 

enhance the application of ApM - aqueous model for most of 

metal extraction systems. 

VII. It has been demonstrated for the first time that a 

new ATR-based model (agar - organic), could help us to further 

understand and characterize the liquid-liquid interface. 

Considerable progress has been made by this study to help 

us to greater understanding of the role of the liquid-liquid 

interface in extraction processes. 

Further interesting questions have been raised by this 

study: 

I. The zwitterionic form of chelating reagent is 

interfacial active. Can this kind of chelating reagent 

increase the separation efficiency in centrifugal partition 

chromatography ? 

II. Addition of surfactants to CPC experiments. Do these 

surfactants influence the CPC efficiencies because the 

interfacial areas are increasing. 
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APPENDIX A 

Derivation of the Relationship of Absorbance vs. Time for 

the Pseudo First Order Reaction. 

under excess [HLJ, 

In([Ni2+Jt/[Ni2+Ji) = -kt (1) 

[Ni2+Ji = [Ni2+J t + [NiL2Jt (2) 

assuming [NiL+J a and [NiL2Ja ~ 0 

[Ni2+J e + [NiL2Je (when equilibrium is reach) 

(3) 

from (2) [NiL2J t = [Ni2+Ji - [Ni2+Jt (4) 

from (3) [Ni2+Ji = [Ni2+J e + [NiL2Je = [NiL2Je{[Ni2+Je/[NiL2Je 

+ 1} 

= [NiL2Je{1/D + 1} = [NiL2Je{(D + l)/D} (5) 

from (1) 

[Ni2+Jt = [Ni2+Ji - [NiL2Jt 

In(l - [NiL2Jt /[Ni2+Ji) = -kt (6) 

from (5) and (6) In{l - (0/(0 + 1» ([NiL2Jt /[NiL2Jee)} = -kt 

(7) 

pseudo first order in HL, [HLJ = constant 

Ao = €HL[HLJ 

At = €NiL2[NiL2Jt + €HL[HLJ = €NiL2[NiL2Jt + Ao 

Ae = €NiL2[NiL2Je + €HL[HLJ = €NiL2[NiL2Je + Ao 

€NiL2[NiL2Jt = At - Ao 

[NiL2J t = (At - AO )/€NiL2 (8) 



€NiL2[NiL2]e = Ae - Ao 

[NiL2]e = (Ae - AO)/€NiL2 (9) 

sUbstitute (8) and (9) in (7) 

In{l - (0/(0 + 1)) (At~olLlAe~o)} -kt 

when 0 is large 0/(0 + 1) ~ 1 

In(l - (At - Ao)/(Ae - Ao» = -kt 

In((Ae~olLlAe- At)) = kt 

126 
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APPENDIX B 

Derivation of the Relationship of the Distribution of the 

Surface Acti ve species between the Interfacial and Bulk 

Aqueous, as well as the Relative Amount of Interface Generated 

by Stirring, Ad/V. 

D 
[HL] 0 

D I = -=---::-_[ H_L----,] 0::--::-

[HL] i - [HL] 0 

(no stiI:ring) 

(under stirring) 

D = [HL] 0 [HL] a 
= --------~---- = 

] ( Ka ) 
[HL a 1 + [H] 

D I = -=---::-_[ H_L-.-:] o~-::-
[HL] i - [HL] 0 

[HL] 0 Vo 

= ---:-[ H __ L=-] a~+----=[_L_-~] !:.,.a __ V_ 
[HL] i - [HL] 0 

[HL] a + [L -] a 

since ([HL]i - [HL]o)Vo = ([HL]i + [L-])Ad + ([HL]a + [L-]a)V 



( [HL] i - [HL] 0) v 0 
= 

( [HL] i + [L -] i) Ad + 1 
( [HL] a + [L -] a) V ( [HL] a + [L -] a) V 

[HL] i (1 + 
[L -] 

K~' (1 + 
K' 

[HL] i ) Ad [;] ) Ad 
= + 1 = + 1 

[HL] a (1 + 
Ka V 

(1 + 
Ka V 

[H) ) lHf) 

at high pH (anion) (see ref. 13) 

if 

thus 

Vo = V, 

( KnH ) Vo 

D' = ___ [H_]_+_K.::.a_V __ 

KI/ ( [H] + K~) Ad 
n [H] + Ka V 

+ 1 

Kn( 
[H) ) 

D' = 
[H] + Ka , 

KI/( [H] + Ka) Ad 
n [H] + Ka V 

D = K// ( [H] + K~) Ad + 1 
D' [H] + Ka V 

+ 1 

log ( D, _ 1) = logK// + log ( ([H] + K~) Ad) 
D ([H] + Ka) V 
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129 

at high pH (anion) K K" = K'K' a D a L (see ref. 13) 

log (~, - 1) = logK~ + log Ad = logK~d + log A 
D V V 

for neutral ligand condi tion, [H2L +] a and [L -] a are negligiblE 

D = [HL] 0 

[HL] a 
and 

[HL] 0 Vo 

[HL] aV 
D' = --:---::---::-=--____ -

[HL] i - [HL] 0) V 0 

[HL] a V 

D D' = 
1 + K' Ad HLV 

DID' = 1 + K' Ad HLV 

(1 + 
[HL] i) Ad 
[HL] a V 
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APPENDIX C 

Derivation of the Relationship of the Second Order Rate 

Constant as a Function of Ka/[H+]. 

(rate limiting step) 

k-
Ni 2 + + L - .: NiL + 

dNiL+/dt = kHL [Ni2+] [HL] + kL-[Ni2+] [L-] 

dNiL+/dt = kHL [Ni2+] [HL] + kL-[Ni2+] [HL]Ka/[H+] 

= [Ni2+]f[HL]f{kHL + kL-Ka/[H+]} 

if [HL]t is the limiting reagent 

[HL]t = [HL]f{l + Ka/[H+]} 

kobs [Ni2+]{kHL + kL-Ka/[H+]}/{l + ka/[H+]} 

k2 = kHL + kL-Ka/[H+] 
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APPENDIX D 

Derivation of the Relationship of the kHL as a Function 

of kN, kz, and KTo 

kN 
N i 2 + + HL -+ NiL + + H + 

d[NiL+]/dt = kN[Ni2+] [HL] + kz [Ni2+] [H+L-] 

= kN[Ni2+] [HL] + kz [Ni2+]KT[HL] 

= [Ni2+] [HL]f{kN + kzKT} 

[Ni2+] [HL]t{kN + kzKT}/{l + KT} 

Thus, kHL = {kN + kzKT}/{l + KT} 
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APPENDIX E 

The kinetic Expression for the Dissociation of Ni(PMBP)2 

under Pseudo First Order Condition in H+. 

I 
K-2 

N iL2 + H + ~ NiL + + HL 
fast 

I 
k-1 NiL + + H + ~ Ni (II) + HL 

slow 

[NiL2]t = [NiL2]f + [NiL+] 

[NiL2]t = [NiL+]{1 + [HL]/K'_2[H+]} 

[NiL+]t = {[NiL2]tK'_2[H+]}/{K'_2[H+] + [HL]} 

-d[NiL+]t/dt = k'_1[NiL+] [H+] 

k'_1[H+]{K'_2[H+]/{K'_2[H+] + [HL]}[NiL2]t 

kobs = k'_1K'_2[H+]2/{K'_2[H+] + [HL]} 

(i) K' -2 [H+] »[HL] kobs = k' -1 [H+] 

(ii) K'_2[H+] «[HL] kobs = k'_1K'_2[H+]2/[HL] 



APPENDIX F 

Physical Properties of Various Solvents 

Solvent Density viscosity Dielectric 

(cp) Constant 

Toluene 0.8669 0.59 2.38 

CHCl3 1. 4832 0.58 4.806 

Hexanes 0.6603 0.326 1. 89 

CCl4 1. 5940 0.969 2.238 

Chloro- 1.1058 0.799 5.71 

benzene 

H2O 0.99707 0.8904 80.37 
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Interfacial 

Tension, y 

51 

45 

-



134 

REFERENCES 

(1) Freiser, H.; Morrison, G. H., Solvent Extraction in 
Analytical Chemistry, John Wiley, New Yorkp 1957. 

(2) Rydberg, J.; Musikas, c.; Choppin, G. R., Principles and 
Practices of Solvent Extraction, Marcel Dekker, New York, 
1992. 

(3) Sekine, T.; Hasegawa, Y., Solvent Extraction Chemistry, 
Marcel Dekker, New York, 1977. 

(4) Zolotov, Y., Extraction of Chelate Compounds, Ann Arbor
Humphrey, Ann Arbor, 1970. 

(5) Freiser, H., Acc. Chem. Res. 1984, 17, 126. 

(6) Hanson, C., Recent Advances in Liquid-Liquid Extraction, 
Hanson, C., Ed., Pergammon, Oxford, 1971. 

(7) Freiser, H., Chem. Rev. 1988, 88, 611. 

(8) Honaker, C. B.; Freiser, H., J. Phys. Chem. 1962, 66, 
127. 

(9) Flett, D. S., Acc. Chem. Res. 1977, 10, 99. 

(10) Flett, D. S. ; Hartlage, J. A. ; spink, D. R. ; Okuhara, D. 
N. , J. Inorg. Nucl. Chem. 1975, 37, 1967. 

(11) Flett, D. S. ; Cox, M. ; Heels, J. D. , J. Inorg. Nucl. 
Chem. 1975, 37, 2533. 

(12) watarai, H. ; Freiser, H. , JACS, 1983, 105, 189. 

(13) watarai, H. ; Freiser, H. , JACS, 1983, 105, 191. 

(14) watarai, H.; Takahashi, M.; Shibata, K., Bull. Chem. Soc. 
Jpn, 1986, 59, 3469. 

(15) Aprahamian, E.; Freiser, H., Sep. Sci. Tech., 1987, 22, 
233. 

(16) Yamada, K.; Nakagawa, K.; Haraguchi, K.; Ito, S., Nippon 
Kagaku Haishi, 1975, 6, 294. 

(17) Ito, S.; Haraguchi, K.; Yamada, K., Nippon Kagaku Kaishi, 
1977, 8, 1137. 



135 

(18) Haraguchi, K.i Freiser, H., Inorg, Chem., 1983,22,1187. 

(19) Dietz, M. L.i Freiser, H., Langmuir 1991, 7, 284. 

(20) Haraguchi, K.i Freiser, H., Anal. Chem. 1983, 55, 656. 

(21) Kolthoff, M.i Elving, P. J., Treatise on Analytical 
Chemistry 1978, 1, 3, 473. 

(22) Surakitbanharn, Y.i Muralidharan, S.i Freiser, H., Anal. 
Chem. 1991, 63, 2642. 

(23) Inaba, K.i Freiser, H.i Muralidharan, s., Solve Extr. 
Res. Develop. (in press). 

(24) umetani, S.i Kihara, S.i Matsui, M., Chem. Lett. 1986, 
1545. 

(25) Zolotov, Yu. A.i Garrilova, L. G., J. Inorg. Nucl. Chem. 
1969, 31, 3613. 

(26) Roy, A.i Nag, K., ibid., 1978, 40, 331 

(27) Okafar, E. C., ibid., 1980, 42, 1155. 

(28) Coronel, F. T.i Mareva St.i Yordanov, N., Talanta, 1982, 
29, 119. 

(29) Sperline, R.i Freiser, H., Langmuir, 1990, 6, 344. 

(30) Sperline, R.i Muralidharan, S.i Freiser, H., Langmuir, 
1987, 3, 198. 

(31) Sperline, R.i Freiser, H., Solvent Extraction and Ion 
Exchange, 1992, 10(2), 297. 

(32) Jensen, B. S., Acta. Chemica Scand. 1959, 13, 1668. 

(33) Jones, D.i Green, M., J. Chem. Soc., (C), 1967, 532. 

(34) Ambwani, D.i Fort, T., Surface Colloid Sci. 1979, 11, 93. 

(35) corsini, A. i Fernando, Q. i Freiser, H., Anal. Chem. 1963, 
35, 1424. 

(36) Muralidharan, S.i Yu, W.i Tagashira, S.; Freiser, H., 
Langmuir 1990, 6, 1190. 

(37) Bettero, A.; Benassi, C. A., Atomic Spec. 1984, 5, 2, 57. 



136 

(38) Wallace, G. F.; Ediger, R. D., Atomic Spec. 1981, 2, 6, 
169. 

(39) Dietz, M. L., Ph.D Dissertation, University of Arizona, 
1991. 

(40) Stary, J.; Freiser, H., Equilibrium Constants of Liquid
Liquid Distribution Reactions: Part IV Chelating 
Extractants, Pergamon Press, 1978. 

(41) Aprahamian, E.; Cantwell, F. F.; Freiser, H., Langmuir 
1985, 1, 79. 

(42) Watarai, H.; Takahashi, M.; Shibata, K., Bull. Chem. Soc. 
Jpn. 1986, 59, 3469. 

(43) Muralidharan, S.; Yu, W.; Tagashira, S.; Freiser, H., 
Langmuir 1990, 6, 1190. 

(44) Johnson, W. A.; Wilkins, R. G., Inorg. Chem. 1970, 9, 
1917. 

(45) Aprahamian, E.; Freiser, H., separation Science and 
Technology 1987, 22, 233. 

(46) watarai, H.; Freiser, H., J. Amer. Chem. Soc. 1983, 105, 
191. 

(47) Tagashira, S., Anal. Chem. 1983, 55, 1918. 

(48) Ma, E.; Freiser, H.; Muralidharan, S., Unpublished 
Results. 

(49) Berthod, A.; Armstrong, D. W., J. Liq. Chromatogr. 1988, 
11, 547. 

(50) Davies, J. T.; Rideal, E. K., Interfacial Phenomena, 
Academic Press, New York, 1963. 

( 51) 

here y (dynes/cm) is the interfacial tension for the 
CHC13-H20 interface at a HL concentration of 0.01 M (see 
Fig. 5), d 1 and d2 are the densities (g/cm3) of CHC13 and 
H20 respectively and G is the centrifugal acceleration 
generated in the CPC apparatus at 800 rpm (100 x 981 
cm2 Is) 23, and r (cm) the radius of the aqueous phase 



137 

droplet. Thus r can be calculated from the other known 
quantities. 

(52) Perry, R. H.; Green, D. W.; Maloney, J. 0., Perry's 
Chemical Engineers' Handbook, 6th ed., McGraw-Hill, Inc. 
New York, 1984. 

(53) Freiser, H.; Muralidharan, S., Unpublished Results. 

(54) Harned, H.; Owen, B., The Physical Chemistry of 
Electrolytic Solution, Reinhold Publishing corporation, 
1943, 577. 

(55) Nakamoto, K., Infrared and Raman Spectra of Inorganic and 
Coordination Compounds, John Wiley & Sons, New York, 
1986. 

(56) Banks, c. V.; Yerick, R. E., Anal. Chim. Acta, 1959, 20, 
301. 


