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ABSTRACT

The liquid-liquid extraction of nickel ions from nitrate me­
dia by di-nonylnaphthalenesulphonic acid (DNNSA), the commercial 
hydroxyoxime LIX63 and their mixtures in hexane has been studied. 
Equilibrium distributions were determined. Extraction rates were 
measured in a non-dispersive contactor under controlled hydrodyn­
amic conditions. The effect of concentrations, turbulence, temper­
ature and interfacial area on fluxes was investigated. The parti­
tion and dynamic solubilization of DNNSA was investigated, as well 
as the solubilization of water by reversed DNNSA micelles.

Novel criteria based on extractant aqueous solubility and 
dissolution kinetics were implemented to identify the interface as 
the locale of the rate controlling step in nickel extraction.

Rate models were derived to simulate the initial extraction 
fluxes by single and mixed reagents under conditions free from 
controlling mass transfer resistances. In addition to concentra­
tions, the models incorporate interfacial parameters and transfer 
coefficients estimated from physical transfer experiments.

The problem of interfacial reaction with convective-diffusion 
was modelled following the two-film and the penetration-surface 
renewal theories of mass transfer. The analyses successfully pre­
dict the plateaux reached by the fluxes as stirring speeds were 
increased.

Synergic and rate-enhanced extraction by the mixtures was ob­
served. Organic bulk and interfacial speciation of single reagents 
and mixtures were modelled. Based on thermodynamic consideration 
of changes in aggregation and micellar solubilization, the syner­
gism shown by mixtures was justified. Concurrent changes in bulk 
and interfacial speciation were found responsible for the rate en­
hancements by mixtures.

The explaination proposed for the r61e of catalytic extrac­
tants differs from existing models in two respects:
i) it integrates the analysis of bulk and interfacial speciation,
ii) it does not assume formation of metal complexes with mixed 
reagents.
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NOTATION

A : interfacial area in the NDSC, m .
A : area of interfacially adsorbed molecule, 

nnwnolecule 1 or nrkmol 1.
A : limiting area of interfacially adsorbed molecule, o
a : interfacial area per unit volume, m .
C : concentration, kmol m 3.
D : metal distribution coefficient.
D : DNNSA monomer, in speciation analysis.

2 - 1I) : diffusion coefficient, m s .
E : rate enhancement factor in extraction by mixtures. 
F : Faraday electrochemical constant.
F : ratio of film renewal rates.
I : ionic strength, kmolm 3.

-2 -1J : interfacial flux, kmol m s .
k’ : kinetic rate constant.
k : apparent kinetic rate constant.
K : DNNSA ionization constant,

a

K : aqueous phase MTC, ms . 
a q

K : equilibrium constant for nickel exchange, 
e

K : equilibrium constant for metal solvation, 
s

K : KDNNS ionization constant, 
s

K : hydrolysis constant, h
L : LIX63 monomer, in speciation analysis.
L : equilibrium nickel loading capacity in section V.5. 
m : aggregation number of DNNSA in organic phase,
n : aggregation number of DNNSA in aqueous phase,
p : partition coefficient.
R : correlation coefficient of regressions,
r : rate of transfer per unit volume, kmolm 3s~\
S : aqueous solubility of surfactants, kmolm 3. 
s : subphase renewal frequency, s \ 
s : Laplace domain variable (in appendix E). 
t : time, s.
T : temperature, °C or K.

2
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, 3 %v : molecular volume (m/molec), and volume per unit area in 
the NDSC (m).

W : water molecules solubilized per surfactant molecules, 
z : electrical charge or ionic valency.

V : volume, m3.

ACRONYMS
BC
CAC
CMC
Concn.
D2EHPA
DNNSA
DP
EM
FE
HD
H L 2
KD 
LMA 
MIC 
MT 
MTC 
NDSC 
PCS 
RD 
RDS 
Re 
RM 
sd 
SMA 
TBP
B f

and ABBREVIATIONS 
boundary condition.

- 3critical adsorption concentration, kmolm .
- 3critical micellar concentration, kmolm . 

concentration.
di-2-ethylhexylphosphoric acid, 
di-nonyl naphthalenesulphonic acid, 
discrete particle, 
electrophoretic mobility, 
fluid element of organic phase, 
monomer of DNNSA. 
monomer of LIX63. 
monomer of K-soap of DNNSA. 
law of mass action.
concentration of micellar species, kmolm 
mass transfer.
mass transfer coefficient, ms 
non-dispersive, stirred contactor, 
photon-correlation spectroscopy, 
rising drop, 
rate-determining step.
Reynolds number, 
reversed micelle.
standard deviation of a set of values, 
sub-micellar aggregate, or concn. of SMAs (kmolm ") 
tri-n-butylphosphate.
'Bei^ve-re'!

- 3

-1

- 3 ,
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SUPERSCRIPTS
ad : adsorbed at the o/w interface,
h : in hexane (e.g. moisture),
i : interfacial,
s : at saturation.
I,II,III: regions in figure V.12.

SUBSCRIPTS
a : anion.
aq : aqueous phase.
D : refers to DNNSA, and to ionized sulphonate. 
e : exchange.
eq : equilibrium,
f : feed.
i : ith species in rate modelling,
p : DNNSA micelle.
T : formal (total) concentration.
H : hydrogen ion.
K : potassium ion.
L : refers to LIX63.
M : mixed system, also refers to Metal (i.e. nickel).
Ni : nickel.
0 : organic phase.
s : refers to KD soap, or ionized naphthalene sulphonate. 
so : solvation.
w : water, in micellar solubilization work.
1 : monomer, also refers to MD+, and to pre-synergic equili­

brium (in section IV.6).
2 : dimer, also refers to MD^, and to synergic equilibrium (in

section IV.6).

GREEK SYMBOLS
5 : thickness of diffusion film (in section V.4), m.
5 : thickness of reaction film (in section V.5), m.
c : time required for chemical conversion of a FE.
<p : surface renewal frequency distribution.
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- 2 * 2r : interfacial adsorption density, kmolm and molec nm . 
7i : refractive index.
^ : interfacial potential, mV.
A : adsorbed film thickness, nm.
H : viscosity, mPas.
v : kinematic viscosity, cS.
ii : interfacial pressure, mNm 1.
6 . : fractional interfacial coverage by species j.

J  -3p : density, kgdm .
a : interfacial tension, mNm 1.
t : time required for full water loading of a FE.
< : zeta potential, mV.

t 1 (jona&n-/' /'GU'b-crrt /c 77vo1
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CHAPTER I. INTRODUCTION

The research and development efforts invested over the last 
three decades or so in the optimisation of hydrometallurgical li­
quid-liquid extraction processes can be classified into two areas, 
of arguably similar importance: equipment engineering and process 
fundamentals. In respect of the former, although conventional mix­
er-settlers are still in use in most mills, a number of technical 
innovations are gradually being introduced. Contactors such as 
combined mixer-settlers and columns of various designs tend to 
show a better performance than conventional plant.

The fundamentals of metal extraction processes have lately 
received much attention. Research on the process chemistry has 
lead to the development of later-generation reagents that are more 
selective, have higher loading capacity, or are more stable than 
earlier extractants. Modifiers have also been developed that faci­
litate the stripping and phase disengagement and reduce crud for­
mation.

As processes become well established, there appears the un­
derstandable reticence of speciality chemicals manufacturers to 
invest funds in the development of new reagents or processes 
(Price, 1987). Instead, considerable effort is currently being de­
voted to discovering and exploiting the advantages resulting from 
mixing available well known extractants. The desirable effects u- 
sually sought are increases in selectivity or in loading capacity 
(synergism), enhancements in the extraction or stripping rates, or 
a combination of these effects.

The hydroxyoximes developed as the LIX series by General 
Mills (now Henkel Corp. ) in the late 1960s are the best known 
example of synergic/rate-enhancing effects in one proprietory re­
agent mixture. Aimed at the large tonnage copper industry, LIX64N 
is a mixture of mostly 2-hydroxy-5-nonyl benzophenone oxime (LIX
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65N) with small amounts of 5,8-diethyl 7-hydroxy 6 dodecanone o- 
xime (LIX63). The molecules of these acidic extractants can ex­
change protons by copper cations, and also chelate the metal ion. 
The small additions of LIX63 to the highly copper-selective LIX65N 
increase the rate of extraction.

Reports of synergic and rate enhancing effects observed with 
mixtures of LIX reagents and other acidic extractants of the sul- 
phonate, carboxylate, and phosphate families abound in the li­
terature, yet there appears to be little understanding of the phy­
sico-chemical and transport phenomena underlying such observa­
tions. Further, because of the modelling difficulties posed by the 
heterogeneous nature and the chemistry of the reactions involved 
and the amphipathic character of the extractants, conflictive con­
clusions are sometimes reached.

Satisfactory models of extraction rates by extractant mix­
tures or the conclusive identification of the locus of rate de­
termining steps in the mechanisms involved cannot be readily subs­
tantiated without a comprehensive research approach. Such a study 
must encompass the bulk phases as well as the interfacial region. 
Information about all species present in the organic and in the a- 
queous phase, and on interfacial parameters such as pressure, e- 
lectrostatic potential and adsorption density should be combined 
with the study of the effect of chemical and hydrodynamic parame­
ters in the interpretation of kinetic data. Perusal of the litera­
ture reveals that this is not the approach usually followed. In­
stead, models are derived from partial analyses of extraction sys­
tems.

As a consequence, disparate opinions are found in the litera­
ture on aspects such as reaction orders and the locale of the rate 
determining step (RDS). There is, for example, an ongoing argument 
about the site of RDSs. A correlation between aqueous solubility 
of the extractant dithizone and extraction rates suggested to

17



Akiba and Freiser (1982) that reactions in the bulk aqueous phase 
controlled the rate of extraction of Cu(II), whereas a similar de­
pendence of the rate on the interfacial adsorption density of 
LIX65N le d Flett (1977) to propose an interfacial control.

The interfacial physical chemistry and bulk speciation of ex­
traction systems with dinonylnaphthalene sulphonic acid (DNNSA or 
HD, Kings Industries, Conn., USA) and the hydroxyoxime LIX63 
(Henkel Corp., previously General Mills) have been extensively 
studied by the research group lead by Dr. K. Osseo-Asare at Penn­
sylvania State University. The availability of information gene­
rated by that work makes this extractant mixture a good model sys­
tem for an integrated approach to kinetic extraction modelling.

Although these mixtures may have little commercial relevance 
at present, understanding the complicated phenomena underlying the 
catalytic and synergic interactions in them is expected to contri­
bute to the understanding of the behaviour of other extractant 
mixtures.

In addition, because of its intense surface activity, DNNSA 
has potential applications not limited to metal extraction. Its 
ability to form aggregates in organic diluents may be exploited to 
solubilize hydrophiles that are virtually insoluble in the absence 
of surfactant. Potential uses are in medicine, biotechnological 
separations, and catalytic processes in heterogeneous systems. 
Double tailed molecules such as that of DNNSA favour the at­
tainment of very low interfacial tensions. This property may be 
used to benefit in enhanced oil recovery (Aveyard, 1987). Thus 
furthering our understanding of the surface chemistry and col­
loidal properties of DNNSA has a significant niche in the research 
and development effort which may eventually translate into novel 
separation techniques.

18



The aim of this work was to obtain mechanistic models that a- 
dequately describe the kinetics of nickel extraction by LIX63 
-DNNSA mixtures. To this effect, experimental work was performed 
covering the following areas:

-aqueous solubility and dynamic phase-transfer of DNNSA, 

-interfacial tensions,

-equilibrium and dynamic loading of water by solutions of reversed 
micelles,

-metal extraction equilibria, and 

-metal extraction kinetics.

Experiments are described in chapter III, and results are 
presented and discussed in chapter IV. Chapter V deals with the 
modelling of metal extraction kinetics by single and mixed ex­
tractants and of physical mass transfer. The literature relevant 
to all areas of this work is reviewed in chapter II.
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CHAPTER II. LITERATURE REVIEW

The major subject of this thesis belongs in the field of hy­
drometal lurgical liquid-liquid extraction using reagents mixtures. 
The relevant bibliography is covered in section II.3.

The secondary thrust of this work was to investigate the abi­
lity of DNNSA to form micelles that can physically solubilize o- 
therwise sparingly soluble substrata. Work on the solubilization 
of hydrophobic substances by surfactants and the symmetric pheno­
menon of hydrophiles solubilization is reviewed in section II.2. 
From the large body of literature focusing on these areas the most 
directly relevant work has been culled. Some reviews are included 
among the references.

It is believed that a satisfactory characterization of the 
bulk phases and the interface is needed to model extractive sepa­
rations, whether with or without chemical reactions, in biphasic 
liquid systems. Thus the literature reports referred to in section 
II.1 concerning the interfacial activity of surfactants are of si­
milar importance to all mechanisms here investigated.

20



II. 1. AMPHIPATHY AND OTHER PROPERTIES OF EXTRACTANTS

The molecule of the DNNSA isomer shown in figure II. 1 is com­
posed of a non-polar part (two hydrocarbon tails and a naphthalene 
group), and a polar head, the sulphonate group (Hogfeldt et al., 
1981). The polar head is attracted toward polar diluents, whereas 
the tails are hydrophobic. Hartley (1936) coined the word "amphi- 
pathy" for such dual properties in one molecule.

Figure II.1 C9H19 C9H19

Hydrogen bonding causes liquid water to be strongly structu­
red, and to show similar short-range ordering as that in ice 
(Tanford, 1973). Non-polar solutes such as the hydrocarbon tails 
of DNNSA increase that structuring, as evidenced by negative en­
tropy changes on dissolution. Thus as the concentration of a sur­
factant in water (C , for DNNSA) is increased, the Gibbs free e-

D T

nergy of the system also increases and it is mostly localized at 
the interface between water and hydrocarbon tails (Elworthy et 
al., 1968). The system reacts to increases in C according to Le 
Chatelier principle: the interfacial area shrinks.

Three mechanisms contribute to such reduction in interfacial 
area. The amphipathic molecules adsorb at the air-water interface, 
with the tails sticking out of the water. The molecules also con­
tract down to about 70% of their length in hydrocarbon diluents
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(Elworthy et al.t 1968). As C is increased even further, the 
interfacial population of adsorbed monomers eventually reaches sa­
turation. Further surfactant additions result in aggregation. Mi­
celles are formed in the bulk phase with the hydrocarbon tails in 
the centres, isolated from the aqueous environment by a shell of 
polar heads. Significant micellisation starts at the critical mi­
cellar concentration (CMC).

II.1.1. ADSORPTION AND AGGREGATION

The C1C of a surfactant or a mixture of surfactants is not a 
unique composition, instead it is a narrow concentration band. CMC 
values are experimentally found by locating the usually sharp bre­
ak in the curve of concentration versus various physical proper­
ties, such as interfacial or surface tension, solubility of immis­
cible substrata, electrical conductivity, osmotic pressure, elec­
trophoretic mobility, or turbidity (Elworthy et al.; 1968, Hall 
and Tiddy, 1981; Eicke, 1980).

Nagarajan and Ruckenstein (1979) have analized the molecular 
interactions resulting in aggregation of amphipathic agents in a- 
queous media. Electrostatic repulsions cause ionic surfactants to 
form larger micelles than similar, non-ionic surfactants. The 
thickness of the diffuse electrical layer is reduced by incre­
asing the ionic strength (I), thus the repulsions also decrease 
and larger micelles can be stabilized at higher values of I. It 
has been reported that increasing values of I enhanced the solu­
bilization of hydrophobes by aqueous micelles, consistent with a
larger micellar size (Carroll, 1981; Lianos et al., 1984; Huang et »
al., 1981).

Fendler and Fendler (1975) collected micellar parameters of 
sulphonate-based and other types of surfactants in aqueous and non
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—polar* media. Temperature, chain length, ionic strength, the pres­
ence of additives, and the type of counterion are variables which 
affect the micellar size and the CMC.

There is also adsorption at interfaces and micellisation when 
surfactants are dissolved in'organic diluents. Reversed micelles 
are formed in that case, with the polar heads in the centre, 
shielded from the non-polar environment by the hydrocarbon tails 
(Eicke and Christen, 1974a). The pairs of tails in DNNSA molecules 
form a hydrophobic shell that very efficiently screens the polar 
heads, resulting in values of the CMC as low as 5.10 6kmolm 3 
(Osseo-Asare and Keeney, 1980a). Reversed micelles are considera­
bly smaller (aggregation numbers (m) 2 5 to 20) than aqueous mi­
celles (m 2 50 and larger) (Fendler and Fendler, 1975).

In reversed micelles the polar heads are closer together, and 
are subjected to the aqueous environment of the core. Thus elec­
trostatic repulsions may be even more important than in aqueous 
micelles. As I is increased, the repulsions among heads will de­
crease and more compact micelles would be expected. Reductions in 
the solubilizing ability of those micelles as I was increased 
(Goklen and Hatton, 1985; 1986) suggest that electrostatic inter­
actions play a major role in stabilizing the micellar size.

It has not been conclusively demonstrated whether micellar 
sizes are affected by moisture. Kaufman and Singleterry (1955) re­
ported that the sizes of NaDNNS and Ba(DNNS) micelles were not

2
sensitive to changing water concentrations. But the same authors
later reported (1957) marked increases in Zn(DNNS) micelles size

2
as their water content increased.

Some of the work reviewed by Nagy (1982) has shown marked ef­
fects of the water content on micellar sizes. Much earlier, Markus 
and Kertes (1969) stated that, although DNNSA is dimeric in dry 
benzene, there were "some larger aggregates" in the presence of
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water. Water, therefore, seems relevant to the formation of rever­
sed micelles. Eicke and Christen (1978) suggested that it is in­
deed indispensable.

The micellar size depends on counterion type (Markovitz and 
Choppin, 1973; Eicke, 1980), although Markus and Kertes (1969) did 
not observe a large effect of this factor. The weight of a NaDNNS 
micelle in dry heptane was found to be around 2400, thus m £ 5.5 
(Wang and Li, 1965). The hydrophobic moiety of the molecule af­
fects the micellar size more than the polar head. BaCDNNS)^ 
reversed micelles of 7 to 8 monomers were identified in wet ben­
zene, whereas Ba-petroleum sulphonate was found to aggregate in 
micelles of 34 to 35 monomers (Kaufman and Singleterry, 1955).

The early literature data on DNNSA aggregation in organic di­
luents can be roughly arranged into two groups according to the 
dependence of the values of m on the polarity of the diluent 
(Markovitz and Choppin, 1973). In aromatic solvents m ranges from 
5 to 10, whereas m increases to the range 15 to 20 in aliphatic 
diluents. NaDNNS and BatDNNS)^ micelles in n-decane were roughly 
twice as large as those in benzene (Markovitz and Choppin, 1973).

The experimental difficulties involved in the determination 
of micellar sizes are evidenced in the disparity of the results 
available in the literature about aggregation numbers of DNNSA. 
Morris and Jones (1969) reported aggregation numbers around 20 in 
heptane, whereas Markovitz and Choppin (1973) estimated a value of 
10, closer to the finding of van Dalen et al (1974a), 7, and the

— 3value m = 7 virtually constant in the range 1.10 s [DNNSA] ^ 
0.15 estimated recently by Zheng and Osseo-Asare (1987). From data 
on equilibrium transfer of aqueous halides into DNNSA and LiDNNS 
micellar solutions in heptane, m values around 17 were estimated 
(Hogfeldt et al., 1981). Later revisions reported in the same 
paper corrected the estimate to around 9.
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Kertes and Gutmann (1976) and Mukerjee (1974) have described 
the main approaches to the modelling of micellisation, namely:

1) the pseudo-phase model, and

2) the Law of Mass Action (LMA) model, which in turn has two 
different versions, as follows

2a) stepwise aggregation, and 
2b) monomer-micelle equilibrium.

1) The pseudo-phase theory considers the micelles as a separate 
but discrete, non-coalescing phase which abruptly appears els the 
bulk surfactant concentration is increased beyond the CMC. All 
surfactant further added to the system is used in forming mi­
celles, i.e. the monomer activity remains constant at about the 
CMC value. This picture of the aggregation phenomena is the sim­
plest and it is bEtsed on the observation that micellisation shows 
several properties chsiracteristic of phase separation (Berezin et 
al., 1973). The pseudo-phase theory represents well the physical 
situation only for large aggregation numbers (Elworthy et al., 
1968) thus it is most suitable for aqueous phase micelles.

2a) According to the stepwise aggregation model monomers self 
-associate into dimers, and sequentially trimers and higher oligo­
mers sire formed. The activity of the i-th oligomer (i.e. of the 
aggregate of i monomers) a^ is related to a^+  ̂and to a^ by the 
LMA (Kertes and GutmEinn, 1976). Aggregation proceeds stepwise. 
Polydispersity of aggregates and no abrupt discontinuity in the 
concentration versus physical property curves Eire expected from 
this approach. Thus the concept of CMC is no longer valid (Kertes, 
1977). Some surfactant solutions in non-polsr diluents do not show 
a sharp CMC, in contrast with most aqueous micellar systems.

2b) When the micellisation phenomenon is modelled as a one-step 
aggregation, the monomer activity (a^) increases little beyond
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that at the CMC. The LMA relates activities of monomer and micel­
le. The one-step aggregation approach is usually preferred to mo­
del the speciation in reversed micellar systems.

DNNSA adsorbs strongly at the hexane-water interface and re­
duces the interfacial tension (<r) from 50 mNm 1 to about 8 mNm 1 
at [DNNSA]=5.10 6(Osseo-Asare and Keeney, 1980a;b).There is a sharp 
break in the <r versus log [DNNSA] curve near the latter value, in­
dicating the CMC. The CMC in toluene was reported at around 2.10 5

- 3kmolm by Chiarizia et al. (1976). This sharp break and the cons­
tant mean aggregation number found from VPO studies (Osseo-Asare 
and Zheng, 1987, Zheng and Osseo-Asare, 1987) suggest that DNNSA 
aggregates following the monomer-micelle equilibrium model 2b, 
used by Chiarizia et al.(1976), and Lin (1984).

The features of DNNSA reversed micelles most relevant to this 
work are summarized as follows (Gallacher, 1982):

1) DNNSA and its salts form micelles in non-polar diluents, 
with aggregation numbers around 10. Micellar sizes depend on the 
diluent dielectric constant, and to a lesser degree on the cation 
type, moisture quality and concentration, and DNNSA concentration.

2) The CMC in hydrocarbon diluents is around 10 6kmolm 3.

Most hydrometallurgical extractants are less surface active 
than DNNSA, as indicated by the higher values of their critical 
adsorption concentration (CAC). They are thus expected to aggre­
gate less than DNNSA. Carboxylic acids dimerize in organic di­
luents, and monomer-dimer binaries in aqueous media have been re­
ported (Flett and Jaycock, 1973).

Hummelstedt (1977) presented data which showed that LIX63 and 
LIX65N aggregate more in i-octane than in aromatic hydrocarbons, 
in agreement with the difference in interfacial activity in those 
diluents.
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Organophosphorous extractants dimerize in organic diluents. 
Cox et al. (1983) reported that di-2-ethyl hexyl phosphoric acid 
(D2EHPA), phosphonic, and phosphinic acid from commercial samples 
in toluene were dimers. Reversed micelles of D2EHPA (pCAC=3.6 in 
n-dodecane; Osseo-Asare, 1984) have been reported by Eicke and 
Christen (1974a), and by Gaonkar and Neuman (1986).

The dimerization of hydroxyoximes in anhydrous diluents was 
confirmed in the mid 1970’s, but no work had been reported until 
1977 on dimerization in wet organic phases (Cox and Flett, 1977).

The aggregation of the anti-isomer of 5,8-diethyl-7-hydroxy 
dodecanone oxime (the active extractant in LIX63, pCAC=3.7 in hex­
ane, 2. in toluene) has been studied by Aguilar et al. (1983) 
using vapor pressure osmometry (VPO). Trimers and dimers were 
found. Zheng and Osseo-Asare (1987) used the same technique and 
estimated aggregation numbers higher than 2, and increasing as the 
concentration was increased beyond the CMC.

Atwood et al.(1975) found no evidence of LIX64N dimerizing 
from their IR and extraction equilibrium results.

Akiba and Freiser (1982) evaluated the dimerization constant 
of LIX65N in hexane and heptane. Inoue and Tsunomachi (1984) did 
the same for the active extractant in Shell’s SME529, and Zheng 
and Osseo-Asare (1987) for LIX63.

The aggregation of extractant mixtures is less well known 
than that of single reagents. Their VPO work suggested van Dalen 
et al. (1974b) that one D2EHPA molecule was associated to 7 DNNSA 
molecules in a reversed micelle.

When LIX63 was added in varying proportions to hexane sol­
utions of DNNSA, <r increased above that value for DNNSA alone
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(Keeney and Osseo-Asare, 1982). The <r vs log[DNNSA] isotherms 
showed breaks almost as sharp ais in the case of DNNSA alone, and 
values of CAC and the critical micellar concentration (CMC) could 
be estimated for the mixtures at each level of [LIX63].

Lin (1984) adopted the monomer-micelle one-stage equilibrium 
approach to model the aggregation of DNNSA and of DNNSA-LIX63 mix­
tures. Lin assumed that the formation of mixed binaries proposed 
by Keeney and Osseo-Asare (1982) destabilized LIX63 dimers and 
trimers (Aguilar et al., 1983, Zheng and Osseo-Asare, 1987), which 
were thus not included in Lin’s analysis.

In their VPO work with LIX63-DNNSA mixtures in hexane, Osseo 
-Asare and Zheng (1987) and Zheng and Osseo-Asare (1987) found 
that the vapor pressure vs log[DNNSA] curves with [LIX63] as the 
parameter had minima at [DNNSA]/[LIX63] ratios of around 2/3. That 
finding agreed with the stoichiometry of metal complexes extracted 
by these mixtures (Osseo-Asare and Renninger, 1984), and lead the 
authors to propose the speciation analysis used in section V.7 of 
this work.

A molecular thermodynamic theory for mixed surfactant micel­
les has been presented by Nagarajan (1985).

When tri-n-butyl phosphate (TBP) was added to D2EHPA solu­
tions in hexane, cr was found to increase, the rate of uranyl ion 
extraction to decrease, and the interfacial electrostatic poten­
tial took on less negative values. These observations indicated a 
decrease in adsorption, probably due to aggregation of both re­
agents in the bulk (Cox and Flett, 1977).
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II. 1.2. AQUEOUS SOLUBILITY OF EXTRACTANTS

One of the requirements of hydrometallurgical extractants and 
diluents is a low solubility in aqueous media. Otherwise losses in 
the raffinate would pose economic penalties in the form of inven­
tories replenishment and pollution abatement. Besides this tech­
nological importance, the aqueous solubility concerns the model­
ling of metal extraction fundamentals.

There is a conspicuous discussion in the literature about the 
locale of the rate-controlling reaction step. In some systems, 
controlling reactions have been reported as taking place in the 
aqueous bulk, while in others the organic or the aqueous diffusion 
films have been proposed as the site to those reactions, and the 
interface is the choice of most researchers. If the reactions take 
place in aqueous media, then the aqueous solubility of the ex­
tractants is obviously important. It is also so when rate-limiting 
reactions between interfacially adsorbed complexes and extractants 
in the aqueous phase are proposed.

Coleman and Roddy (1971) warned that the solubility issue can 
be an important consideration in kinetic modelling. They reviewed 
data on alkyl phosphoric acids partition. The partition coeffi­
cient (P) of D2EHPA in n-octane was shown to depend on pH and 
[D2EHPA]. It may be estimated from the data shown that P doubled 
as the reagent concentration was increased one hundred -fold. The 
experimental difficulties involved in measuring the partition of 
surfactants were highlighted.

Akiba and Freiser (1982) have shown that extraction rates of 
Ni(II) by LIX65N increased in line with the aqueous solubility of 
the reagent. The authors found a correlation between reagent ag­
gregation in the organic bulk and whether P was constant or varied 
as [LIX65N] was changed. Constant values of P were reported for 
LIX65N partitioning between a buffer and solvating, relatively
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more polar (than hydrocarbons, for example) diluents. The oxime 
does not aggregate significantly in those diluents but it dimer­
izes in hexane and heptane (Akiba and Freiser, 1982), for which P 
was found to increase as [LIX65N] was increased. For all diluents
a unique value of pK (8.7) was determined. Paatero and Goldinga
(1983) reported pK >10 for most hydroxyoximes, and Flett et al.a
(1973) used in their calculations pK =10 for alkyl hydroxyoximes.

EL

Whewell et al. (1977) included aqueous solubilities in rate 
models that assumed controlling reactions in the aqueous diffusion 
film. Thgse researchers presented data which show that aggregation 
and partition of hydroyoximes are related. The solubility vs 
[LIX63] line was curved, whereas solubility vs [monomer] was a 
straight line. It follows that partition coefficients of incre­
asing value are to be expected at higher formal concentrations.

The non-linearity between organic and aqueous extractant so­
lubilities due to the concentration dependency of P has not been 
considered by authors who proposed aqueous diffusion films as the 
locus of rate-controlling reactions (Hughes and Rod, 1983, 1984a, 
b).

The partition of SME529 (Shell Chemicals) was investigated by 
Inoue and Tsunomachi (1984). The aqueous solubility of the oxime 
was shown to be independent of pH up to pH 7, and to rise sharply 
at pH>7 as the reagent ionized more significantly. From the data 
plotted by those authors it may be estimated that a 30-fold
increase in [oxime] resulted in a value of P around 3 times

ĉ O 35larger, and that P depended on [oxime]“ ’ . In view of the 
relatively very large values of P (6000 to 20000) it is somewhat 
surprising that a rate controlling reaction involving the aqueous 
oxime be invoked for that chemical system (Inoue et al., 1985; 
Miyake et al., 1986).
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Aqueous hydroxyoxime concentrations are usually measured 
following the spectrographic method developed by Ashbrook (1972).

Chaiko and Osseo-Asare (1987b) have estimated the aqueous so­
lubilities of DNNSA and of LIX65N from monolayer dissolution rate 
experiments. No previous report concerning aqueous solubility of 
DNNSA or its salts was found by those authors in the literature. 
The solubility of the oxime may be compared to the value found by 
Komasawa et al. (1980b).

II.1.3. INTERFACIAL PRESSURE AND EXCESS

The potential contributions of interfacial properties measu­
rements to the understanding of the physical-chemical mechanisms 
involved in metal ion liquid-liquid extraction were highlighted by 
Cox and Flett last decade (1977). However, few researchers un­
dertake such work as an integral part of their investigations. The 
interfacial activity is also closely related to the aggregation 
and the resulting speciation of the extractants, as will be em­
phasized throughout this work.

The amphipathy of reagent molecules is responsible for both 
adsorption and aggregation. The extractant shows affinity for both 
media, thus it adsorbs at the o/w interface where its concen­
tration becomes higher than in the bulk phases causing cr to fall 
below that value when surfactants are not present. The CAC is the 
lowest bulk concentration which can produce a saturated interface 
(Rosen, 1978), thus CAC values give an indication of the inter­
facial activity of surfactants: the lower the CAC value, the high­
er the activity. Osseo-Asare has tabulated CACs and CMCs of the 
more common acidic, basic, and amphoteric extractants in several 
diluents (1984).
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DNNSA adsorbs very strongly, as indicated by its pCAC= 6.5 
(Osseo-Asare and Keeney, 1980a). Its interfacial concentration is 
therefore approximately constant in the range of bulk concentra­
tions of interest, an important consideration in the modelling of 
extraction kinetics (Danes! and Chiarizia, 1980).

The interfacial concentration thus is clearly different from 
that concentration in the bulk. The Gibbs equation of state re­
lates the adsorption density (or "interfacial excess", D  to the 
reagent activity in the subphase. When electrolytes are added to 
the aqueous phase with the aim, for example, of regulating pH or 
ionic strength, the Gibbs equation may still be used, modified as 
proposed by Matijevic and Pethica (1958).

The adsorbed film has a finite volume, because its thickness 
is similar to the length of the adsorbed molecule. The length of a 
DNNSA molecule in the monolayer was estimated as 1.8nm by Chia­
rizia et al. (1976), on the basis of the molar volume (Kaufman and 
Singleterry, 1957) and assuming cylindrical shape. The length of 
the free monomer had previously been estimated as 0.8nm by van 
Dalen et al. (1974a). Thus Chiarizia et al. (1976) concluded that 
the adsorbed molecule was stretched, with the head opposite to the 
tails. The assumption of cylindrical geometry for the DNNSA mole­
cule seems reasonable in view of the two tails (Aveyard, 1987).

Several factors affect cr and T of a surfactant at the organic 
/water (o/w) interface. Osseo-Asare (1984) has discussed such ef­
fects in the context of hydrometallurgical extraction reagents, 
while Lucassen-Reynders (1981) reviewed anionic tensoids.

Miyake et al. (1986) investigated the effect of alkyl chain 
length on <r, metal distribution at equilibrium, and rates of cop­
per extraction by a series of homologue o-hydroxyacetophenone o- 
ximes in benzene.
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DNNSA and LIX63 adsorb more strongly when dissolved in ali­
phatic hydrocarbons than when in aromatic hydrocarbons (Osseo- 
Asare, 1984). The latter are more polar than the paraffinic di­
luents, thus they repel less the polar heads. Similar diluent ef­
fect was observed for di-n-octyl phosphinic acid by Cox et al. 
(1983), who reported a ApCAC s 2 from heptane to toluene. The mo­
nolayer was more packed in the former than in the latter (r=0.71

-2and 0.44 molecules nm , respectively).

The effect of changing pH on <r for a variety of extraction 
systems suggests that as ionization of the extractant is favou­
red, adsorption becomes stronger. This effect is probably due to 
the increasing repulsion between organic diluent and extractant as 
the latter becomes more polar on A<w/zation (Osseo-Asare, 1984).

As pH was reduced^ the p alkenyl-8-hydroxy quinoline 
KELEX 100 (Sherex Chemicals Co.) protonated, and <r again decreased 
(Lee and Tavlarides, 1986).

Adsorbed LIX63 is largely deprotonated at pH=10 (Al-Diwan et 
al., 1977). The value of <r increased as pH was reduced to about 4, 
probably due to lesser ionization, and <r decreased again when pH 
was reduced to around 1. Those authors attributed the decrease in 
<r as pH fell from 4 to 1 to the protonation of the oxime. Such 
protonation, however, would impart a positive charge to the inter­
faces at which LIX63 adsorb, in contradiction with the nil elec­
trophoretic mobility (EM) of droplets observed in that pH range by 
Osseo-Asare et al{1983b). No effect of changing pH up to pH=9 on 
the adsorption of LIX63 had previously been reported (Cox and 
Flett, 1977).

Because DNNSA is a strong acid (pK =0.57; CRC, 1983-84), ita
is not expected that pH changes affect <r. However, the work of 
Flett et al. (1974; 1975a; b) concerning the variation of tr with 
pH in several acidic extractant systems showed that cr for DNNSA in 
hexane fell from about 20 mNm 1 at pH=2 to about 9 mNm 1 at pH=8.
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Those values of <r seem surprisingly high considering that [DNNSA] 
was 2.10 3.

Depending on the selectivity of an acidic extractant, the ad­
sorbed film may resemble a mosaic composed of anions, acid, and 
various salts (Fyles, 1985; 1986). It is not expected that all
counterions affect <r equally. For example, copper hydroxyoximates 
were less surface active than the hydroxyoximes (Cox and Flett, 
1977). When nickel was present <r of LIX63 increased, again indi­
cating that the complex was less active than the extractant (Flett 
et al., 1974).

Adsorption density data are usually presented sis ’ n-A* iso­
therms. The interfacial pressure n is defined as the drop in <r due 
to the adsorbed surfactant from the value of cr° at the water/ hy­
drocarbon interface (around 50 mNm 1). The area covered by each 
adsorbed molecule (A) is the reciprocal of T, thus it may be 
found by application of the Gibbs isotherm.

Lucassen-Reynders (1981) has reviewed the recent work on mo­
nolayer thermodynamics, such as the 2-d-gas and 2-evolution ap­
proaches to the equation of adsorbed state.

The reagent effectiveness of adsorption, T = A 1 . can be
o o  '

found from the limiting value of A at high pressures by extrapola­
ting the straight section of the n-A curve to n=0. Osseo-Asare 
(1984) listed values of A for a variety of extractants.O

Some disparity is found in the literature concerning values
of A for DNNSA. Osseo-Asare and Keeney (1980a) estimated A =  0.38 

o o
2 - 1nm molecule , whereas Chaiko and Osseo-Asare (1983) reported A =

2 - 1  0 1.21nm molecule . The variation was attributed to differences in
the purity of the reagent. The lower value seems more probable, as
other authors reported similar results. Chiarizia et al. (1976)

2 - 1estimated A =0.40 nm molecule .
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Results for LIX63 are more self-consistent in this respect.
2 —1Al-Diwan et al. (1977) reported A =1.01 nm molecule , whereas

0
2 “1Chaiko and Osseo-Asare (1983) estimated A =0.99 nm molecule with

0 2 the same diluent. Osseo-Asare and Keeney (1980a) found A =  1.08nm
molecule 1.

The smaller the value of A a reagent has, the higher the in-
o

terfacial concentration it reaches. A correlation would therefore
be expected between T and the observed rate of heterogeneous

o

reactions if the rate depended on interfacial density. Such a cor­
relation was found by Flett (1977) for the extraction of copper by
LIX65N. A was modified by using various diluents. Dalton et al. 

o

(1978) reported that <r increased and the extraction of copper by 
o-hydroxyaryl oximes slowed down as the percentage of aromatic 
component in the diluent increased from 0 to 100.

Additions of a second reagent may alter the bulk speciation 
of an extractant and its interfacial activity. [LIX63]=0.1 incre­
ases the CMC of DNNSA from 5.10 6M to 2.10 ^  (Keeney and Osseo 
-Asare, 1982; Osseo-Asare and Keeney, 1980b). In other words, the 
mixture DNNSA-LIX63 is less surface active than DNNSA alone. DNNSA 
(pCAC=6.5) is more surface active than LIX63 (pCAC=3), thus it po­
pulates the interface preferentially. Whether the adsorbed mono- 
layer is a mosaic of mostly sulphonates and a few oximates, or it 
is composed of only sulphonates at a lower ir, when LIX63 is pre­
sent T is smaller than T with DNNSA alone, 

o o

DNNSA-LIX63 mixtures however extracted more nickel, and ex­
tracted it faster, than DNNSA alone (Osseo-Asare and Keeney, 1980b; 
Osseo-Asare et al., 1983a; Lin, 1984). The rate of tervalent ca­
tion extraction by DNNSA alone was found to be interfacially 
limited (Danesi et al., 1976). Postulating similar rate-limiting 
reactions for mixtures would apparently contradict Flett’s cor­
relation between f and rates (1977). A facile conclusion would
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thus be that the extraction rate in this mixed system is not con­
trolled by interfacial mechanisms. But Flett's correlation applies 
only when reactions between either cations or charged complexes 
and adsorbed extractant control the overall rate. The rate incre­
ases observed as T decreased in the nickel-DNNSA-LIX63 systemo
thus suggest that reactions other them those limit the rate of ex­
traction by DNNSA alone.

Dobson and van der Zeeuw (1976) showed that values of T of 
hydroxyoximes in n-heptane were higher than in toluene. Hummels- 
tedt (1977) suggested that observation as the reason for the high­
er fluxes observed with aliphatic diluents. In other words, the
author backed Flett’s A -J correlation.

o

The classical methods to measure <r involve either the balance 
of forces between the weight of a pending drop and the tension 
over the perimeter at the suspension point, or the force required 
by a ring or plate to cross the interface (Adamson, 1967).

Measurements of dynamic interfacial tensions allow the esti-
*mation of extractant diffusion coefficients (Rodriguez de Carvalho 

and Slater, 1983).

II.1.4. INTERFACIAL POTENTIALS

Adsorption of ions at liquid-liquid interfaces gives rise to 
a concentration of charges at the plane of those functional groups 
(McRitchie, 1977). This interfacial charge leads to an interfacial 
potential (ip). The electrostatic field generated by \p between 
interface and bulk attracts ions of opposite and repels ions of 
equal charge sign. Attracted counterions therefore concentrate as 
a diffuse layer facing the adsorbed monolayer. The value of 0 
depends on T and on the ionic strength of the aqueous phase (I)
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according to the Gouy equation. For a univalent electrolyte at 
20°C this relationship is (Ortiz, 1978):

134 r
0 = 50.4 sinh 1--------- (II.1)

DNNSA is a strong acid that upon adsorption at an o/w in­
terface ionizes and confers negative charge to the interface. Be­
cause DNNSA is also a strong surfactant, T is relatively large in 
aliphatic diluents, and significant values of 0 are observed at 
moderate electrolyte concentrations (Lin, 1984; Lin and Osseo 
-Asare, 1983). Cations will thus be strongly attracted toward the 
interface.

Increasing ionization of adsorbed extractant molecules and 
decreasing polarity of the organic diluent turn the extractant 
more hydrophilic, thus a and 0 are affected in the same way by 
both factors. Cante et al. (1975) measured <r and the electropho­
retic mobility (EM) of lauric acid and four of its salts in six 
organic diluents. The <r measurements indicated that the adsorbed 
monolayers were of mixed acid-laurate salts, except when chloro­
form was the diluent, when only slight adsorption was observed. 
Low adsorption and low interfacial charge were consistent with the 
fact that chloroform was the most polar diluent used by those au­
thors.

The distribution of ions between interface and bulk, across a 
diffuse double electrochemical layer, was originally modelled by 
Hartley and Roe (1940) assuming a Bckzman exponential variation as 
follows

C1 = C exp (-Z0F/RT) (II.2)
j j
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where C1 and C are the interfacial and bulk concentrations of the j j
jth ion, respectively, and z is its charge. F is the Faraday elec­
trochemical constant. The interfacial pH (pH1) is thus given by:

z F ^
pH1- pH + -----  (II.3)

2.3 RT

where pH is the bulk value. The "zeta potential" £ rather than ^ 
is calculated from EM measurements, but Hartley and Roe (1940) 
found that < could be substituted for 0 in eqn. II.3. In that way, 
Cante et al. (1975) arrived at eqn II.4 for the interfacial pH:

<(mV)
pH’= pH + -----

59
(II.4)

Eqn. II. 3 is equivalent to the relationship derived by 
Hartley and Roe (1940) to relate the ionization constant in the 
bulk (K ) to that at the interface (K1), eqn. II.5

pK + a 60 (II.5)

In their review, Cox and Flett (1977) replaced the sign of 
the term £/59 in eqn. II.4, which must be a plus. The values of 
pH1 are therefore lower than pH because £ is negative when anionic 
surfactants are adsorbed. The values of £ calculated by Cante et 
al. (1975) ranged from -50 to -100 mV, thus pH1 was about one to 
two units smaller than pH.

Variations of pH between bulk and interface have been inves­
tigated by means of fluorescent dyes which change colour upon 
protonating (Fromherz and Masters, 1974).
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Al-Diwan et al. (1977) estimated three distinct values for 
deprotonation constants in biphasic systems of hydroxyoximes: in
the organic bulk, in the aqueous bulk, and at the interface. The 
values were similar for most of the hydroxyoximes investigated. 
The ApK^=l.50 between aqueous bulk and interface estimated by the 
authors corresponds to a value of £ of around -90 mV.

From rates of dissolution of LIX65N monolayers, Chaiko and
Osseo-Asare (1986b) estimated a value of pK1 around 3 units lowera
than the bulk value.

The EM of droplets of DNNSA, LIX63, D2EHPA, and ALIQUAT 336 
(tri-caprylmethyl ammonium chloride) solutions in toluene and hex­
ane were measured by Lin and Osseo-Asare (1983). Changes in pH on­
ly slightly affected the ionization of DNNSA. The oxime is a weak 
acid and required raising the pH above 4 to deprotonize signi­
ficantly. D2EHPA showed an intermediate behaviour. ALIQUAT 336 
protonized readily at pH below 9, thus assigning a positive charge 
to the surface of the droplets.

The concentrative effect of \j) explicit in eqn. II. 2 means that 
the concentrations of reagents partaking in interfacial reactions 
are not the same as their concentrations in the aqueous bulk. Fur­
ther, C1 depends on I via eqn.II.1. This dependence of C1 on I was 

J* j
suggested as the reason for the rate of Fe(III) extraction by
D2EHPA slowing down as I was increased (Ortiz, 1978). Harada and 
Miyake (1986) and Fyles (1985; 1986) included interfacial poten­
tials in their modelling of metal transfer rates. However, none of 
those authors reported attempts to measure \p.
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II.2. SURFACTANTS AND MASS TRANSFER

The literature reviewed in this section is concerned with 
solubilization mediated by aqueous and reversed micelles. Because 
the solubilization of water by reversed DNNSA micelles was one of 
the areas studied in this work, the investigations included in 
this section are directly relevant. The dynamic transfer of DNNSA 
to the aqueous phase was also studied. Because DNNSA aggregates in 
the aqueous as well els in the orgsmic phase, the work here re­
viewed is related to the results reported in section IV. 2. Mass 
transfer mechanisms from interface to bulk phELses must incorporate 
adsorption/desorption steps, thus selected previous studies of 
those phenomena are also included.

II.2.1. MICELLAR SOLUBILIZATION

Surfactants in solution can increase the concentration of o- 
therwise immiscible or sparingly soluble substances. This pheno­
menon is called solubilization, ELnd it is a consequence of micel- 
lisation (Elworthy et al., 1968; Fendler and Fendler, 1975).

The early work on solubilization by reversed micelles was o- 
riented toward assessing the water loading capacity and the rela­
ted chsinges in micellELr parameters. Fendler smd Fendler (1975) ta­
bulated the solubilization capacity of reversed micelles in a va­
riety of diluent-surfactant systems. The capacity is affected by 
the same factors that change the micellar size, such as diluent 
type, hydrocarbon chain length, ionic strength of the solubilizate 
(I), eind, to a lesser degree, the counterion. Temperature increa­
ses usually reduce the loading, suggesting hydrogen bonding be­
tween solubilizate and polar heads (Fendler and Fendler, 1975).

The work on solubilization by reversed DNNSA micelles only 
will be reviewed in detail in the following paragraphs. It must be
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stated however that the application of solubilization by reversed 
micelles of other surfactants to the field of biotechnological se­
parations has shown great potential. Enzymes in reversed micelles 
can catalyze the conversion of hydrophobes such as cholesterol and 
triglycerides (Luisi and Wolf, 1982; Luisi and Laane, 1986). Pro­
teins and other biopolymers may be extracted and separated by re­
versed micelles and water in oil (w/o) micro-emulsions (Goklen and 
Hatton, 1985; Grandi at al., 1981).

Reversed micelles and microemulsions are two names sometimes 
interchanged in the literature because there is no formal differ­
ence between the two. Schulman and co-workers coined the word "mi­
croemulsions" (Bowcott and Schulman, 1955), which were also called 
"swollen micelles" by Adamson (1967) and Friberg (1977).

Hogfeldt (1966) measured concentrations of water and mineral 
acids loaded at equilibrium by DNNSA in heptane, using a modified 
Karl Fischer method for water analysis and acid-base titration for 
acids. The ratio of water molecules solubilized at saturation per 
DNNSA molecule in the micelle (W8) decreased to about 1 from a- 
round 9 as I was increased. Van Dalen et al. (1974a) found a value 
WS=8 for DNNSA micelles saturated with IN HC10. in aliphatic di- 
luents.

Low angle X-ray scattering indicated that wet KDNNS micelles 
in heptane were about twice as large as the dry micelles (Hogfeldt 
et al., 1981). This finding contradicted the previously reported 
insensitivity of micellar sizes to moisture content (Kaufman and 
Singleterry, 1955). This contradiction may be explained by a phe­
nomenon similar to the formation of a relatively coarse microemul­
sion as water is solubilized by AOT in toluene, followed by the 
microemulsion collapse into a finer colloidal suspension as the 
system ages (Corkill et al., 1964).
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Hogfeldt et al. (1981) also showed that the value of VIs dep-
sends on the cation as well as on I. At unitary water activity, W = 

10 was estimated for DNNSA, whereas it was only around 2, unex­
pectedly low, for AgDNNS.

Water is desolubilized when LIX63 is mixed with water-satur­
ated DNNSA solutions. Gallacher (1982) found 1.26% water (i.e. WS= 
5.6) at I=4N H SO in 0.1M DNNSA micelles in kerosene. Only 0.13%u ft
water at similar I was found in 0.1M DNNSA + 0.2M LIX63. Probable 
reason for this effects is the demicellisation resulting from the 
formation of mixed binaries (Keeney and Osseo-Asare, 1982), and 
submicellar aggregates (Zheng and Osseo-Asare, 1987).

Besides the amount of water solubilized by reversed micelles, 
the quality of the solubilizate may be a significant consideration 
in the understanding of micellar mediated mechanisms. Two aspects 
of the solubilization phenomenon are relevant, First, not all the 
water associated with a micelle is similarly bound, and second, 
there appear to be differences between bulk and solubilized water 
(Smith and Luisi, 1980). The status of the solubilizate, there­
fore, requires characterization. The work of El-Seoud et al. 
(1982a; b; 1983) with a variety of reversed micellar systems and 
dyes indicates variations in pH between the water pool and the 
bulk aqueous phase.

Balasubramanian (1981) used proton NMR to study reversed mi­
celles of the non-ionic surfactant Triton X-100 in cyclohexane. 
The author concluded that around 33% of the solubilized water (5 
to 5.5 in 14 molecules) was strongly bound to the surfactant, pro­
bably as water of hydration. The balance was less strongly bound, 
probably forming a "water pool" in the micellar core.
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Some of the conclusions in Nagy’s paper (1982) summarize the 
review done here. They are:
1) Reversed micelles in non-polar diluents always contain water, 
at least as water of hydration.
2) There are two types of water in loaded micelles, a shell 
strongly bound to the surfactant heads, and a "water pool" in 
the micellar core.
3) The stepwise association model describes most of these systems 
best.

Surfactant micelles in aqueous media can solubilize hydropho­
bic substrata in their hydrocarbon core. This phenomenon has been 
extensively studied because of its wide practical and biological 
importance. In detergency, the surfactant plays the two r61es of 
wetting agent and soil solubilizing agent (Cussler, 1986). The 
aqueous concentration of sparingly soluble drugs can be increased 
by solubilization (Carroll et al., 1981). The digestion of fatty 
acids in the human intestine is believed to be promoted by their 
solubilization by micelles of biliar acid and salts, the body’s 
natural surfactants (Cussler, 1986). Cresols and other pollutants 
may be separated from streams by micellar solubilization (Bhat et 
al., 1987). Aqueous solutions of anionic surfactants are able to 
extract phenols from carbolic acids (Plucinski, 1985).

Inoue et al. (1983b) used IR spectra to show that acetic and
oleic acids are solubilized by Mg(DNNS) , Ca(DNNS) , and Ba(DNNS)

2 2 2
micelles in hexane. The aggregation of LIX63 with reversed DNNSA 
micelles was interpreted as micellar solubilization of the oxime 
by Osseo-Asare and Zheng (1987). The interaction between DNNSA and 
D2EHPA reported by van Dalen et al. (1974b) can be similarly view­
ed.

Nagarajan et al. (1984) studied theoretically and experi­
mentally the solubilization of hexane plus benzene by aqueous mi­
celles of three surfactants.
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II.2.2. DYNAMIC PHASE TRANSFER

Chan et al. (1976) studied the solubilization of long chain 
fatty acids by sodium dodecyl sulphate (SDS) solutions. Disks of 
mixed tagged (with C) and untagged solid acids were spinned in 
the receiving media. The mass transfer characteristics of such a 
system are known (Levich, 1962). The tagged solute allowed measu­
rements of rates of load exchange by presaturated micelles as well 
as initial loading rates by fresh micelles. The authors proposed 
mechanisms and derived rate models for both phenomena. Desorption 
of loaded micelles was treated as a reaction. Although full un­
derstanding of the mechanism of interaction between micelles and 
the macroscopic interface is still lacking, it is now believed 
that micelles are not interfacially active, thus they do not ad­
sorb as aggregates. Applying theories of ternary diffusion coef­
ficients (Cussler, 1976) to the system tagged acid/untagged acid/ 
mixed diluent (water plus detergent), apparent concentration de­
pendent mass transfer coefficients were predicted.

When Chan et al. (1976) plotted their results as reciprocal 
flux versus reciprocal solubility (proportional to surfactant con­
centration) with Re as the parameter, they found a single positive 
y-intercept. Because it suggested a RDS which depended on inter­
facial rather than on bulk composition, that observation lent sup­
port to the desorption-controlled interfacial mechanism proposed. 
The overall rate was however mass transfer-limited els evidenced by 
the effect of changing hydrodynamic conditions.

When Carroll (1981) similarly plotted the reciprocal fluxes 
of oils solubilized by non-ionic surfactants, the plot intercep­
ted the origin. Carroll therefore concluded that a bulk concen­
tration-driven mechanism (i.e. adsorption at instead of desorption 
from the interface) was the slowest interfacial step in his ex­
periments. Plots of rates vs detergent concentrations again passed 
through zero when Csirroll et al. (1982) studied a similar system
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under initial solubilization {«¥/, saturation) conditions. The 
fluxes of two solubilized oils were not in the same ratio as their 
respective solubilities. Changes in aggregation number and shape 
as micelles age were suggested as the reason for such difference.

Disagreement between dynamic transfer and solubility was also 
observed by Lianos et al. (1984), who used fluorescence measure­
ments to study the rates of pyrene solubilization by several 
surfactants of varying chain length. No attempt was done by those 
authors to characterize hydrodynamic conditions in their experi­
ments.

The studies of solubilization of fatty acids by Chan et al. 
(1976) were continued by E. L. Cussler’s research team. Later work 
focused on liquid substrata, and bile-related acids and salts as 
the surfactants. Huang et al. (1981) used a shallow rotating cyl­
inder with a porous horizontal membrane separating solubilizate 
from receiving phase. The authors concluded that mass transfer 
controlled the rate at low Re, and a surface reaction at higher 
Re. The classical approach to heterogeneous reactions was fol­
lowed, considering adsorption on vacant surface sites and a "re­
action" between adsorbed surfactant and substrate at the inter­
face.

Unlike Chan et al. (1976), Huang et al. (1981) envisaged some 
type of surfactant-solubilizate "complex" desorbing prior to ag­
gregation "at the surface", presumably in the sublayer adjacent to 
the interface. Rates in 1M NaCl were more than three times higher 
than in water. Favoured adsorption due to the shielding of elec­
trostatic charges and a salting-out effect as I was increased were 
tentatively suggested as the reasons for the observed rate enhan­
cements. The same effect of NaCl on rates was observed by Lianos 
et al.(1984), who instead attributed the cause to increases in mi­
cellar size brought about by additions of the electrolyte. We note 
here that increases in I have in general opposite effects on the
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size of aqueous and reversed micelles: they usually reduce the
size of reversed micelles, and increase the size of aqueous mi­
celles.

Stowe and Shaiewitz (1982) studied the rate of oleic acid so­
lubilization by micelles of the bile salt Na-taurodeoxicholate in 
a diffusion cell fitted with two flat disks impellers. The fluxes 
depended on hydrodynamic conditions and surfactant concentration 
as in former work (Huang et al., 1981). The flux enhancements ob­
served as I was increased corresponded to unrealistically high 
mass transfer coefficients and could not be explained solely on 
the basis of the increased substrate solubility. Transfer of solu- 
bilizate by inter-micellar communications were suggested as a pos­
sible explanation for the enhanced flux. It is not clear, however, 
why a second transfer mechanism may be in effect at high but not 
at low values of I.

The high rates observed by Stowe and Shaiewitz (1982) were 
reinterpreted by Raterman and Shaiewitz (1984). The latter authors 
proposed the formation of an oil/aqueous surfactant liquid crystal 
adjacent to the interface, with macroemulsions characteristics. 
The emulsion layer would shear off the interface under hydrodyna­
mic stress and disperse as a microemulsion.

Concentration-dependent apparent diffusion coefficients (D)
are a feature of surfactant systems under dynamic conditions,
wherein tensoids aggregate and diffuse simultaneously (Cussler,
1986). Due to a higher extent of aggregation, the values of X) may
decrease as the surfactant concentration is increased. Apparent
values of $ in the range D , ^ S < S are to be expectedmicelle monomer
in that case.

A relationship between S and S , ,, was found bymonomer micelle
McQueen and Hermans (1972), and Irandoust and Andersson (1986) 
reported a concentration dependent diffusion coefficient for ben­
zoic acid in water.
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The theory of simultaneous aggregation and diffusion of sur­
factants (Cussler, 1986) was partially contradicted by the work of 
Evans et al. (1983), who concluded that their results could only 
be explained by assuming that aqueous micelles dissociate, diffuse 
as monomers, and reaggregate in the bulk phase.

Shaiewitz et al. (1981) studied the solubilization rate of 
four fatty acids by aqueous solutions of ionic and non ionic de­
tergents. They agreed with the mechanism proposed by Chan et al.
(1976) at low temperature. The fluxes increased dramatically as

othe temperature was raised in the interval 30 to 50 C, depending 
on the type of fatty acid. Those flux enhancements were explained 
as due to the formation of a liquid crystalline phase on the aque­
ous side of the interface.

Neogi et al. (1985) modelled the kinetics of oil solubiliza­
tion by aqueous micelles of a non-ionic surfactant. Their model 
was based on the phase diagram previously reported by Friberg et 
al. (1985) for the ternary oil-water-surfactant system, and aimed 
at predicting the time required for the stabilization of the four 
distinct phases that appeared at equilibrium. The former authors 
concluded that adsorption/desorption at the o/w interface con­
trolled the rate of solubilization, consistent with the formation 
of an interfacial liquid crystal.

The differences between interfacial transfer of adsorbing and 
non-adsorbing solutes were underlined by England and Berg (1971). 
The two main reasons for the different behaviours Eire that in the 
dynamic transfer of a surface-active substance:

1) the transient interfacial flux that starts across a freshly 
formed interface may be of different value than the steady flux 
observed once the adsorbed surfactant film has stabilized. Such
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difference would be due to the finite rate of adsorptive accumu­
lation taking place prior to the stabilization of a packed inter- 
facial film, sind,

2) a strong affinity of the solute for the interface may lead 
to adsorptive/desorptive resistance to mass transfer.

Those authors predicted and experimentally verified desorp­
tion barriers with effects lasting minutes. Their work, there­
fore, may have implications reaching far into the modelling of hy­
drometal lurgical liquid-liquid extraction rates. When the control 
is assumed in an aqueous reaction film overlapping but not neces­
sarily identical (Sherwood et al, 1975) to the aqueous diffusion 
film, the aqueous extractant concentration appears in the rate e- 
quations (Hughes and Rod, 1984a; b). When a desorption barrier 
controls the extractant dissolution rate, it follows that con­
ditions in the aqueous film may be far removed from partition e- 
quilibrium. Thus estimating aqueous concentrations from bulk or­
ganic concentrations and partition coefficients may not be a good 
approximation in those cases.

Sawistowski (1982) reviewed work showing that interfacial re­
sistances due to surfactants affect mass transfer coefficients 
(MTCs) in ternary systems. Surfactant concentrations increasing to 
the CMC reduce the MTC from that corresponding to the "clean" sys­
tem. Further additions of surfactant to concentrations above the 
CMC resulted in increasing MTCs, apparently due to micellar solu­
bilization (Nitsch and Hofman, 1981).

Ter Minassian-Saraga (1955) presented a model for the dynamic 
dissolution of a monolayer spread at the oil/water interface. Dif­
fusion of desorbed surfactant through a saturated, stagnant sub­
layer was assumed to be rate-controlling, i.e. desorption was en­
visaged as a step in equilibrium, and the concentration in the 
sublayer as that given by the tt-T relationship (i.e. the Gibbs ad­
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sorption isotherm). The rate of film dissolution (R) was calcula­
ted by observing its contraction at constant n in a Langmuir 
trough.

Patlak and Gershfeld (1967) presented a theoretical analysis 
of the kinetics of adsorbed monolayer dissolution at constant ir. 
Their analysis is more general than that by Ter Minassian-Saraga 
(1955) in that considers three possible rate controlling steps. 
The model that resulted from assuming full diffusive control fit­
ted best the data from dynamic dissolution of monolayers at the 
air/water interface.

Chaiko and Osseo-Asare(1986a;1987a;b) have applied monolayer 
dissolution techniques to the study of hydrometallurgical extrac­
tants. From the comparison of film dissolution rates and of copper 
extraction fluxes, those authors derived a criterion to locate the 
RDS in metal extraction reactions. They calculated that initial 
fluxes of extractant due to monolayer dissolution at constant n 
(thus at constant D  were around 3 orders of magnitude lower than 
metal transfer fluxes. The authors considered that difference as 
an indication of an interfacial rate-control. The experiments they 
compared, however, were done under widely different hydrodynamic 
conditions. Metal extraction rate experiments done in a non-dis- 
persive, stirred contactor (NDSC) under relatively high turbulence 
in the bulk phases yield transfer fluxes consistent with a value 
of 8 els small as 10 5m (Danes! et al., 1977a; b). In a Langmuir 
trough, on the other hand, values of 8 so. 1 to 0.15 cm were esti­
mated (Patlak and Gershfeld, 1967; Ter Minassian-Saraga, 1955). 
The difference in values of 8 is thus similar to the difference in 
value of the fluxes, and comparison of both types of experiments 
does not help to identify the RDS.

The kinetic analysis of Ter Minassian-Saraga allows the estima­
tion of surfactant solubility (S) and 8 from dynamic monolayer 
dissolution experiments, if an estimate of S is available (Chaiko
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and Osseo-Asare, 1987b). The method seems attractive because it mi­
nimizes the errors due to adsorption of reagents at the liquid 
-solid interfaces. The disadvantage with respect to direct measu­
rements of concentrations, however, is that it depends on an es­
timated value of I) which may itself be in error. It is said above 
that because of aggregation, apparent » values depend on surfac­
tant concentration (Cussler, 1986; Irandoust and Andersson, 1986). 
It is not known however whether varying values of ir (or D  affect 
the value of 8, but that is probable as changes in S found when n 
was changed would affect 2). The value of 8 estimated by Chaiko and 
Osseo-Asare (1987b) presumably corresponds to the DNNSA monomer.

The dynamics of solubilization by (swollen) reversed micelles 
is related to the rate of communication of micelles among them­
selves and with the o/w interface (Luisi and Wolf, 1982). The ex­
change of material among reversed micelles is relatively very 
fast, thus it is assumed at equilibrium in most models.

The kinetics of micellar communications and the ensuing phe­
nomenon of core exchange have been extensively studied by the 
group lead by Prof. B. Robinson at the University of Kent at Can­
terbury. Using three different reactions in the aqueous micellar 
cores as probes, Fletcher et al. (1987) investigated the rate of 
core exchange by AOT reversed micelles in n-heptane. Lean micro­
emulsions and fast reactions were required to grant inter-micellar 
communications a rate-controlling r61e. The time-scale of core ex­
change was in the order of milliseconds, and depended on the mi­
cellar concentration. Eicke et al. (1976) observed exchanges of 
hydrophilic cores in time-scales shorter than one second.

Fletcher and Robinson (1981) proposed models to describe the 
dynamics of micellar communications. They envisaged a mechanism as 
follows:
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1) two reversed micelles ("droplets") collide,
2) a (small) fraction of the resulting pairs fuse, exchanging 
cores.
3) the aggregate breaks {"decoalesces").

Microemulsions therefore undergo similar mechanisms of coal­
escence-breakage as droplets in macroscopic two-liquid disper­
sions. The size dispersity in both systems results from such 
dynamic equilibria. The main difference however is that particle 
dynamics is spontaneous in microemulsions whereas energy must be 
provided as turbulence to keep a dispersion as such. The sponta­
neity of interactions in microemulsions means that communications 
and core-exchange must always be present (Fletcher et al., 1987).

The catalytic effects of reversed micelles on the rate of a 
number of reactions of interest to organic chemists were compiled 
by Fendler and Fendler (1975). Berezin et al. (1973) did some pio­
neering work on the understanding of the physical-chemical funda­
mentals of micellar catalysis in aqueous media. Several authors 
have studied the reaction between Ni(II) and pyridine2-azo-p-di- 
methylaniline (PADA) as a model for aqueous micellar catalysis 
(James and Robinson, 1978; Hicks and Reinsborough, 1982; 1984).

Albery et al. (1987) measured rates of proton release by mi­
croemulsions at an o/w interface supported by a spinning membrane. 
They estimated rates of micelles-interface interaction which be­
came constant at high surfactant concentration.

Tondre and Xenakis (1982) reported the transport of pyrene 
solubilized by o/w microemulsions of SDS from a source organic so­
lution to another through water.
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11.3. EQUILIBRIA AND RATES OF METAL EXTRACTION.

II.3.1. EQUILIBRIA OF EXTRACTION BY SINGLE REAGENTS

Most of the investigations concerning the extraction of me­
tals by DNNSA and its salts reported before 1973 focused on the e- 
quilibria of extraction. Those early studies were reviewed by 
Markovitz and Choppin (1973).

Hogfeldt et al. (1978) found that most sulphonate was as the 
K-salt rather than in the acidic form at 1=0.1 (HC1 + KC1) and 
pH 2.5. The investigations they conducted on the thermodynamics 
of cation exchange by DNNSA are relevant to this work because they 
supply an explanation to the observed pH effect on the nickel ex­
change equilibrium and rate.

Being a strong acid (pK =0.57, CRC, 1983-84), DNNSA is ablea
to extract cations at pH<l, unlike carboxylic acids (Marcus and 
Kertes, 1969).

Van Dalen et al (1974a) applied to metal extraction a method 
previously used by Morris and Jones (1969) to estimate mean ag­
gregation numbers from data on the equilibrium invasion by elec­
trolytes of DNNSA solutions. Details of the method are given in 
section IV.4. Those authors estimated m=7 from the extraction e- 
quilibrium of Ce(III) by DNNSA in hexane and dodecane. Using the 
same procedure, Chiarizia et al. (1976) evaluated m=8 in their
work on Eu(III) extraction from HC10„ by DNNSA in toluene.4
Gallacher (1982) found m=9.5 treating in the same way data from 
the equilibrium of Cu(II) extraction by 0. 1M DNNSA plus 0.2M LIX63 
in kerosene.

Hogfeldt et al. (1981) presented an extensive review of their 
work on the characterization of and extraction behaviour by DNNSA
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and its salts. Their analysis started from the following general 
reaction:

MZ+ + p (HD) o ~MH D + z H+
m ( m p - z )  R ip

(where superscripted bars assign the species to the organic 
phase), and it was aimed at confirming the micelle/metal ion=l/l 
stoichiometry of the complex (i.e. p=l) and that equivalent number 
of charges are exchanged (i.e. z=constant on both sides of the 
reaction).

Preston (1975) investigated the equilibrium loading and ex­
traction stoichiometry of several base metals by synthetic ali­
phatic a-hydroxy oximes in toluene. He found that the loading ca­
pacities decreased in the order Fe>Cu>CosNi. Those findings mean 
that LIX63 could not separate nickel from iron in a leach liquor. 
Such a separation is possible when DNNSA is mixed with LIX63 
(Zheng and Osseo-Asare, 1985). Preston (1975) found a 1:2 stoi­
chiometry for the Ni-oximate complex in the pH range 6.5 to 8.5, 
and that Ni(II) was exchanged by two H+.

Hummelstedt (1977) reviewed work showing that LIX63 reacted 
with copper in three different ways, depending on pH:
1) at high pH, the polymeric (CuL) formed;n
2) at intermediate pH, the oxime exchanged one proton only to form
CuL ;

2
3) at low pH, LIX63 did not deprotonate, thus there was no ion

2- 2-exchange, but copper was extracted by chelation. SO and HSO4 4
were transferred into the organic phase.

The equilibrium of nickel extraction from NH^NO^ by SME 529 
was studied by Inoue et al. (1984). The formal oxime concentration 
was determined from the metal distribution under "ultimate loa­
ding" at high pH. The dimerization constant was evaluated. The 
proposed extraction by monomers instead of by dimers cannot be 
substantiated from the data presented by the authors.
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The chemistry of nickel and cobalt extraction by LIX63 is 
complicated by the several complexes that appear to coexist in the 
extract. The concentration balance of those different complexes is 
dictated by the pH of the raffinate and the ratio of metal ion to 
extractant concentrations. Renninger and Osseo-Asare (1983) re­
viewed the work done on the extraction equilibria by this reagent 
and listed reported pH dependences of the distribution coefficient 
(D^). For nickel, has been found to vary as 1.3 pH to 2.0 pH at 
constant [LIX63] and relatively low acidity (pHQ ^4.4 to 7.2). 
Using spectrophotometric techniques, the authors found that the 
balance among the concentrations of the various complexes shift­
ed with contact time. Co(II) probably oxidized to Co(III) after 
extraction, as was also concluded by Preston (1975). As pH de­
creases, the relative importance of the metal complexes would in­
crease as follows:

[Ni(HL) ] < [Ni(HL) .H L] < [Ni.HUH L) +] < [Ni(H L)++]2 2 2 2 2 2 3
pH(a) > pH(b) > pH(c) > pH(d)

LIX63 is symbolized as H^L because it has two labile groups 
in its functional group that in principle can be exchanged (Pres­

ton, 1975), as shown below

---- C ----- CH-----
ii INOH OH

The doubled charged complex (d) would predominate at pH below 
4, where the log vs pH curve flattened (Renninger and Osseo 
-Asare, 1983). LIX63 is a weak acid which does not ionize appre­
ciably in that pH region, as suggested by EM measurements (Lin and 
Osseo-Asare, 1984). No cation exchange is involved in the forma­
tion of chelate (d).
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(1986). Log varied as 1. pH at high acidity and as 2.*pH in the 
range 2.5^pH^3.0. The speciation assumed is listed next (Zapatero 
et al., 1986)

1) Cu(NO )(HL)(HL) : this solvated complex was the main species3 2 2
at higher [LIX63] and pH around 3. It was not significant at low 
[LIX63]. It is not common that a complex incorporating an inor­
ganic anion be proposed.

2) CufHL)^: this species was important at all levels of [LIX63] 
and at pH £ 3.5. The unsolvated 1:2 complex is the species accept­
ed by most authors (Preston, 1975).

3) Cu(HL) (HL): its concentration increased as 2) with increasing
2 2

pH. Because of the increasing solvation effect, it was more im­
portant than 2) at higher [LIX63], and less important than 2) at 
lower [LIX63]. The main species at pH>4.

4) (CuL)^: a polymeric species, the most important at the lowest 
[LIX63]/pH ratios. Negligible at [LIX63]=0.2 over the entire pH 
range.

5) (Cu(NO ) (HL)) : these aqueous polynuclear complexes were3 2 2 4 , bc|

the main species proposed at pH s 3.5, when the organic phase lo­
ading was low. The tetramer was an average that explained the de­
crease in the values of D observed when C was increased at cons-

L  M

tant pH in that pH range.

The approach of Zapatero et al. (1986) to the speciation of 
LIX63/Cu(II) extracts seems more realistic than the analysis of 
Renninger and Osseo-Asare (1983). The charged complexes suggested

The equilibrium distribution of copper between LIX63 in tol­
uene and 1M KNO has recently been investigated by Zapatero et al.

O
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by the latter authors are not expected to readily dissolve in non 
-polar diluents. Zapatero et al.( instead, used the partial neu­
tralization of the cation charges by NO^ to explain the low pH de­
pendence of at lower pH. It also seems appropiate that those 
authors considered Cu(NO^) + as the extractable species not 
Cu(HO)+, because they worked at 1M KNO^ under acidic conditions 
where hydrolysis of Cu** would not be appreciable.

II.3.2. RATES OF EXTRACTION BY SINGLE REAGENTS

Komasawa et al. (1980a) used the rising drop technique to 
study the rate of copper extraction from sulphate media into n- 
heptane and toluene solutions of commercial LIX65N and the puri­
fied hydroxyoxime. Using previously measured MTCs, the authors es­
timated physical transfer fluxes 10 to 100 times higher than the 
metal transfer fluxes. They concluded on that criterion that their 
extraction experiments were fully controlled by chemistry when J 
was below around 5.10 kmolm s . Transfer experiments of non 
surface active solutes (iodine and acetic acid) were used to es­
timate the MTCs and correlate the transfer characteristics of the 
contactors, which may thus not be applicable to surface-active ex­
tractants .

Inoue et al.(1983a) followed a comprehensive research program
to investigate the mechanism and kinetics of Ni(II) extraction
from 1M NO NH by the hydroxyoxime SME 529 in a proprietory dil- 3 4
uent. Information concerning the extractant aqueous solubility, 
interfacial pressure, metal distribution and rate was obtained and 
applied to the formulation of a mechanistic model. Stirring speeds 
were varied by Inoue et al. in a latter work (1985) with the same 
chemical system and as the fluxes did not change the chemical re­
gime was confirmed.
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Miyake et al. (1986) presented an interesting work which 
showed how the relative values of the extractant aqueous solubi­
lity and interfacial activity may determine the locus of the rate 
controlling reaction. In a later paper, Harada and Miyake (1986) 
rederived the models of Miyake et al. (1986) and incorporated into 
that model based on interfacial reaction the concentrative effect 
of interfacial electrostatic potentials and the concept of frac­
tional Interfacial coverage (Fyles, 1985; Cohen and Cohen, 1981).

One of the first kinetic studies of DNNSA as metal extractant 
was reported by Kandil and Choppin (1975). In that work Tm(III) 
was extracted from 0.1M NaCIO by toluene solutions of either 
DNNSA or D2EHPA. The contacting phases were stagnant as no stir­
ring was provided. The authors used least squares minimization to 
evaluate constants in a three-term rate model. Extraction rates 
(R) were linearly dependent on C and varied with IDNNSA] and C

M H
with fractional exponents.

Danesi et al. (1976) studied the kinetics of Fe(III) extrac­
tion from HCIO^ by DNNSA in toluene in a nondispersive reactor un­
der conditions such that mass transfer resistances were negligible 
with respect to the interfacial resistence (i.e. under chemical 
regime). From the variation of extraction rates with the interfa­
cial area and the phase volume, the authors concluded that "proc­
esses in proximity of the interface" controlled the rate. Both 
plots are indeed proof of rate control in the interfacial region. 
The "A/V-criterion" and the concentration dependences are not e- 
nough tools to identify the controlling reaction locale, however, 
because diffusion-controlled mechanisms mimic partial first order 
reactions (Danesi, 1983; 1984). Other criteria are thus needed.
The slow reaction between interfacially adsorbed charged complexes 
and reversed HD micelles was proposed as the rate determining step 
(RDS). Such reaction is formally equivalent to a micellar-assisted 
desorption of metal complexes. Freed monomers are in principle 
able to adsorb, deprotonate, and continue the extraction cycle.
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Probably the key contribution in the work of Danesi et al. 
(1976) was to envisage the RDS as the desorption of complexes. 
That idea is central to the modelling of metal extraction rates 
done in this work. The assumption that micelles be involved in 
such interaction was necessary to explain the stoichiometry and 
the rate dependence on formal DNNSA concentration. No hypothesis 
however was made about the possible r61e of micelles in the de­
sorption mechanism. The aggregation number m=7 was chosen, the 
average from the work by Chiarizia et al. (1976), who evaluated 
m=6 from measurements of <r, and m=8 from metal distribution data.

adNon-ionized HD was assumed to react with metal ions. The strong 
acidic character of HD translates in rather high negative values 
of \f) (Lin and Osseo-Asare, 1983) and suggests intense deproto­
nation of the adsorbed sulphonate at the hexane-aqueous interface. 
It may be somewhat less ionized at the toluene-aqueous interface.

Danesi et al. (1977) and Danesi and Chiarizia (1977) extended
the kinetic model derived earlier (1976) to include mass transfer
resistances into rate models for Eu(III) extraction from HC10 by4
DNNSA in toluene. Numerical simulations with the model reproduced 
the experiments for a diffusion film thickness 5^10 5m.

Lin (1984) studied the rate of Ni(II) extraction from KNO^ by 
DNNSA in hexane using the single rising drop technique. Lin’s ap­
proach differed from the modelling of Danesi et al. (1976; 1977) 
in the following respects

od(1) Lin considered the deprotonation of HD .

+ ♦(2) He also considered the K-H exchange due to the low se­
lectivity of DNNSA (Hogfeldt et al., 1978).
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Points (1) and (2) gave rise to a speciation analysis of the in­
terface that included adsorbed ionized sulphonate, acid, K-, and 
Ni- salts.

(3) Based on the interfacial inactivity of reversed micelles, 
Lin proposed that neutral Ni-complexes first desorbed, then asso­
ciated with micelles as both species diffused in opposite direc­
tions through the organic diffusion (thus also reaction) film. A 
system of two simultaneous non-linear differential equations re­
sulted from point (3), for which Lin chose the approximate solu­
tion (±10% of the numerical solution) by van Krevelen and 
Hoftijzer (1947).

The effects of and pH on flux were represented in the re­
sulting models by the interfacial speciation. As it will be dis­
cussed below (section V.3), modelling the interfacial speciation 
is most important because it decides whether models based on ad- 
sorption/desorption and reaction can mimic the dependence of 
fluxes on aqueous composition. Lin (1984) used his measured values 
of EM to estimate £ and ip. Those values of ip were used to correct 
aqueous bulk concentrations for electrostatic interactions.

Osseo-Asare and Chaiko (1986) studied the rate of Co(II) ex­
traction by supported liquid membranes of DNNSA in dodecane. A 
reaction mechanism was proposed by those authors considering that 
micelles do not adsorb as such, but that they disaggregate near 
the interface. They however stopped short of suggesting that ad­
sorption of some of the monomers freed by demicellisation may 
cause the renewal of adsorbed material, thus resulting in metal 
complexes transferring from interface to organic subphase. That 
critical step of "concerted" or "triggered" desorption (Carroll, 
1981) was apparently not envisaged by Osseo-Asare and Chaiko 
(1986), who instead proposed, as Danesi et al. (1976) before, that 
adsorbed, charged complexes were "solubilized" by reversed mi­
celles "right next" to the adsorbed layer.
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II.3.3. SYNERGISM IN METAL EXTRACTION BY MIXTURES

Markus and Kertes (1969) reviewed the formation of mixed 
synergic adducts. Markovitz and Choppin (1973) reviewed two early 
reports of synergism brought about by mixing DNNSA with other ex­
tractants. One of them was due to van Dalen (1971), who used 
mixtures of DNNSA (1, Ĉ ) and D2EHPA (2, Ĉ ) to extract lantha­
nides and actinides, and found that the distribution coefficient 
in the mixture (D̂ ) peaked at a C^/C^ ratio of 0.5. No synergism 
was observed by that author in the extraction of some M( II) and 
M(I) cations.

The second work had been presented earlier by Wang and Li 
(1965), who reported synergic extraction of zinc when the sol­
vating extractants TBP and tri-n-octyl phosphine oxide (T0P0) were 
added to DNNSA.

When Flett et al. (1973) added LIX63 to LIX65N solutions, the 
distribution coefficient of copper was found to be independent of 
[LIX63]. The authors concluded on that evidence that mixed com­
plexes were not formed. The extraction of Cu(II) by LIX63 alone 
was not studied.

Van Dalen et al. (1974b) observed increases in Am(III) dis­
tributions when a second organic acid was added as co-extractant 
to n-dodecane solutions of DNNSA. There were maxima in the values
of D at [second acid]/[DNNSA] ratios around 8/2. Water wasM
desolubilized by presaturated reversed DNNSA micelles when D2EHPA 
was mixed in the organic diluent. The authors thus concluded that 
D2EHPA was substituted by water in the micellar core. More prob­
able however was the breakage of micelles due to formation of 
smaller, mixed aggregates as suggested by later work (Keeney and 
Osseo-Asare, 1982).
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Lakshmanan et al. (1975) found no synergism in the extraction 
of Cu(II) and Fe(III) by mixtures of LIX64N and the carboxylic a- 
cid Versatic 911, but Lakshmanan and Lawson (1973) did identify 
mixed complexes in the extraction of Co(II) by KELEX100 and 
Versatic 911. The complex stoichiometry was M/KELEXIOO/Versatic: 
1/2/2.

Duyckaerts and Desreux (1977) presented a thorough review of 
the research on synergism published in the period 1970-77. Those 
authors discussed the correlation between enhanced extraction and 
the increasing hydrophobic ity of mixed complexes due to the 
displacement by the ligands of metal hydration water.

Osseo-Asare and Keeney (1980a) found enhanced extraction of 
Ni (II) by DNNSA-LIX63 mixtures in hexane. At a given [LIX63], 
increased abruptly at p[DNNSA] s 2 to a value around 6 times the 
values for DNNSA alone (D ) from a value similar to D . Then D

D D M

was almost constant as [DNNSA] was increased further. Comparing 
metal distribution results with cr data, the authors showed that 
the sharp increase in the vs log[DNNSA] curve coincided with 
the CMC of the extractants mixture. That observation suggested a 
link between aggregation and metal distribution in this chemical 
system. In more general words one could say that some properties 
of these mixtures, including their metal extraction ability, dep­
end on aggregation via the speciation.

Osseo-Asare and Renninger (1984) found synergic extraction of 
Ni(II) and Co(II) by DNNSA-LIX63 mixtures in hexane. In the ab­
sence of LIX63, D increased linearly with [DNNSA]. However when D
LIX63 was present at a constant concentration and [DNNSA] was va- 
ried in the range 10 to 0.5M, D^ was found to vary in an irre­
gular pattern, similar at the three values of [LIX63] used. Values
of D £ 10D were observed at 2. ^ p[DNNSA] ^ 4. D peaked and

H D  M
decreased approaching the values of D^ as [DNNSA) was increased 
further. The peaks were found at higher [DNNSA] as [LIX63] was in­
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creased from 0.01, to 0.05, and 0.lOkmolm 3, and closely corres­
ponded to [LIX63]/[DNNSA] = 3/2.

Earlier work reporting interactions between DNNSA and LIX63 
to form mixed aggregates (Osseo-Asare and Keeney, 1980a; b) and 
the previous conclusion that the extraction behaviour of mixtures 
followed the same patterns as the organic phase speciation (Osseo 
-Asare et al., 1983a), coupled to their results, lead Osseo-Asare 
and Renninger (1984) to conclude that mixed micelles of stoichio­
metry (HD) .jLIX63 were responsible for the observed synergic ef- d
fects. Such micelles would originate from the incorporation of the 
oxime into the micellar palisade. Although it could be J=l,2,3,
......  only micelles with j^3 would have synergic properties.
Demicellisation resulting in sub-micellar aggregates (SMA) was not 
considered by those authors, nor they suggested any correlation 
between the peaks in the vs log [DNNSA] curves and the CMC va­
lues of the mixtures.

Based on the facts that DNNSA is a strong acid which readily 
deprotonates (Markovitz and Choppin, 1973) and that LIX63 can form 
metal complexes at relatively low pH without deprotonating (Ren­
ninger and Osseo-Asare, 1983; later confirmed by Zapatero et al., 
1987), Osseo-Asare and Renninger (1984) assumed that protons from 
DNNSA were those exchanged by the mixed extractant. Log D̂  
(Ni(II)) varied as 2.0pH, and log D^ (Co(II)) as 2.2pH in the 
range 0.2 s pH i 1.6. D^ for both metals depended on C^ raised to 
a varying exponent, as expected from the K+-H+ exchange between 
DNNSA and the supporting electrolyte, 1.0M KNO^ (Hogfeldt et al.,
1978). LIX63 is selective in the sense that loads negligible K+

s  - 2under those conditions. The variation of D as C thus suggests
M H

that the (K-H)DNNS balance was not responsible for the observed pH 
effect on D^ as it apparently was for the effect on D̂ . The pos­
sibility that H from LIX63 instead of from (K,H)DNNS be exchanged 
for Ni(II) is intriguing.
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Mixtures of Kelex 100 and D2EHPA in kerosene have been shown 
to extract iron from sulphate media. Depending on acidity, iron 
was extracted selectively over copper (Demopoulos and Gefvaert, 
1984). Isodecanol was required as a modifier to improve coales­
cence and phase separation.

LIX63 and DNNSA per se show rather poor selectivity. When 
mixed in ratios LIX63/DNNSA = (2 to 3)/l, however, high selectivi- 
ties to copper over iron in the pH range 0.5 to 3 were reported 
(Gallacher, 1982). That author found that upon addition of LIX63, 
water was desolubilized by presaturated DNNSA reversed micelles. 
Van Dalen’s treatment (1974a) of a set of Cu(II) extraction data 
estimated an aggregation number m=9.5, although with considerable 
deviations. Gallacher (1982) concluded from the value of m that 
LIX63 displaced water from the micellar cores, but it did not des­
troy micelles.

The selectivity of DNNSA-LIX63 mixtures was investigated by 
Zheng and Osseo-Asare (1985). Compared to DNNSA alone, the mixture 
performed synergic extraction of Fe(III) at pH 1.4, and showed 
antagonism at pH < 1.4. Because no antagonism was observed in the 
extraction of Ni(II) or Co(II) (Osseo-Asare and Renninger, 1984), 
this extracting system offers a way to selectively recover these 
divalent metals from acidic leach liquors. A question on the fe­
asibility of such separation had earlier been posed by van der
Zeeuw and Kok (1977). Large selectivity for Ni2+ over Fe3+ was

2*observed at pH=l, whereas the selectivity over Fe(OH) at pH=2.5 
was low.

The analysis of extraction by mixtures is in general more in­
volved them that of extraction by single reagents due to the 
variety of organic and organo-metallic species to be considered. 
The relatively simple data-treatment techniques of slope analysis 
and continuous variation do not suffice to elucidate the stoi­
chiometry of complexes formed by some mixed extractants. There are
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reports in the literature on the use of statistical computer pac­
kages to rationalize extraction equilibrium data.

Baes et al. recently reported (1987) attempts to identify the 
species extracted in the system Mn^-didodecyl naphthalenesulpho­
nic acid (DDNSA)-crown ether-toluene. The mixture was synergic 
with respect to DDNSA alone. Various reaction schemes leading to 
alternative metal complexes were proposed and a computer program 
was let to single out that scheme that fitted the data best. The 
authors reached the important conclusion that further information 
was needed in order to uniquely characterize the complexes. Be­
sides distribution data, an insight into the aggregation in the 
organic phase was required.

11.3.4. RATE ENHANCEMENTS BY EXTRACTANT MIXTURES

Van der Zeeuw and Kok listed the types of extraction acce­
lerating reagents identified until then (1977). Cox and Flett 
(1977) agreed with the former authors in respect of the causes of
rate enhancements, and added that the pK value of the acidic ex-

a
tractant determines the acceleration effect via dictating the pro­
tonation equilibrium of the adsorbed reagent. One could add that
pK1 instead of pK could have that significance. The latter au- 

a a
thors stated that "even the presence of small amounts of DNNSA to­
tally displaces" hydroxyoximes from the interface, and discussed 
some synergic and accelerated extractant systems in the light of 
their interfacial parameters.

Van der Zeguw and Kok (1977) discussed the chemistry related 
to the acceleration phenomena in pairs of oximes and other extrac­
tants. The authors recalled that "the only commercial" chelating 
accelerator "known" then, LIX63, and the accelerated /3-hydroxyaryl 
oximes form rings of five and six members, respectively, in the 
metal chelate. Thermodynamics, they concluded, thus favours the /3-
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aryloximes, and the rate enhancement due to the aliphatic oxime 
must be of kinetic origin.

Osseo-Asare (1984) has critically reviewed most of the re­
action schemes mentioned in this section, and Whewell and Hanson 
(1981) had previously reviewed the most relevant (experimental) 
work in the area.

Flett et al. (1973) investigated the rate of copper extrac­
tion (R) by LIX65N-LIX63 mixtures. The proposed stoichiometry of 
the equilibrated complex excluded LIX63. Additions of LIX63 to 
LIX65N increased R, however. In view of such rate enhancements and
the smaller value of the activation energy for extraction (E ) by

a
LIX64N (a mixture of LIX65N with small amounts of LIX63) than by 
LIX65N, those authors proposed LIX63 to play a catalytic rdle. The 
rate enhancements would be due to an effect of the mixed inter­
facial complex formed when LIX63 was present in the adsorbed film.

About two years later than the report by Flett et al. (1973), 
a number of investigations conducted with the single drop contac­
ting technique were communicated. For LIX64N in the dispersed 
phase, Whewell et al. (1975) discovered that the "rate of mass 
transfer per unit area" (i.e. the interfacial flux) was inde­
pendent of the drop size over the narrow size range allowed by 
that technique. The authors did not identify the locale of the 
rate controlling reaction step, but they "felt" that there was a 
link between the observed concentration dependences and interfa­
cial phenomena. Because the drop hydrodynamics cannot be external­
ly varied, the nature of the rate-determining phenomenon, whether 
diffusional or chemical, could not be ascertained. Whewell et al. 
(1975) correctly avoided assigning to the observed concentration 
dependences the character of reaction orders. It is not possible 
to change drop volumes independently of drop areas, thus it does 
not seem easy to design experiments using drop techniques wherein 
the area be changed while the volume remains constant.
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The value of E determined by Whewell et al. (1975) was 3 
a

times higher than the estimate by Flett et al. (1973). It has been
stated however that the value of E is not a direct indication of

a
whether mass transfer or chemical kinetics controls the rate of 
metal extraction (Danes! and Chiarizia, 1980). Another conclusion 
of Whewell et al. (1975) relevant to the present work is that the 
effect of reverse reactions could be safely ignored when initial 
rates of a moderately slow reaction were studied, even when the 
initial conversion of the extractant was substantial.

That last opinion was not shared by Miller and Atwood (1975)
when they re-interpreted the data of Flett et al. (1973) for LIX
65N/LIX63 mixtures. The former authors proposed a model for the
reversible extraction of copper by LIX64N which included a term
accounting for stripping. The model was based on an interfacial
reaction, on the similar adsorption of two reagents (LIX65N and

2LIX63) of different adsorption efficiency (Aq=0.85 and 1.01 nm 
molec 1, respectively; Al-Diwan et al. , 1977), and a proton
donor-acceptor interaction between both extractants.

Because of the different interfacial activity of LIX65N (RH) 
and LIX63 (BH), Osseo-Asare (1984) doubted that LIX63 be able to 
populate the interface with a density high enough to promote an 
effective proton donor-acceptor interplay. The data shown by Al- 
Diwan et al. (1977) do not prove that LIX65N be more surface ac­
tive than LIX63, because although <r was about 5 mNm 1 lower than

RH

<r at equal pH and I, the hydroxyoximes were at different concen- 
BH

trations. In mixtures, however, <r reflects <r exclusively (Cox
RH *

and Flett, 1977).

Atwood et al. (1975) underlined the need to quantify the in­
terfacial area when they reported their studies on copper ex­
traction rates by LIX64N in xylenes using the, then, "noteworthy 
experimental technique" of the single falling drop. The effect on
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rates of the independently varied concentrations of LIX65N and 
LIX63 was also investigated. The authors calculated metal ion 
fluxes (J) from their results, which were obtained under initial 
conditions as fresh dispersed phase was introduced with each drop. 
The conversion of the continuous (organic) phase was usually less 
than 5%. Probably the main advantage of single drop techniques is 
that the o/w interface is renewed with every drop, thereby minimi­
zing the accumulation of surface active impurities. That renewal 
of the interface, however, increases the sensitivity to end ef­
fects. J depended as [LIX63]0’5 at constant [LIX65N], and a zero 
order dependence of J on pH in the pH range 2.2 to 5 was reported.

The rate of Cu(II) extraction by LIX65N, LIX63 and their mix­
tures was investigated by Fleming (1976) using a non-dispersive 
contactor as that employed by Lewis (1954) in physical mass trans­
fer work. Fleming’s interpretation of the catalytic r61e of LIX63 
was as an inhibitor of the formation of an adduct that blocked the 
interface. The mixed complex would thus desorb more readily than 
the single-reagent complex. The fractional flux dependence on 
[LIX63] was attributed to the dimerization of the oxime. Data pre­
sented by Hummelstedt (1977) on the aggregation of LIX65N and 
LIX63 support the last hypothesis.

Paatero and Golding (1983) used a modified Lewis cell for 
their rate experiments. The effect of impurities on rates was un­
derlined by the observation that purified LIX65N alone extracted 
copper faster than mixtures of technical grade LIX63 and LIX65N. 
Those authors proposed the formation of a mixed LIX65N-LIX63 cop­
per complex as the reason for the observed rate enhancements in 
mixtures. Their model is thus similar to that by Flett et al. 
(1973) in that they envisage LIX63 in a mixed interfacial film 
playing a catalytic r61e, as it was not included in the final 
complex .
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Rod et al. (1985) argued that the catalytic action of various 
reagents is not due to specific chemical interactions, but rather 
to a general mechanism of phasetransfer catalysis. The authors ex­
tended the model previously presented by Hughes and Rod (1983; 
1984a; b) for a single reagent to include a second, accelerating 

reagent. As in the former model, Rod et al. (1985) considered a 
reaction zone in the aqueous diffusion film. Catalysis would only 
be observed according to the authors if:

a) mass transfer resistences are negligible compared to kinetic 
rates, and

b) kinetics favours metal complexation by the accelerating reagent 
(A) while thermodynamics favours the equilibrium of extraction by 
the accelerated reagent (B).

The scheme included fast metal complexation by A (but also by 
B) in the aqueous reaction zone, partition of complexes, ligand 
exchange in the organic phase, and partition of freed A back in­
to the aqueous phase to continue the cycle. No mixed complex need­
ed be considered.

Such a mechanism would be expected to depend on the aqueous 
solubility of the reagents. Rod et al. (1985), as Hughes and Rod 
before (1984a; b), did not consider the concentration dependence 
of the partition coefficient (P) and clustered it together with S, 
the kinetic constant, and the equilibrium constant in lumped "ki­
netic parameters" for both extractants. The thickness of the re­
action zone was said to depend on the ratio of the kinetic rate 
constant to P (Hughes and Rod, 1983), as in the classical models 
of gas absorption with reaction in the liquid (Sherwood et al., 
1975) which the former authors extrapolated to liquid-liquid sys­
tems (P is replaced by Henry’s constant in the gas-liquid case). 
However, Rod et al. (1985) stated that "the effect of catalysis is 
not dependent on the reaction zone thickness", thus it is not
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dependent on P. It seems contradictory that a rate "more or less 
controlled on the aqueous side of the interface" be independent of 
the extractants aqueous solubilities.

Lin (1984) extended his rate studies with the rising drop 
(RD) technique to mixtures of DNNSA-LIX63 in hexane. The same ap­
proach considering diffusion and chemical reaction in the organic 
film followed for DNNSA alone applied to mixtures. From his spe-
ciation analysis, Lin concluded that the "active micelle" D .3HLm
was the main species which reacted with metal complexes desorbed 
into the organic film, and set up his equations accordingly.

Using Lin’s speciation analysis, Savastano et al. (1986) pre­
sented numerical simulations by models based on various possible 
rate-controlling interfacial reactions. The effect of (DNNSA] and 
[LIX63] on fluxes was approximated by the predictions. The cor­
relation between the inflexions observed in the flux vs [DNNSA] 
curves with [LIX63] as the parameter and the CAC, CMC values of 
the mixtures was recently pointed out by Savastano et al. (1987).

II.3.5. MICROEMULSIONS AS METAL EXTRACTANTS.

Wu et al. (1980) suggested that w/o microemulsions mediated 
in the extraction of lanthanides and some divalent metal ions by 
naphthenic acid, D2EHPA, and Aliquat336. According to their model, 
additions of octyl alcohol stabilize large reversed micelles able 
to solubilize raffinate. The ensuing cation exchange between the 
reagent in the palisade and the metal ions in the core would re­
sult in complexation of the latter, followed by demicellisation 
and the loss of solubilizate back to the aqueous bulk.

Bauer and Komornicki (1983) noticed that 1iquid-1iquid ex­
traction systems where reversed micelles form are comparable to 
those microemulsions used in enhanced oil recovery. Those authors
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reported dramatic increases in the rates of Ge(IV) extraction by 
KELEX 100 in kerosene when the micelle-forming surfactant Na-do- 
decyl benzene sulphonate and n-butanol as co-surfactant were mixed 
in the organic diluent. Equilibria were reached after 15h when the 
surfactants were present, whereas days were required otherwise 
(Bauer and Komornicki, 1987). The authors concluded (1987) that 
the catalytic effect was due to changes in phase structure rather 
than to chemical reasons.

When n-butanol was added as a modifier to DNNSA solutions in 
kerosene, the distribution coefficient of some metals decreased 
(Blumberg and Gai, 1977). A chemical reason was suggested for this 
effect, namely that the modifier increased [H+], thus favouring 
the stripping. But it is also expected that alcohols stabilize 
larger reversed micelles. Assuming that the stoichiometric ratio 
micelle/metal:1/1 is maintained, it follows that larger micelles 
in smaller concentrations will load less metal at a given [DNNSA]. 
Aggregation thus offers also in this case a plausible, alternative 
explanation.

Tondre and Xenakis (1984) studied the transfer of alkali-me­
tal picrates between two aqueous phases through a w/o microemul­
sion behaving like a liquid membrane (Li, 1971). Non-ionic sur­
factants and hexanol were used to form the microemulsions. The 
rate enhancements were 5-fold with respect to the performance of 
the extractant (a crown ether) alone in the diluent. An excellent 
correlation was observed between the metal flux and the water 
concentration in the organic phase, mostly as "water pools". The 
microemulsions were less selective than conventional extractants. 
The results were represented by a model of facilitated, diffusio- 
nally controlled carrier mediated transport.
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CHAPTER III. EXPERIMENTAL

III.l REAGENTS

III.1.1. DNNSA

DNNSA was received as the NH*- salt. It was purified and con­
verted into the acidic form following the method proposed by 
Danesi et al. (1973). The procedure is detailed in Appendix A. 
Elemental analysis of purified and as-received DNNSA was performed 
with a Carlo Erba Instrumentazione Elemental Analyzer 1106, which 
automatically evaluated the area under the peaks resulting from 
the combustion in an oxygen stream of N, C, and H in the samples. 
The as-received product was evaporated to a gelly consistency be­
fore the analysis. The composition of the purified reagent was 
within 7% of the theoretical, whereas deviations of up to 35% were 
found for the impure extractant. The results listed below are ave­
rages of three determinations. The formula weight is 460 (Danesi 
et al., 1973).

ELEMENTAL ANALYSIS OF PURIFIED DNNSA

measured
%

theoretical
%

variation
%

N 0.7 0.

C 67.8 73.0 7.

H 9.94 9.57 4.

The concentration of purified stock solutions in
determined by two methods: organic-phase titration and ultimate 
loading. Tetra-n-butyl-NH OH standard in xylene (BDH) was used to 
titrate dilutions (typically 1/10) of the stock, with thymol-blue 
or phenolphthalein as indicator. Sharper end points were obtained
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with the latter. The organic base was standardized with 1/10 N 
H^SCK The titration was followed with a Phillips PW 9409 digital 
pH-meter in potentiometric mode connected to a chart recorder. The 
end point was confirmed by the position of the peak in the d(volt- 
age)/d(volume of base) vs volume of base plot.

Any HC1 residue left in the DNNSA after the purification
would be titrated, resulting in concentrations erroneously high.
Ultimate loading tests of the extractants were made to confirm the

3 — -2 -3titrations. Equal volumes (5 cm ) of C =1.45.10 or 5.10 M
DT

were shaken with [Ni(11)3=1. at pH=1.6 (to avoid hydrolysis) and
no other added salt during 3h. Equal volumes (2 cm3) of the
extract and 4N HNO were shaken for one hour. Nickel concentra-3
tions in the strippates were measured as detailed in section III. 
6, and showed that the stoichiometry of the nickel complex under 
ultimate loading conditions was metal/sulphonate: 1/2.

C values found from ultimate loading were around 7% lower 
DT

them those titrated, suggesting that mineral or other acids with 
no extracting ability were present in the extractant. The tests 
were run in triplicate and the results are listed in table III.1.
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III.1.2. LIX63

This extractant was purified as proposed by Tammi (1976), 
with the modifications introduced by Lin (1984). Details are given 
in Appendix B. Elemental analysis of purified LIX63 was done as 
described above for DNNSA. The following results are the aver­
ages of three determinations.

ELEMENTAL ANALYSIS OF PURIFIED LIX63

measured
%

theoretical
%

variation
%

N 5.03 5.17 2.6

C 72.2 70.8 2.

H 13.3 12.2 8.6

The concentration of stock solutions was measured by ultimate 
loading as explained in section II.1.1. Duplicate tests lead to 
[LIX63]=0.324±0. 003 in the main batch of purified reagent, based 
on the 1/2 stoichiometry. Acid-base titration in non-aqueous media 
yielded values of concentration around 16 times lower, underlining 
the reagent ability to extract nickel without exchanging protons 
(Zapatero et al., 1987). The theoretical formula weight is 271 
(Lin, 1984; Keeney and Osseo-Asare, 1984, Tammi, 1976).

III.1.3. OTHER REAGENTS AND CHEMICALS

Hexane 95%+ pure (Aldrich Chemicals Co. ) was used for nickel 
extraction equilibria and rate work. Hexane 99%+ (Hypersolve, BDH) 
was used in the reagent partition and transfer, interfacial ten­
sion, and water solubilization work. Ethanol, ethyl ether and ace­
tone were BDH general reagent quality. The salts and acids were 
BDH AR grade. All these chemicals were used as-received. Singly 
distilled water was used, of the best quality available.
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III.2. SURFACE TENSION MEASUREMENTS.

The organic solutions were presaturated by shaking with aque­
ous blanks of appropiate ionic strength (I) and pH. The phases 
were separated by centrifugation. Longer centrifugation times were
required to break down macroemulsions that formed at C above

3 DT5.10 M. Such emulsification was favoured by lower values of I.

A Kriiss K10 digital tensiometer was used and the Du Nuoy ring 
method (Adamson, 1967) was followed. The aqueous phase was first 
run into the cell, then the ring was immersed in it and the orga­
nic solution was slowly added on top. The ring was automatically 
drawn by the instrument at a controlled speed amd the interfacial 
tension was read in an LCD. The work was done in the "clean room" 
of the department, at ambient temperature (about 21°C). The re­
fractory glass cell and the ring were washed with hexane and ace­
tone then flauned between measurements.

III.3. HATER ANALYSIS IN MICELLAR SOLUTIONS.

Water was directly analyzed in hexane-DNNSA solutions by 
gas-phase chromatography (GC) with a Pye Unicaun instrument. Pora- 
pack N auid Q columns were found satisfactory to resolve the peaJks 
corresponding to water, ethanol end hexane. Most of the work was 
done with a Porapack N column 5 foot (around 1.5m) long, 2 mm dia­
meter, packed with 80-100 mesh beads. The column was kept at 
150°C, the thermal conductivity detector at 150°C, and the 
injector at 200°C. Injection volumes varied between 0.5 pi to 
lOpl. Helium flowing at 45 psia, and at 60 cm3min 1 was the car­
rier gas. The filaunent no. 2 in the thermal conductivity detector 
was usually chosen to increase its sensitivity.

The elution times of water, ethanol, and hexane were found to 
be approximately proportional to the respective formula weights
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(Table III.2). DNNSA was slowly eluted from the column and no peak 
was identified attributable to this reagent. Noise starting around 
25 min after injection could have been due to DNNSA or a product 
from its pyrolytic decomposition reaching the detector.

Distilled water alone and ternary water-ethanol-hexane solu­
tions were used for calibration. The latter standards (Table F.1; 
Seidell, 1941) were preferred because their low water concentra­
tions allowed to set the instrument at the high sensitivities 
required for the analysis (i.e. attenuation between 1 and 4). 
Water as standard instead required a large attenuation. Injections 
of l.Opl water produced around 65 chart divisions with an at­
tenuation of 1024, whereas injecting an equal volume of C =0.12 
M stock solution translated into only 3 chart divisions at atte­
nuation 128. The water concentration in this organic sample (Cy) 
was estimated as follows

3 1 PRC = — —  ■ 55.5M = 0.32Mu 65 1024

where 55.5his the concentration of neat water. Thus the ratio of
water concentration in the stock solution to DNNSA concentration
was W=0.32/0.12 s 2.7 in this case. The solubility of water in
hexane was measured as 0.006M. An attenuation of 4 was sensitive

— -3enough to measure changes in the water content of C =5.10 M
DT

samples taken in dynamic water transfer experiments at 1 min in­
tervals.
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Table III.1. Ultimate loading of DNNSA. [Ni(II)3=1.,pH=1.6.

c
DT

(1)

CM CM, C
equ i l  D T , u . 1

« 2xC
M,equil

(C - C ] 
DT , u . 1. DT

C
DT

C
DT , a v g e

iohi - ppm io3m 103M •/.

14.5 69 409.3 6.97 13.9 -4.2
395.3 6.70 13.4 -7. 1

5. 200 135.6 2.32 4.64 -7.8
135. 1 2.31 4.62 -8.2

(1) titrated

Table III.2 Gas phase chromatography of wet hexane solutions 
of DNNSA.

Fluid F.W. Elution time F.W Elution time
(min) F. W. H O  Elut. time H 02 2

«2° 18 1.0 1.0 1.0
Ethanol 46 2.5 2.55 2.5
Hexane 86 5.0 4.8 5.5
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III.4. WATER SOLUBILIZATION EXPERIMENTS.

The extent and rate of solubilization of aqueous phases by 
DNNSA micelles have been measured. Values of saturation loading 
(C8) were determined by shaking equal volumes of aqueous KNO^- 
HNO^ at varying pH and I and DNNSA solutions for 30 min, and sam­
pling the organic phase after centrifugation. Water concentrations 
were measured directly by GC as described in section III.3.

Once the dependence of C8 on C was found from this GC work,
w DT

the solubilization of radioactive tracer was studied. Carrier-free 
32P orthophosphate (Amersham International pic), a soft £-emitter, 
was used in this work. The tracer specifications are listed in

3 —Table F.2. About 10 cm of DNNSA solutions at varying C were
DT

shaken for 30 min with a volume of as-received tracer solution 
(370M Bq/ml) large enough to saturate the organic phase but avoi­
ding excesses. A few drops were usually enough. After centrifuga­
tion, 0.1 and 0.5 cm3 of the organic phases were placed on plan- 
chettes and the diluent was allowed to evaporate. The radioactivi­
ty from the solid residue on the planchettes was counted during 
30s by a Scintillation Counter 663 (Isotope Development Ltd.), 
connected to a Scaler-Ratemeter SR3 (Nuclear Enterprises) counter. 
The results are shown in section IV.3. All the work was duplica­
ted. Relative errors at one standard deviation did not exceed 3%. 
From these countings and the previous GC measurements, the follo­
wing calibration line was found:

Cs = 0.0079 + 1.2.10 7 (counts/cm330s)
UP

s 3 2 mwhere C^ is the concentration at saturation of P-sp<ked water.
The radioactive decay factors listed in Table F.2 were used to
correct the countings.

9 3 2The solubilization rates of aqueous phases sp/ked with P 
were measured in a 2.5 cm i.d. glass beaker, into which a thin
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layer of 1/100 tracer dilution (3.7M Bq/ml) was placed first and
25 ml of hexane were poured next. Stirring at 250 rpm was provided
by a flat 2-blade glass stirrer of 1 cm diameter. Higher speeds
were found to disturb the free, unsupported interface. At time
zero, the required volume of dry or presaturated DNNSA solution
was mixed in and the stopwatch was started. The 'wet* DNNSA used
in core-exchange experiments was presaturated with water the day
before. Samples of 100 |il were removed, evaporated on planchettes,
and the radioactivity was counted. A sample of diluent was removed

32before the DNNSA injection. No electrolytes were added to the P 
solutions.

The effects of C and of Re on the initial solubilization
DT

rates were investigated in the non-dispersive, stirred cell (NDSC) 
shown in figure III. la. The operative routine is detailed in ap­
pendix C. Samples of typically 2 cm3 were removed for direct an­
alysis of water by GC.

The hydrophilic dye fluoresceine was originally believed use­
ful to this work. The main reason for trying to use dyes is that 
on-line recording of absorbances read by a UV-VIS spectrophoto­
meter is an attractive alternative to the discrete withdrawal of 
samples followed by time-consuming GC analysis. DNNSA however may 
associate with the dye beyond physical solubilization capacity, 
probably through chemical bonding with the molecules. Dyes were 
not further used once the possibility of chemical interaction with 
DNNSA was suspected#
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Figure Ill.l.a Contactor and Auxiliary Flow Circuit.

1. Glass body and water jacket.
2. Glass cylindrical baffles.
3. Glass s t i r r e r s .
4. 6 PTFE b a f f le s.
5. PTFE top and bottom.
6. Wire mesh.
7. Loading-sampling orifice.
8. pH-meter electrode.
9. Feed reservoirs.

10. Drain.
11. Peristaltic pump.
12. Sampling valve.
13. Flow-through cell
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Water transfer rates across hydrophilic membranes were measu­
red as follows. The organic diluent (typically 20 cm3) was loaded 
into a 25mm i.d. PTFE hollow cylinder fitted with a membrane at 
the base (figure Ill.l.b). The membranes used were disks cut off 
Visking cellullose nitrate dialysis tubing, previously impregna­
ted with water with the purpose of forming the interface on the 
organic side. The cell was covered to avoid evaporation and was 
placed in a beaker containing the aqueous phase. Both phases were 
stirred independently. The temperature was 25°C. Samples of the 
organic phase (of about 200/il) were removed for water analysis by 
GC.

Alternative membrane arrangements were tried out without suc­
cess. A filter paper sleeve soaked in water was supported onto a 
glass cylindrical rod rotating coaxially within a beaker contai­
ning the organic diluent. The hydrodynamics of such a system, and 
its mass transfer characteristics are described in the literature 
(Eisenberg et al., 1955). It was not possible however to strike a 
satisfactory balance between the soaking of the paper with enough 
water to promote appreciable transfer said the overloading of the 
paper which resulted in the detachment of water droplets. Similar 
problems were found when soaked disks of filter paper were placed 
at the bottom of the beaker.
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MEMBRANE CONTACTOR

WATERc membrane
ZD

MAGNETIC STIRRER/HOTPLATE

Figure Ill.l.b. Arrangement used in experiments of water 

solubilization by DNNSA micelles across membranes.
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III.5. DNNSA SOLUBILIZATION EXPERIMENTS.

The partition coefficient of DNNSA and its K-salt between 
hexane and aqueous phases at varying I and pH was investigated by 
shaking together 10cm3 of each phase of the desired composition in 
30cm3 flasks. The phases were separated by centrifugation during 
typically one hour. The emulsions that formed at high C and low 
I required aging overnight (in a refrigerator at 4°C) before 
centrifugation.

Light absorbances by (H,K)DNNS in aqueous media were measured 
in a Perkin-Elmer 554 UV-VIS spectrophotometer using a 10x10 mm 
Hellma Blue Quartz cell and a blank aqueous of similar composition 
in the reference cell. Due to its double aryl group, it was expec­
ted that DNNSA absorbsUV radiation. This assumption was confirmed 
by the intense absorption observed as sharp peaks at 280 and 230 
nm. The latter peak was more intense (figure III.2). The peak at 
280nm was used most. The absorption by KNO^ at relatively high
concentrations obliterates the peak at 230nm. At C =1.10 with

DT
hexane as reference, the peak at 230nm exceeded the detection li­
mit of the instrument, thus 10x1 mm cells were used for analyses 
of organic solutions.

The absorbance by aqueous DNNSA did not change whether the 
shaking time was 1, 2, 3, or 4 hours. It was thus decided that lh 
was enough to reach physical equilibration.

Particularly careful preparation of standards was necessary. 
Calibrations for two sets of standards are shown in figure III.3. 
One set of standards consisted of organic DNNSA dilutions with 
hexane as reference. The second set was prepared in water-ethanol 
mixtures, and a hexane-water-ethanol blank was the reference. The 
ternary diluent solutions were prepared as indicated in Table F.1 
(Seidell, 1941). There is a fair agreement between both sets. The 
aqueous-ethanolic standards were preferred in this work.
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Figure III.2 UV-Vis. spectrophotometry absorption charts 

for DNNSA in hexane. Main peak at 230nm, secondary peak 

at 280nm. Parameter is DNNSA concentration in nexane.

DNNSA concn. Ckmol/m3)

Figure III.3 UV-VIS absorbance by DNNSA hexane and 
ternary ethanol-water-hexane solutions. Absorbances at 

280nm in 10mm cell.
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The rates of (K-H)DNNS dissolution into aqueous phases of 
varying composition were measured in the NDSC shown in figure III 
.l.a. A 10x10mm Hellma Blue Quartz flow-through cell was inserted 
in the external flow circuit. The peristaltic pump was fitted with 
a piece of Viton rubber tubing, and 0.5mm i.d.PTFE tubing was used 
to connect the flow-through cell. Absorbance and pH were measured 
and recorded continously. The experimental routine was similar to 
that described in Appendix C for nickel extraction rate work. Sam­
ples of the aqueous phase were removed at intervals to correct the 
continuous absorbance readings for surfactant adsorption at the 
cell walls normal to the light beam. The corrections needed were 
small. Some experiments were extended longer than a day with the 
purpose of reaching a plateau indicating the end of DNNSA trans­
fer.

III.6. NICKEL EXTRACTION EQUILIBRIUM EXPERIMENTS

The extraction equilibria of Ni2+ from 1=0.5N (KN03+ HNO^) by 
hexane solutions of DNNSA, LIX63, and DNNSA-LIX63 mixtures were 
studied by shaking equal volumes (5 cm 3) of both phases toge­
ther during one hour, followed by stripping the extracts by sha­
king with 4N HNO^ during another hour at room temperature. Estima­
ting the loadings a priori from the work of Renninger and Osseo 
-Asare (1983), the extract /strippate volume ratios were chosen in 
such a way that the metal concentrations fell within the linearity 
limit of the instrument without further dilutions. Aqueous nickel 
concentrations were measured by atomic absorption spectrophotome­
try (AAS) in an Instrumentation Laboratories instrument, at 232nm. 
AAS/AES nickel standard solution (BDH, 1000 mg/1) was volumetri- 
cally diluted to calibrate the instrument. Typically three stand­
ards were prepared after every experiment.
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The loading of HNO^/NO by LIX63 was investigated qualitati­
vely by high performance liquid chromatography analysis (HPLC). A 
Perkin Elmer Series 4 instrument fitted with a VYDAC 302 IC column 
and a Perkin Elmer LC21 conductivity detector was used. The eluant 
("mobile phase") was 2mM acid potassium phthalate, pH-adjusted to 
4.9 with saturated sodium tetraborate. Hexane solutions of LIX63 
equilibrated with HNO^ were injected. Two peaks were resolved in 
the eluate of heights that changed consistently as [LIX63] was 
changed. The first peak was at around lmin after injection, and 
the second peak at around 3 min.

III.7. (K-H)DNNS EXCHANGE EQUILIBRIUM

The equilibrium of potassium extraction from 1=0.5N (KNO^ + 
HNO^) by DNNSA in hexane was investigated using shaken-flasks ex­
periments. Equal volumes (5cm3) of both phases were shaken toge­
ther during one hour at room temperature. Aqueous feeds in the pH 
range 0.5 to 4.0 were prepared at constant I, by dilution of IN 
KNO^. The following relationship was used to prepare the feeds:

1= 1/2 Z(z2C ) = 1/2 (C + C + C ) = C + C =0.5 
i i Hf Kf NO,  Hf Kf3

where z was the charge of each ion i. The organic feed was C =
- 3 DT0.lkmolm . After separating the phases, the extracts were strip­

ped by shaking with 4N HNO^ during one hour at room temperature. 
The extract/strippate volume ratios were chosen so to dilute the 
strippate to below 50ppm K. The acidity of raffinates and feeds 
was measured by titration with NaOH and phenolphthalein. The 
aqueous feeds and the raffinates were diluted like the strippates. 
Aqueous potassium concentrations were measured by atomic emission 
spectrophotometry (AES) in an Instrumentation Laboratories instru­
ment at 404.4 nm. KNO^ AAS/AES standard (BDH, 1000 mg/1) was volu- 
metrically diluted. Straight calibration lines up to 90ppm K+ were 
obtained. A typical calibration follows:
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Data:

[K], (ppm) 20 40 70 80 90

Emmission 0.35 0.49 1.24 1.34 1.50

Calibration:

ppm K= 6.19 + 54.7 Emission (correlation coeff.=0.9856)

III.8. NICKEL EXTRACTION RATE EXPERIMENTS.

These experiments were run in the NDSC shown in figure III.l 
a. The reactor was operated as described in Appendix C. It is a 
variation of the original design by Nitsch (1978). Six PTFE baf­
fles 1mm thick and 10mm wide run the full height of the cell and 
support the two coaxial glass cylindrical baffles in position in 
each half of the body. The impellers are also made of glass, with 
the blades welded to the hub at a small angle with the horizontal. 
The full length baffles and the small angle of attack of the im­
pellers serve the purpose of reducing the tangential component of 
momentum imparted to the liquid and to favour the toroidal circu­
lation that more effectively sweeps the liquid layer between the 
mesh sind the interface (Nitsch and Kruis, 1978).

The only metallic elements in the NDSC in contact with the 
liquids were stainless steel meshes which broke large eddies down, 
thus allowing the interface to be stagnant under intense turbul­
ence on the far side. No leaching of nickel out of the meshes was 
observed in week-long tests using electrolytes of similar composi­
tion as the aqueous feeds.
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It was decided to run the experiments under hydrodynamic si­
milarity. The independent control of both stirring speeds and con­
sideration of the diluents physical properties enabled to obtain 
similar values of Re in both phases (section IV.1). The tempe­
rature (T) was controlled by circulating water from a thermostatic 
bath through the reactor jacket. Except in those experiments done 
to investigate the effect of T on the rate, T was mantained at 
25±0.5°C.

The phases were physically equilibrated before loading into 
the reactor. A volume of aqueous blank at full I was shaken with a 
small volume of DNNSA solution at the concentration of the experi­
ment. After separating the organic residue, the appropiate volume 
of stock nickel was diluted into the preequilibrated aqueous solu­
tion. The stock DNNSA was shaken with a small volume of nickel- 
free blank at full I to saturate the reversed micelles. DNNSA con­
verted partially to KDNNS in the process (section IV.4.1).

Initial transfer fluxes were measured. Samples of typically 
2cm3 were removed from the organic phase at time zero and at in­
tervals thereafter. The samples were stripped of nickel with 4N 
HNO^. The volume ratios were chosen such that the resulting strip- 
pate concentrations fell within linearity limit (5ppm) of the AAS. 
The instrument setting and the standards used to calibrate it Eire 

described in section III.6.

The reason why the rate of extraction was followed in the or­
ganic phase becomes obvious from the following example. When the
aqueous concentration of nickel fell from 300 ppm (s 5.10 3

- 3 xkmolm ) to, say, 297 ppm at the end of an experiment, the latter 
was 99% of the feed concentration. The experimental errors were 
higher than 5%, thus 1% change in concentration could not be accu­
rately measured. Instead, the concentration in the organic phase 
increased from 0 to 3 ppm, a change that is readily measured. 
Eight to ten samples were drawn in every experiment.
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Direct AAS of the organic samples was attempted with unsatis­
factory results. Due to the high volatility of the diluent, the 
nebulization rate had to be reduced to levels which prevented even 
combustion of the sample and caused large reading drifts. AAS 
analysis of iron-Kelex 100 complexes in xylene has been success­
fully done before (Savastano, 1984).

III.9. MISCELLANEOUS MEASUREMENTS

Densities (p) of hexane solutions of DNNSA and LIX63-DNNSA
Omixtures were measured with a hydrometer at 25 C.

Viscosities of those organic solutions were measured with a 
Technico 317 capillary viscometer of the Ostwald type, using 
hexane as reference fluid.
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CHAPTER IV. RESULTS AND DISCUSSION OF RESULTS

Experimental results obtained in this work are presented and 
discussed in this chapter. Measurements of physical properties of 
solutions and calculations of derived quantities are reported in 
section IV.1. Data and calculations concerning the partition and 
dynamic solubilization of DNNSA are included in section IV.2. The 
results from work related to the solubilization of aqueous subs­
trata by reversed micelles are grouped in section IV.3. In section
IV.4, the equilibria of metal ion exchange and extraction by DNNSA 
is dealt with. Data on the equilibrium of nickel extraction by LIX 
63 and by DNNSA-LIX63 mixtures are presented in sections IV.5 and
IV.6, respectively. An attempt to explain the origins of the ob­
served synergism from thermodynamic principles is also presented 
in the latter section. The last three sections of the chapter Eire 
concerned with rates of nickel extraction by DNNSA and LIX63, a- 
lone and in mixtures.

IV. 1. CHARACTERIZATION OF DNNSA SOLUTIONS AND DNNSA-LIX63 
MIXTURES1

The work reported in this section was done with the aim 
to evaluate parameters to be incorporated in rate and equilibrium 
models. Results on the following subjects are presented:

1) physical properties of diluents,
2) interfacial tensions and adsorption in-A) isotherms,
3) correction of literature values of \p due to ionic 

strength changes, and
4) direct measurement of reversed micelles

1I thank Mark Sadler for his help with the interfacial tension 
measurements.
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Tables numbered IV.- are interspersed with the text, whereas those 
coded F.- have been collected in appendix F.

IV.1.1. PHYSICAL PROPERTIES OF SOLUTIONS

The density (p) of hexane solutions of DNNSA and LIX63- 
DNNSA mixtures was measured as described in section III.9. 
The results are listed in table F.3. The largest variation 
across the space investigated was about 1.5%.

Viscosities of those organic solutions were measured as 
detailed in section III.9. Hexane was the reference fluid 
(1). Viscosity values of hexane (p^ were found in the lite­
rature (CRC Handbook of Chemistry and Physics, 23rd. ed. , 
p.1326) to be as follows:

Table IV. a Viscosity of hexane.

T (°C)
T (°K) 
p(j (mPa.s)

0

273
0.401

20
293

0.326

40 50
313 323
0.271 0.248

The value of pi at 25°C was interpolated from the above va­
lues using the Andrade correlation (Reid et al., 1977):

p = A exp(B/T) (IV.1)

The following values for the parameters in eqn.IV.1 were estimated 
by regression of the literature values:
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In A = -4.025
B = 850.8

At 25°C the resulting value was ^=0.310mPa.s, thus the kinematic 
viscosity was

v
1

0.310 mPa.s 
0.654 g/cc = 0.474 cS

The kinematic viscosity of reagent solutions (i>2) was evalua­
ted from the times measured (t and t ) and the Hagen-Poiseuille1 2
formula, from ratio IV.2

*>2 “ wi “ E 7  (IV 2)

Measurements and calculations are listed in table F.4. The
times listed are the average of three readings. As shown in figure
IV. 1, p increased fast as C was increased from 1.10 3 to 1.

2 DT
10 2M, and C was 1.10 2 or 2.10’̂ . Similar increases in p with _ lt _ 2
Cdt were reported by Osseo-Asare and Chaiko (1986). At C^slM, p2
reached 100 mPas. The physical properties of aqueous phases were
found similar to those of water, i.e. p s lkgdm 3, p = 1 mPa.s.

a a
Viscosities and densities were measured with the aim to esti­

mate the ratio of stirring speeds which generated the same value 
of Reynolds numbers (Re) in both phases in the NDSC. This condi­
tion required, on average, that

N =2N (IV.3)
aqueous organic

IV. 1.2. INTERFACIAL TENSIONS AND rr-A ISOTHERMS.

The values of interfacial tension (<r) measured as detailed in 
section III. 2 Eire plotted versus log and log C in figure
IV. 2. The three curves for the mixtures at C = 1.10’3, 5. 10*3,
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and 1 .1 0  hi and varying values of Cdt are shown between the curves

corresponding to DNNSA and LIX63 alone (table F.6 ). With DNNSA
___ -  ^  -  2alone, the CoT range spanned from 1.10 to 1.10 M. For hexane

-water interfaces <r°=51 mNm" 1 was measured, in agreement with the

literature (CRC, 1983-4). From the plots, CACs and CMCs could be

estimated in all cases. These values are listed in table IV.1 and

agree with values in the literature (Keeney and Osseo-Asare,

1982). The CMC of DNNSA was confirmed by solubilizing fluorescein

in micellar solutions of varying concentrations and extrapolating

to zero the absorbance read by the spectrophotometer, as shown in

figure IV.3 as a straight line in arbitrary absorbance units.

The shape of the <r vs C curve resembled the others in the 
sense that showed an inflexion suggesting a CMC. This was an un­

expected finding because there is no reported evidence of LIX63 
micelles (Zheng and Osseo-Asare, 1987). The data (in table F.7) 
can be compared with values from the literature (Al-Diwan et al., 

1977), which are also shown in figure IV.2. At low values of C 
both sets of data closely agree, but the curves diverge as C was 
increased. No inflexions are seen in the literature data. The low­

er values of <r measured in this work were possibly due to contami­

nation of the glassware by the strongly surface-active DNNSA. As 
shown below, calculations with the data presented here for LIX63 
lead to values of interfacial excesses or adsorption densities 
(Tl) apparently too high, but to an estimate of the limiting area

of the adsorbed molecule (A ) and a shape of the ir-A isotherm ino
better agreement with literature reports than the results derived 

from the data by Al- Diwan et al. (1977).

The adsorption or "tt-A" isotherm of a surfactant adsorbed at 
an interface (where A is the area of interface covered by a mole­

cule at interfacial pressure n) is a useful source of information 
because it provides a link between bulk and interfacial concen­

trations (or adsorption densities, D  via experimentally deter­

mined interfacial pressures. The isotherms are found by applica­

tion of the Gibbs equation of' adsorbed state to the o—formal bulk 

concentration data, eqn IV.4.
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do* (IV.4)r
D

1
A

1_
RT dln(y Cdt)

where Td is the adsorption density of DNNSA in this particular 
case and y is the activity coefficient in the organic phase.

For DNNSA alone at C <CMC, C £C (herefrom called
_  O T  D T  m o n o m e r  _

CD), thus in this range yCDT can be approximated by Cd» A and 
were evaluated from the <r data presented in table F. 5. The sta­

tistical package MINITAB available in the College’s CDC computer 
library was used to fit the data as a third degree polynomial in

ln(C ). From its first derivative T was then obtained via equa- 
D T  D

tion IV. 4.

Results are plotted as versus logC^ *n figure IV.4. Td

increased fast as C was increased up to about the CAC, then T
d t  K  _  D

increased more slowly and it was almost constant as C exceeded 

the CMC. Rate experiments are usually done in that range where 
constant (Danesi et al., 1976), thus modellists are allowed to

consider T as a constant without introducing large errors. The
® — -5kinetic experiments done here (at Cdt^5. 10 M) were also at

9.5.109 kmolm 2 (s constant). The shape of the curves in figure

IV.4. are typically described by the Langmuir adsorption isotherm:

T = --------— --- (IV. 5)
D 1 + b C

D T

where the constants a and b are solute-specific. For mixtures of 
DNNSA and LIX63, n, (interfacial adsorption density for mix­

tures), and A were similarly estimated from the corresponding data

(table F.6 ). The results are shown as T versus C with C as
M D T  L T

the parameter in figure IV.4. All the curves follow a similar pat­

tern, and higher values of CpT were required to reach constant va­

lues of rM as C^t was increased. Higher values of C^ produced 
less dense films.
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Figure IV.3. CMC of DNNSA found by interfacial tension and UV absorbance measurements



The same procedure was applied to data for LIX63 obtained in

this work (table F.7) and previously by Al-Diwan et al. (1977,

table F. 8 ).Results are shown in figure IV.4. The values of

interfacial excess for LIX63 (T ) estimated from literature data
—  ^  -3

were roughly constant at C >1.10 M, whereas estimated from 
the data obtained in this work increased in that region.

The n - k  isotherms are shown in figure IV. 5. In general the

films compressed readily below the respective CAC, at n between 24

and 30 mNm’1. The limiting area (A ) of adsorbed DNNSA was estima- 
2 -1 °ted as 0.40 nm molec by extrapolating to ir=0 the straight sec­

tion of the curve. Preston and Whewell (1977) reported A =0.27
2 -1 0 nm molec for 2-(n-tetradecyl) naphthalenesulphonate. Values of

2 -1A between 1.01 and 1.21 nm molec were reported by Chaiko and o
Osseo-Asare (1983), who suggested that impurities could prevent a 

denser packing of their films.

The limiting area for LIX63 was estimated from figure IV.5 as 
2 -11.15 nm molec , thus it was larger than A for DNNSA. Osseo-o

Asare and Chaiko (1983) found the opposite. They reported A =0.99o
nm2molec' 1 for LIX63. Al-Diwan et al. (1977) estimated A =1.01 nm2

-! 0 
molec for the same chemical system, although a larger value may

be estimated from their data (figure IV.5). Thus the value of Ao
estimated from the results obtained in this work was within 15% of

2
previous reports. Limiting areas for mixtures were around 1.4 nm 

molec 1.

Chaiko and Osseo-Asare (1983) presented an isotherm for DNNSA 

of the liquid-condensed type (Lucassen-Reynders, 1981) whereas a 
liquid-expanded type isotherm corresponded to LIX63. The same con­

clusion is reached from the shape of the isotherms in figure IV. 5, 

which resemble the shapes shown by the former authors. Like the 
interfacial excess variations shown in figure IV.4, the curves 

for the mixtures (figure IV.5) fell between that for DNNSA and 
that for LIX63 calculated from the data of Al-Diwan et al. (1977). 
Two further points can be discussed concerning these results:
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1) Figures IV.2, IV.3, IV.4 indicate that DNNSA is more surface 
active than LIX63, as expected from the comparison of the CAC va­

lues of both reagents. In hexane, the ratio of CAC values can be 
expressed as follows (Osseo-Asare, 1984):

pCACDNNSA - pCACLIX63 = 6.5 - 3.7 = 2.8

This ratio suggests that DNNSA adsorbs around 600 times more 
strongly than LIX63. It seems thus consistent that a ratio 
of around 100 was needed to obtain similar packing densities at 
interfaces of single reagent solutions (figure IV.4). Concentra­

tion ratios of around 100 were used in some rate experiments with 
mixtures in this work, thus the exclusion of LIX63 from the adsor­

bed film was probably not complete. Although DNNSA adsorbs prefe­

rentially, it seems reasonable to expect that a fraction of the 
interfacial mosaic be covered by adsorbed hydroxyoximes.

2) For mixtures, the adsorbed films were less dense than those 

of DNNSA alone at a given value of n. The aggregation of DNNSA and 
LIX63 apparently reduces the DNNSA monomer activity (Keeney and 

Osseo-Asare, 1982) but does not readily explain the decreases in 
Tm as more LIX63 was added to the mixture, shown in figure IV.4. 
Such effect may in part be due to the increasing adsorption of o- 
xime, or of oxime-sulphonate aggregates, which decreases the in­

terfacial packing.

Now the discussion aims at estimating what fraction of the 
mixed adsorbed film is made up of sulphonates (8 )̂. The balance 
(6^  will be assumed covered by the oxime. This assumption means 

neglecting the fractional interfacial coverage by the diluent 
which is in general small (Lucassen -Reynders, 1981), and it seems 
justified considering for example that toluene covered only around 
6% when LIX65N adsorbed at the o/w interface (Freeman and Tavla- 

rides, 1982). Adsorption of aggregates is also neglected. Abstrac­

tion is made here of the fact that adsorbed species deprotonize 
and exchange cations to various extents. The further assumption of 

no specific interactions between adsorbed species is made, in fact
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assuming the ideal behaviour of these species. Lucassen-Reynders 
(1981) presented an analysis for non-ideal surfactant mixtures, 
wherein a fugacity coefficient was included in the adsorption iso­

therm to account for non-idealities. The following relationships 
between fractional coverages and adsorption densities apply to i- 

deal films (Lucassen-Reynders, 1981):

0 = 
D r + r

D  L

0 = 
L

r
L

r + r
D L

Thus
0D
0

L

r
D

r
L

(IV.6 )

From the assumption that only extractant monomers adsorb, the 
balance about adsorbed species is

1 = 0  + 0  
D  L

(IV.7)

The fractional coverages are related to rM as follows

2 Cad 2 C?d
_ _ _____ LL

D -  • eL -  <VA (IV.8)

where A is the thickness of the adsorbed layer (included for di­

mensional consistency) and thesvwjmations are respectively over the 
sulphonates and oximates of all types and ionization status. The 
concentrations in eqns.IV.8 are not known, but estimates of 0 ,̂ 0  ̂

may be obtained from figure IV.4 and equations IV.6 , IV.7. From 
the data by Al-Diwan et al. (1977), 0  ̂around 14% was estimated in 
the concentration range of interest. The higher values of cal­

culated from the values of <r measured in this work translated into
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Table IV. 1 CMC and CAC values for DNNSA and DNNSA-LIX63 solu-
tions in hexane. 1=0.5M (HN03 + KN03), pH=2.5

C
L T

kmolm 3

THIS WORK 

CAC CMC

from: Keeney 

Osseo-Asare 

CAC

and

(1982)

CMC

0 .0 3.10‘ 7 5. lO 6

l . i o ' 3 3.10‘ 5 2 .1 0 '4 3.10-5 2 .1 0 '4

 ̂ -3 -4 -4
5.10 1 .1 0 5.10 *

i-» o
i ro 3. 10' 4 5. 10‘ 3 3.10' 4 2 .1 0 '3

Table IV.2 Fractional interfacial coverages (mixed reagents)

C
L T

kmolm 3 r
L

This work 

0
L

0
D

Al-Diwan et al

e L

. (1977) 

0
D

1 .10 ’ 3 2.3 0.19 0.81 1.5 0.140 0 .8 6

5.10‘ 3 6 .0 0.39 0.61 1 .6 0.145 0.855

1 .10*2 9.1 0.49 0.51 1.7 0.15 0.85
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values of 0l between 19% and 49% (table IV.2). These predictions 
seem too high and were not used in the calculations presented in 

this and in next chapter. The estimates for 0  ̂ and 0q obtained 
from the literature data were used instead.

IV.1.3 CORRECTION OF INTERFACIAL POTENTIALS.

Lin (1984) measured the EM of droplets of hexane solutions of 
DNNSA, LIX63, and mixtures in aqueous media at 1=4.10 3M. That au­

thor calculated zeta potentials (£) from the EM data using the 
Smoluchowski equation. By fitting his cobalt and nickel extraction 
rate data, Lin found that consistent flux dependences on concen­

trations were predicted when C and ip were equated as in eqn. IV. 9:

ip (mV)
-------£ 1000 (IV.9)
< (V)

Lin’s data sire listed in table F.9 and shown in figure IV. 6 

as -ip versus log C . The rate experiments were done at 1=0.5 in 
this work. The Guoy equation, as presented by Ortiz (1978), was 

used to correct \p as follows:

ip = 50.4 sinh ----- -—
a d/ 2

J

where A is the area of the adsorbed ion and Ĉ. is the electrolyte 

concentration (assumed here equal to I). The area A depends on 
C^, Clt via the n—A isotherm. A also depends on I, which affects 
the adsorption density. Only the dependency of A on C , C was 
considered here. Values of ir and A are listed in table F. 9 (sec­

tion IV.1.2). These parameters varied little in the concentration 
range of rate experiments. Equation IV. 10 was used to correct ip as 

I was changed from a value 1  ̂ to another value
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134

* 2

sinh
A I 1 / 2

sinh -1 134

A I 1/2

(IV.10)

The ratio IV. 10 is around 0.42 for 1^=4.10_3M, I2=0.5M.

Values of 0 at C^=0 are listed in table F.9. The last column in 
the table are concentration correction factors at 1=0.5, as pro­

posed by Hartley and Roe (1940, eqn. II.2). The exponent in eqn 
II.2 is -0.0390 for 0 given in mV. Presented in table F.10 are the 
values of 0 estimated as above from Lin’s data (1984) at Clt=1. 
10 3M. and 1.10 ^  1=0.5. The conversion ratio from EM to 0 (mV) 
was 5.2.

IV.1.4.DIRECT MEASUREMENT OF REVERSED MICELLES.

Three samples of DNNSA solutions in hexane (99%+ pure) were 

sent to Malvern Instruments (Malvern, Worcs., England) for measu­

rement of micellar sizes by photon correlation spectroscopy (PCS) 
with an Autosizer 700 lie instrument. The samples were prepared as 
follows:

Sample [DNNSA] Notes

A 0.27 dry

B 0.27 equilibrated with 0.5N KN03, pH=2.5

C 0.081 dry

Sample A was too polydisperse for the analysis to yield use­

ful information. At the same reagent concentration, sample B was 

substantially less polydisperse. The narrower size range of micel­

les equilibrated with aqueous phase (i.e. microemulsions) suggests 

a redestribution of surfactant between aggregates. It has been 
argued that moisture is a requirement for extensive micel1 isation 

(Eicke and Christen, 1978).
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The histograms F.11.a to F.11.c correspond to sample B. The 
micellar diameters distributed in the range 2 .2 to 21.7 nm, with 
an arithmetic mean of 4.5 nm. The dry micelles in sample C spanned 
the same size range, but their mean diameter was 3.0nm (histograms 

F.11.d to F.ll.f). Thus saturation of micelles translated in a 50% 
increase in the mean diameter. Similar treatment in previous work 
caused the size to nearly double (Hogfeldt et al., 1981). Marcus 
and Kertes (1969) reviewed reported micellar radii around 1.3nm, 
and conceded that "solubilized water may increase the size of mi­

celles somewhat". Van Dalen et al. (1977) estimated a diameter of 
3.2 nm for DNNSA micelles saturated with IN HC10 .H

IV.2. AQUEOUS SOLUBILITY OF (K-H)DNNS2 

IV.2.1. PARTITION EQUILIBRIUM RESULTS

The partition of (K-H)DNNS between aqueous media and hexane 

was experimentally studied as detailed in section III.5. The par­

tition coefficient (P) dependence on C , I, and pH was investiga­

ted. The aqueous sulphonate concentration at equilibrium (C , 
s o l u b i l i t y, or S) at varying I and Cdt listed in table F. 12 were 
measured with no KN03 in the aqueous phase (i.e. the ionic 
strength was regulated with HN03 only). The effect of I on solu­

bility is shown in figure IV.7 as log Cdt versus I, with C as 
the parameter. The data are more scattered at lower values of C , 
where the measurements were more difficult. A marginal effect of I 

on solubility was found as I was increased to around 1 .1 0 3kmol 
m 3. As I was increased further, Cdt fell at constant organic bulk 

concentration. Aqueous solubilities of high molecular weight qua­

ternary ammonium extractants were also reduced by added electro­

lytes (Markus and Kertes, 1969).

2_________________________________________________________
I thank my colleague Filomena Pinto for her help with the

experiments reported in sections IV.2 and IV.3. Elios Jorisi

rdn some of the experiments reported in subsection IV.2.2.
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These results suggest that ionization of aqueous sulphonates

was hindered at higher I, resulting in a salting-out effect. DNNSA

is a strong acid (pK=0.57) and it would fully deprotonize at I 
-3 -38around 1.10 kmolm . This forecast is readily substantiated as 

follows. With no other electrolytes but acids, the sulphonate bal­

ance about the aqueous phase is given by:

C = C + C + n (C + Cionized) (IV. 11)
D T  H O  D  P  P

where n is the aggregation number of the aqueous micelle, HD 
stands for the acidic monomer, D for the sulphonate, and P for the 
micelle. The ionization of HD molecules in the micelles is accoun­

ted for by the last term in eqn.IV.11. Neglecting micelles at low 
values of Cdt and high values of I for simplicity, and substi­

tuting balance IV.11 into the law of mass action (LMA) applied to 
the ionization IV.12,

C C
HD o H+ + D‘ ; K = — -— —  = 0.27 

8 C
H D

eqn. IV.13 is obtained:

C

C
D T

D

+ 1

(IV.12)

(V.13)

Arbitrarily choosing to define full ionization as that con­

dition where C=0.99 C , the value I=C =2.7.10'3M is found.
D  D T  H

Partition cofficients calculated as follows:

P =
C

D T

C
D T

are shown in figure IV. 8 as log P vs log C with I as the parame­

ter. The values of P are seen to increase as C was increased,
D T

the effect being most marked at higher values of I. The results
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clustered on a single curve when I was 1 .10’3kmol m ’ 3 and lower.

At 1=0.5 and C ^10 3M, P depended as C ” 0**1 (with R = 0.9824),
D  T  D T

whereas P varied as C 0,21 at 1=1.10' 5 to 1.103kmol m’3. From the
D T  ^

former, it follows that C a  C Coleman and Roddy

(1971) reviewed data on partition of alkylphosphoric acids that 
show similar variations of P. From the work of Inoue et al. (1985) 
on partition of hydroxyoximes, a smaller than one dependence (ex­

ponent = 0.39) can also be estimated.

It is believed that the dependence of P on concentrations has 
implications in metal extraction rate modelling. Hughes and Rod 
(1984a; b) presented a model based on the reaction between the ca­

tion and the aqueous extractant in the a q u e o u s  f i l m adjacent to 
the interface as the rate-determining step (RDS). The dependence

of P on C shown in figure IV. 8 supplies a criterion to assess 
D T

the possibility of the diffusion film els the locale of the RDS. 
The criterion is implemented in section IV.7.

The effect on P of adding KN03 to the aqueous phase was in­

vestigated. The results presented in table F. 13 were obtained at 
constant value of 1=0.5N(HN03+KN03) Etnd veirying electrolyte compo­

sition. These results show that P decreased as the ratio C /C was
H K

increased at constant I, suggesting that HDNNS is more soluble 
than KDNNS. No data have been found in the literature to corrobo­

rate this observation. The literature on csLrboxylic acids however 
suggests that metal carboxylates dissolve more in aqueous media 
than carboxylic acids, in increasing order of basicity (Marcus and 
Kertes, 1969).

IV.2.2. DYNAMIC SOLUBILIZATION

The NDSC shown in figure Ill.l.a was used to investigate the 
rates of DNNSA solubilization into aqueous phases of varying com­

position under controlled hydrodynamic conditions. The effect of 
several variables on solubilization dynamics was studied. The ef­

fect of chELnging bulk organic concentrations (C ) and stirring
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speeds (N) on dissolution rates is shown in figure IV.9. Aqueous 
concentrations (C^) are plotted versus time as three sets of 
data, each set corresponding to one value of C^. Variations with­

in each set are due to changing values of N, which in these ex­

periments was set at 200, 250, and 300 rpm. The organic phase was 

usually stirred as N/2 rpm. The calibrations in figure III.3 were

used to translate absorbances at 280nm into values of C .
D T

The transfer rate is seen from the slopes to increase as C
D T

was increased. The results are thus consistent with the partition 
data shown in figures IV.7, IV.8 , and the fact that partition (of 

monomers) at the interface must supply the driving force for the 
physical transfer. Unexpectedly, in some experiments C was found 
to exceed up to four times the aqueous solubility values after a- 
round 20 to 30 minutes of contacting the phases. This large va­

riation cannot be wholly attributed to experimental errors, and it 
is believed in part due to the differences in size and shape bet­

ween diffusing and stabilized surfactant aggregates like those 
earlier reported by Carroll et al. (1982). By the change in micel­

lar sizes, the authors could justify dissolution rates double of 
those expected from equilibrium. The combination of size and shape 

changes could account for differences of up to one order of magni­

tude. Transport mechanisms involving dissaggregation, diffusion of 

monomers and aggregation (Evans et al. , 1983) cannot substantiate 
the apparent breaches of partition equilibrium entailed by the su­

persaturation observed. Centrifugation of aqueous phase samples at 
the end of the runs did not change the UV-VIS absorbance in a con­

sistent way. Thus microemulsions originated by dispersion of li­

quid crystalline phases sheared off the interface (Shaiewitz et 
al.1981; Raterman and Shaiewitz, 1984) are not a likely expla n- 
ation to these observations.

Good straight lines were charted continuously in real time 
and allowed precise slope calculations. From those continuous 

lines the points shown in figure IV.9 were culled.

The effect on solubilization rates of changing I is shown in
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figure IV. 10 as C vs time at Cdt=5. 10 ̂ kmolm 3 and N=300 rpm, 
with I as the parameter. The rates are seen to decrease as I was 
increased from 0.004 to 0.5, following the trend expected from the 
partition data in figure IV.7.

It was found that nickel added to the aqueous phase resulted 

in decreased DNNSA transfer rates. A similar effect on the rate 
had the preequilibration of the organic feed with a KN03 blank. 
The effect of nickel on the rate is shown in figure IV. 11. It 
seems straightforward to explain this effect. As DNNSA desorbed 
and transferred, it was complexed by the metal. The distribution 
coefficient of the nickel complex is larger than that of KD or HD 
(Marcus and Kertes, 1969), which favoured the transfer of metal 
complexes back into the organic phase. The composition of the in­

terfacial mosaic also varied when nickel was present in solution 

(section V.5). Then a fraction of the interface was covered by ad­

sorbed nickel sulphonates, which preferentially desorbed into the 
organic phase.

An example of the rate reductions observed when the organic 
feed was preequilibrated with an aqueous blank is shown in figure 

IV.12. The causes behind these observations are less obvious than 
in the case of nickel in solution. One possible reason is the low­

er aqueous solubility of KD compared to HD (table F.13). Another 

possibility is the slower interfacial dynamics resulting from in­

teractions with the interface of saturated reversed micelles 
instead of relatively dry reversed micelles. Similar rate decre­

ases were observed when K-free blanks were used to preequilibrate 
the organic feeds, thus supporting the latter hypothesis.

Because micelles are able to solubilize lipophiles, the pos­

sible simultaneous transfer of hexane and HD was explored. Nega­

tive results are to be reported. No hexane in the aqueous phase 
could be detected by GC or by changes in refractive index (t)). For 

hexane Tp 1.375 (CRC, 1983-4). For water, 7) varies from 1.309 to 
1.313, and 7)=1.332 was measured. The values of 7) for DNNSA solu­

tions in hexane were found to depend slightly on C as follows:
D T

1 1 2



C (M) 
DT

0.00 1. io"4 5 . 10'3 1. 10‘2 0 .27

T) 1.372 1.372 1.373 1.373 1.391

In the dynamic experiments 17 changed no more than two thous­

and^ between start and end, and the typical change was from 1.3325 
at t=0 to 1.333 at t— xo.

The rates per unit volume of sulphonate transfer into the a- 

queous phase (r̂ ) listed in table F. 14 were calculated from the 
raw data (i.e. C vs time) using eqn. IV. 14.

DT

dC
r = ,t--T (gmol dm min 1) (IV. 14)

a d t

The interfacial flux (J ) was then evaluated from the balance
3  8

IV.15, where V=0.300dm was the aqueous phase volume, and A = 0.42 
2

dm was the area of the interface. The fluxes are also listed in 

table F. 14.

J = ■ Y r (kmol m’2s”1) (IV.15)
a A a

At 1=4.10’ 3 in the range 1.103M^C sl.lO2̂  J increased as
DT a

C raised to an exponent ranging from 1.02 at N=300rpm to 1.08 at

N=200rpm. Some fluxes are shown in figure IV. 13 vs I, with Cdt as

the parameter. It is shown in the figure that J depended strongly
a

on Cot at low values of I, whereas the dependence was slight at 
1=0.5. Such a variation pattern was expected from the shape of the

solubility curves in figure IV.7. The tenfold increase in J at 1=
-3 84.10 closely corresponds to the increase in solubility under i-

dentical conditions.

The simultaneous effects of I, N, and C on J are shown in
_  DT a

figure IV. 14. The J dependence on C , averaged over the three 
— 1 04values of I was C * , with the exponent ranging from 0.97 to 

1.07. The effects on the flux of presaturating the organic feed
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(A) and of adding nickel (5.10 3M) to the aqueous phase (B) are 
summarized below (Table IV.b). With non-preequilibrated feeds, J

a
was around 11% higher than the value observed when the micelles

were initially saturated (J ). At 1=0.1, J was around 1.75 times
as a

the value of the flux with nickel in solution (J .). At 1=0.5,
aNi

that ratio was only 1.18. The faster complexation of nickel by the 
sulphonate at the lower value of I is the proposed reason for this 
observation.

Table IV.b

N

rpm

I

M

J
a 9

( xlO9

J
as

kmol

J .
-2aN-1,m s )

J / J 
a as

J /J . 
a aNi

(A) 200 0.1 1.9 1.7 1. 12

300 0.1 2.2 2.0 1. 10

(B) 200 0.1 1.9 1.1 1.73

300 0.5 0.91 0.77 1. 18
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Figure IV. 9 Effect of stirring speed and organic DNNSA
concentration on the dynamic dissolution of DNNSA.
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The results presented in this section are concentrations of 
water measured in reversed micellar solutions and the quantities 
computed therefrom.

The solubilizing capacities of DNNSA-hexane solutions are

presented in subsection IV.3.1. Dynamic transfer raw data, rates

and fluxes are reported in the following three subsections. In

subsection IV.3.2 the work on solubilization across hydrophilic

membranes is covered. Experiments in the NDSC are dealt with in

subsection IV.3.3. The rates of solubilization of the radioactive 
32tracer P by initially dry reversed micelles and by preequili­

brated micelles are compared in subsection IV.3.4.

IV. 3. ELECTROLYTE SOLUBILIZATION BY DNNSA MICELLES3

IV.3.1. SOLUBILIZATION CAPACITY

The concentrations of water (Cy) and ethanol (C£) in DNNSA 
-hexane solutions were measured by GC as detailed in sectionlll.3. 
Moisture contents in hexane 95%+ and 99%+ pure were measured simi­

larly. The values found were respectively c|=0.057kmolm 3 (0.16% 
w/w) and cj=0.004 kmolm 3(s0.01% w/w).

The HD purification process was ended by drying the product 
at 65°C under 1mm Hg residual pressure. In DNNSA aliquots removed 
from the oven after variable numbers of days it was found that the 

ethanol content was reduced by vacuum drying, whereas the moisture 
was unaffected. The data and the calculations are listed in table

3_______________________________________________________ ________
Philippe Alinat helped me with the experiments of water 
transfer through membranes and Christophe Haunold with the 
solubilization of dyes and alternative experimental devices. Mark 
Sadler and Elios Jorisi did a thorough and cheerful job helping in 

the analysis of samples by GC. Elios also run core exchange expe­

riments. For their efforts I owe them many thanks.
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F. 15 and shown in figure IV. 15 as Ŵ , and E versus time. is 
the total number of water molecules in the organic phase per DNNSA 
mo lecule in the micelle, i.e.

W as c /C (kmol water / kmol DNNSA)
1 u  D T

W2 results from correcting for water in the diluent, i.e.

W, = (C -Ch)/C
2 w u DT

The ratio E is similarly defined as the number of ethanol molecu­

les per DNNSA molecule in the micelle,

E = C ,/C 
e t h a n o l  D T

Vacuum drying was thus effective to remove residual ethanol, 
but not to remove residual water. At the end of the drying period 

each micelle was associated on average with:

m (W+E) s 7(2.7+0.7) s 24 
2

solubilizate molecules. Based on the residual water content in 
"dry" DNNSA of around 3 molecules per DNNSA molecule and assuming 

spherical geometry for micelles in dilutions of the product, the 
core volume of "dry" micelles was estimated as 920 X3. Thus the 
"dry" core diameter resulted of 12 X3. When the length of two 
DNNSA molecules (2 x 8X; van Dalen et al., 1974a) was added, a 
"dry" micellar diameter of 28 X was estimated. The average from 
the PCS results shown in sub-section IV. 1.4. was 30 X. In the fol­

lowing paragraphs the ratio W2 will be called W (and Ws, at satu­

ration) and "dry" micelles will be called dry micelles.

1 2 2



The effect of I and of Cdt on water loading at saturation

(C®) was investigated. C® and Ws are plotted versus I in figure

IV. 16 at C =0. lkmol m’3. Ws fell from around 14 to about 10 as I 
D T

was increased to 0. IN (HNO^) from zero. The electrochemical sub­

layer surrounding the polar heads becomes more dense as I is in­

creased and improves the screening of electrostatic repulsions 
among DNNSA molecules heads. The reversed micelles therefore 
shrink as I is increased, and their cores accomtoodaJe. less water. 
The effect was less pronounced at higher value of I. V s was around 
4 at 1=0.5, and approached 3 at higher values of I. This limiting 
value of 3 agrees with the residual water after vacuum drying and 
it is believed due to water of hydration strongly bound to the po­

lar heads. Thus micellar solutions have an approximate water con­

centration of (WS-3)C as loosely bound "water pools". Water ofDT
hydration accounted for 21% total water at Is 0, and to 30% at Is 
0.1. A limiting value of 6 for DNNSA was suggested by the work of 
Hogfeldt et al. (1981), although Hogfeldt had previously reported 
(1966) a value around 1. The estimate of hydration water as 30% of 

total water agrees closely with the 33% estimated by Balasubrama- 
nian (1981) for Triton X-100 in cyclohexane.

The dependence of C® on C at 1=0.1 is shown as the upper

line in figure IV.17. The ordinates were corrected for Ch. The re-
h ^latively high value of C" in the hexane 95%+ used in these

experiments did not allow to reduce C below 2.5.10 3kmolm’3. Cs 
^  _  d t  u

varied approximately as 9 C , suggesting that I increased 
somewhat on equilibration from the initial value of 0.1 due to 
DNNSA ionization and dissolution.

Besides the direct water measurements reported above, the so­

lubilizing ability of micelles was explored by two other techni-
32ques. The data from P tracer solubilization in the concentration 

range 5.10 3£Cdts0. lkmolm 3 are listed in table F. 16 and are shown 
in figure IV.18. The data tend to diverge from the straight line 
at lower values of Cdt and thus they are not amenable to extrapol­

ation to zero concentration.
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The green hydrophilic dye fluorescein dissolved in 0.5N 
(HN03+ KN03), pH=2.5, was also solubilized. The light absorbances 
of the extracts at 445nm are shown in an arbitrary scale versus 
Cdt in figure IV.3. The absorbances clustered on a straight line 
which on extrapolation agreed with the CMC as indicated by the <r 
data. This observation suggests that the dye was transferred main­
ly by micellar solubilization, which becomes significant around 
the CMC. The possibility of a reaction between DNNSA and the dye 
however could not be excluded. Thus dyes were not used in solubi­
lization rate experiments.

IV.3.2. TRANSFER ACROSS HYDROPHILIC MEMBRANES.

The data shown in figure IV.19 were obtained from the exper­
iments described in section III.4. The values of C (Table F.17)^uncorrected for C were plotted versus time with C in the range 

-3 DT2.5.10 to 2.10 M as the parameter. The initial moisture in the 
organic phase was that left in DNNSA after purification plus cjj. 
There was a fast uptake of water followed by a plateau as the mi­
celles reached saturation. The plateaux values of C® are in good 
agreement with the equilibrium loading shown in figure IV.16. The 
initial rates were higher as Cdt was increased. The plateaux were 
reached around 5 min. after starting the experiment.

Volumetric initial transfer rates (ry) were computed for each
value of C as follows 

D T

r = V u
-  C u ( 0 ) )
dt ) t=o

(IV.16)

where V was the volume of the organic phase. The concentrations at 
time zero were computed from the water analysis of hexane and of 
the micellar stock solution, and they were included in the cal­
culations. The results are listed in table F. 18 and are shown in
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Figure IV.16 Saturation water loading by reversed micelles 
of DNNSA in hexane and water to DNNSA ratio as function of 
I (N, KN03+ HN03). pH=2.5, 20°C.
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Figure IV.17. Water loading at saturation and rates of water solubilization by initially "dry” 

micelles. Transfer across hydrophylic membrane. Conditions as for Table F.17.
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Figure IV. 18 Equilibrium solubilization of P-32 tracer by DhMSA solutions.
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Figure IV.19 Data from experiments of dynamic water solubilization 
across a hydrophilic membrane.Conditions as in Table H.15.



figure IV.17. Linear regression of the results suggested that the 
rate depended linearly on DNNSA concentration.

To search for the possible effect of changing hydrodynamic 
conditions on the transfer rate, an experiment at C =1.10^i was 
conducted at 780 rpm. The data were plotted in figure IV. 20, show­
ing that C® was reached sooner at 1200rpm than at 780rpm.

IV.3.3. TRANSFER IN THE NON-DISPERSIVE, STIRRED CONTACTOR

The solubilization rate experiments were aimed at identifying 
the transport characteristics of the NDSC used in nickel extrac­
tion rate experiments. Analyzing the effect of changing stirring 
velocity on electrolyte transfer rate (ry) was thus the prime ob­
jective. The effect on ry of varying C was also studied.

The solubilizate ionic strength (I) affects the micellar loa­
ding, thus a dependence of rates on I was expected. Changing the 
value of I has a two-fold effect. The loading capacity decreases 
as I is increased (figure IV.16) thus reducing the net solubi­
lizate concentration in the subphase. Drawing a parallel with the 
physical transfer of surface-inactive solutes, the loaded subphase 
would be equilibrated with the interface provided that mass trans­
fer resistances exerted global control. It follows that lower sub­
phase loadings would reduce the driving force available to dynamic 
solubilization. The second effect is that the smaller micelles 
forming at higher values of I have a 1 anger diffusion coeffi­
cient ($, appendix G). This effect may in pant compensate for the 
former. In other words, independently changing the factors in the 
equation:

flux = transfer coefficient x driving force 

may result in an invariant product (i.e. the value of the flux).
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At given values of C and I, the rate increased els N was in-
D T

creased (experiments I,VI,II). This dependence of rate on N is in­
dicative of a mass tramsfer controlled process. At given values of 
I and N, the rate increased as C was increased (experiments I, 
II, suid V, VI). This observation indicates that DNNSA is involved
in the solubilization mechanism. Under the condition C »  CMC

D T

used, and considering the experimental finding that significant 
micellisation is required for appreciable solubilization (figure 
IV.3), it follows that reversed DNNSA micelles are the most prob­
able agents in this transfer mechanism, els opposed to diffusion of 
water through hexane. This hypothesis is quantitatively substan­
tiated in section V.1.2.

Data are listed in table F. 19 and shown in figure IV.21. is
shown to rise as time proceeded, at given values of the parameters
(N, Cdt, and I).

The aqueous phase pH wels continuosly monitored and recorded. 
The initial pHs2.5 fell gradually as DNNSA dissolved and deproto- 
nated. When initial pH=l was chosen the value was steady through 
the duration of the experiment. The changes in Ws were however not 
substantial as I increased little, and they were neglected in the 
calculation of transfer coefficients. Initial transfer fluxes were 
calculated els follows:

Ju
V
A

- V ° »

dt
(IV.17)

from the polynomial fitting of the data. The values of Ere lis­
ted in table F. 19 and are shown in figure IV.22 versus Re with CDT
els the parameter. Ju depended linearly on Re, Euid the slope of Jy
versus Re increased as C was increased.

D T
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Figure IV-21 Dynamic water solubilization in the NDSC
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Figure IV.22 Effect of changing hydrodynamic con­
ditions on the flux of water solubilized by reversed 
DNNSA micelles in the NDSC.
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IV.3.4. INITIAL SOLUBILIZATION AND CORE EXCHANGE

These experiments were conducted as described in section III 
.4, using 32P as a tracer. The countings obtained at Cdt in the 
range 0.5 to 5.10 ^  are listed in tables F.20.a through F.20.d. 
The data are the average of four countings corrected for back­
ground (typically 80 to 85 counts /30s). The calibration line used 
to interpret the results was that shown as figure IV.18, plotted 
from the data in table F.16. The following correlation was chosen:

C = 0.00786 + 1.2.10 7 counts/30s. cm3UP

The increase with time in water concentration (C ) in theUP
organic phase in initial solubilization experiments is plotted in 
figure IV. 23. It is apparent from the slopes of the lines in the 
figure that the rate of solubilization at a given value of C de­
creased from an initial value as the mechanism of core exchange 
became more important than that of initial solubilization by dry 
micelles. The initial rate (r ) depended on as concluded from
the decreases in slopes at t=0 as C was reduced from 5.10 2 to

-3 DT5.10 M.

The rate of core exchange results Eire shown in figure IV. 24 
as C® vs time. They were obtained with organic feeds preequilibra­
ted with a tracer-free blank. The data Eire also listed in tables 
F.20.a to F.20.d. The transfer of radioactivity observed was in 
this case due to the exchsuige of micellsu' cores. The data followed 
a pattern similar to that in figure IV.23. There was an initial 
transient state after which the slopes fell to steady values. 
There is no obvious reasons for the trsuisient period bELr end ef­
fects in the form of mixing and adsorption lag-times. No correla­
tion was observed between the extent of the transient sind the ini­
tial transfer of tracer during it. Once the slopes became cons-— £ 1tant, their values depended as C . Because the core exchange
mechanism was always operative, straight lines were expected for
Ce vs time as that observed at C =5. 10 2M. u DT
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The treatment applied by Chan et al. (1976) to the rates of 
solubilization by aqueous micelles was used here in the limiting 
cases of initial solubilization by dry micelles and core exchange 
by presaturated micelles. From the raw data corrected for initial 
contaminations, the initial rate (r ) was calculated by eqn. IV. 16
and the initial flux (J.) by eqn. IV. 17. The results are presented

1 -5 -2 -1 —in table IV. 4. J. increased from 1.1.10 kmol water m s  at C 
i  D T

= 5.10 3M to 9.1.10 5 kmol water m 2s 1 at C = 5 . 1 0  2M. and de-
-=1 DT pended as C

D T

The rates of core exchange (r^) listed in table IV.3  were
estimated from the straight portion of the C* vs time lines. The
ratio r./r was independent of C at 35±6. 

i  e  r  D T

IV.4. Ni(II)-K(I)-H(I)-DNNS EXCHANGE EQUILIBRIA.

IV.4.1. (K-H)DNNS EXCHANGE EQUILIBRIUM.

Unlike most liquid ion exchangers that feature tailor-made 
selectivity toward di- or tri-valent cations, DNNSA readily ex­
changes H+ by alkali metal cations. Because the organic feeds used 
in this experimental work were preequilibrated with 0.5 M (HNO^ + 
KN03) at the required pH, and in the experiments the raffinates
had high K+ concentrations, the following K+-H+ exchange by DNNSA

+2is relevant to the analysis of Ni extraction equilibrium and 
rate results.

HD + K*o KD + H+ (IV. 18)

Estimates by a literature correlation of the K+-H+ exchange 
balance are first presented in this section, then the results from 
these experiments sire introduced.

Hogfeldt et al. (1978) investigated the thermodynamics of the 
K+-H+ exchange at 1=0.1 MOCNO^+HNO^). The authors defined the 
fraction of K-sulphonate to total sulphonate as the factor X,

1 3 7
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Table IV.3 Rates and Fluxes in initial solubilization and micellar
core exchange.

c
D T

r. J. x 105
i

r xlO’ 2 
e

r t/r i e

kmolm 3 kmolm’3min’ 1 kmolm 2s 1 kmolm’3min ’ 1

0.05 0.108 9.1 0.33 33

0 .0 2 0.061 5.1 0.18 34

0.013 0.033 2.7 0 .1 1 30

0.005 0.013 1 .1 0.03 43
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(IV.19)
KD

X =
c + c

10 HD

and did not differentiate monomers from micelles. Instead, they 
gave the concentrations in eqn. IV. 19 the meaning of formal concen­
trations. The LMA was applied to the exchange reaction IV.18:

K = (IV.20)

where ys are activity coefficients of aqueous species. At 25°C, K 
was correlated to X as eqn. IV.21

log K = -0.515 X + 0.099 (1-X) + 0.258 X (1-X) (IV.21)

The three constants in eqn.IV.21 were evaluated at 1=0.1 by 
Hogfeldt et al. (1978). The same value of those constants will be 
used here to estimate X at 1=0.5M(HN03+KN03) and pH in the range 
0.5 to 4.0. Eqn. IV.21 was derived on the assumption that three 
types of micelles form due to aggregation of HD monomers alone 
(first term in eqn.IV.21), KD monomers alone (second term), and 
mixed monomers. The dependence of X on pH can be made explicit by 
substituting eqn.IV.20 into eqn.IV.21, and assuming that at cons­
tant value of I,

7 C 
H H

7 C K K

(IV.22)

Using the bisection method implemented by the routine ML-08 
in the master library of a TI-59 calculator, X was evaluated 
(±0 .001) in the domain [0 ,1) from the following expression:
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logX-log(l-X)+log(C /C )+0. 515X-0.099(l-X)-0. 258X(1-X)=0.H 1C

The values of X found in this way are listed in table F.21 and are 
plotted versus pH in figure IV. 25.

The experimental results are also presented in table F.21. 
The cation exchange resulted in acidification of the raffinate, 
lowering the pH from feed values of 2.0 to 4.0 down to equilibrium 
values of about 1.2. The factor X was calculated from titrations 
of the raffinates and from measured K+ concentrations in the 
strippates. Both sets of values agreed well. Average values were 
plotted in figure IV. 25 together with the predictions by the mod­
el of Hogfeldt et al. (1978). The predictions are somewhat higher 
than the experimental results.

Most of the extractant was in the acidic form (i.e. HD) below 
pH s 0.3. X increased fast as pH was raised to about 2.0. From pH 
s 2.5 upward, 98%+ of the reagent was as the K-soap (i.e. KD). It 
was thus expected that pH would not affect much the distribution 
of nickel above pH=2.5, as observed by Osseo-Asare and Renninger 
(1984) and as shown in figure IV.25, where distribution coeffi­
cients are seen to increase as pH was increased then reach a plat­
eau at pH=2.5.

When dry solutions of DNNSA were equilibrated with the aque­
ous phase in these experiments, w molecules of water and its asso­
ciated solutes were solubilized by each micelle (section IV.3). 
Such solubilization accounted for a secondary mechanism of metal 
transfer into the organic phase. The overall reaction can be writ­
ten in micellar terms as follows:

Th d T +(mX+- m
w C__ _)K*+wH OemX H*+(K*, H* ) D . wH 0(==-i)K* (IV. 23) oo.o 2 X (1-X) m m 2 00.0

W
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It is probable that the solubilized electrolyte had a diffe­
rent composition from that in the aqueous bulk. The choice of 
C as representative of the micellar core conditions is there- 
fore only an approximation.

The measured organic potassium concentrations used above to 
estimate X comprised the complexed metal plus the metal solubi­
lized in the aqueous micellar cores. It was possible to refine the 
above estimates by decoupling both effects. Eqn. IV. 24 is the over­
all potassium balance at equilibrium:

K+left in ’ K+in aqueous' '^exchanged K+solubilized 'j.
raffinate,(A) feed, (B) ^by H+, (C) by micelles, (D)_

(IV.24)

The terms in eqn.IV.24 were calculated as follows:

i) A=V C (where V = volume of the aqueous phase, and C was
8  K j GC| 8  K , £C|

the potassium concentration in the raffinate sifter equilibra­
tion) (IV. 25)

ii) B=V C (where C , was the potassium concentration in the a- 
a K ,f  K,f *

queous feed) (IV.26)

C
iii) C=V m X — — (where V was the volume of the extract) (IV.27) 

o e m o

and

C C
iv) D = V ---—  (w *',!q) (IV. 28)o m oo.o

The value of m was known from the literature, and the values of w,
C and C were estimated from experiments, thus the terms A, K, cc] K, f
B, and D could be computed. The factor X^ in term C (the subscript 
means exchange only) could be evaluated from the balance IV.24 and
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eqns.IV. 25 to IV. 28. When V =V , then
a  o

c - c ( i + J L  _£IK.f K,eqU  55.5 m 
X = ----------------------------

The values of X estimated above and listed in table F.21 differ 
from by a factor given by:

(1 + SSTS ‘-007

when m=7 is chosen, and recalling that w=7xWss 7x4=28 at 1= 0.5 
(figure IV.16). The refinement accounting for the solubilization 
of K+ was therefore beyond the accuracy of these experiments, es­
timated at 10%. Analysis of K+ by AES, in particular, showed a- 
round 15% deviations. These rather large errors were of similar 
order as the ratio of solubilization to exchange, estimated as 
follows

Vo
C

D T  _W____

m 55.5 C*>eq
V X o C

D T

W C
« e q

55.5 m X

On average, this ratio was around 6%. The results presented 
in this section were used together with the partition data repor­
ted in subsection IV.2.1 to estimate the K+-sulphonate bulk io­
nization constant (Kg). The analysis was based on the following 
scheme. It included aggregation in the organic and the aqueous 
phases, ionization of the acid and the salt, and conversion bet­
ween both. Adsorbed species were not considered as their concen­
trations were negligible in this context.
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H

r » "  KD «> 
K

KD
8

Tk dT
organic

interface

a q u e o u s

o (KD)
n

The ionization of both types of aqueous micelles is needed to 
complete the figure, and is presented below as eqns. IV.31, IV.32.
The experiments were conducted at 1=0.5M (HNO + KNO ) and at
—  - 3  3 3C „ =0.1 kmolm . From the following correlation of the parti-

d t , f e e d

tion data in subsection IV.2.1

log P = 3.56 + 0.42 log C  ̂ (R=0.9859)
DT.feed

and the sulphonate balance about the system (eqn.IV.39), the aque­
ous solubility under these conditions was evaluated as follows

P = 1383 = DT

DT

0 . 1 -  DT
C
DT

The solubility was Cdt=7.2. 10 5kmolm ? higher than the CMC by 
more than one order of magnitude. The aqueous micellisation num­
bers (n) are generally much larger them those in organic diluents 
(m). The value of n for (K,H)DNNS was not found in the literature, 
and it was estimated as n=100 from the data collected by Rosen
(1978). The formula of DNNSA is (C H J  C H SO H. The most simi-9 19  10  5 3
lar surfactants in Rosen’s book (they however lack the naphthale- 
nic group) follow:

Formula n

(c ,2h25s°;) Mg++ 107

(c,oh2,so;) Mg~ 103
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In view of the relatively large value of n it seems Justified 
to treat the aqueous micelles as a separate pseudo-phase. Thus the 
aqueous monomers may be assumed at a constant concentration simi­
lar to the CMC (Cussler, 1986), which is neglected in the balance 
IV. 30 about the aqueous phase:

The assumption was made that HD and KD aggregated in micelles of 
the same size, excluding one another from their respective micel­
les. The concentrations in the first term in eqn. IV. 30 are those 
of K-salt micelles and acid micelles, respectively. The concentra­
tions in the second term are those of ionized micelles, i.e. those 
pertaining to the species resulting from the pseudo-dissociations 
IV.31, IV.32:

0.1M, and micellar concentrations only are included in the sulpho- 
nate balance about the organic phase:

(IV.30)

(KD) o K+ + (KD)
n n

K
s

(IV.31)

(HD) o H+ + (HD)' ; K
n n a (IV.32)

Substitution of eqns. IV.31, IV.32 into eqn.IV.30 leads to

(IV.33)

Monomeric organic concentrations can be safely neglected at CDT

(IV.34)
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Micellar concentrations relate to Cdt through the factor X eval­
uated above, thus

X =

1-X =

and

C
m  k p

D T

C
m  h p

D T

(IV.35)

C = 
K P 1-X H P

It was also assumed that X described the selectivity of the 
reagent in the aqueous phase as well as in the organic phase, thus 
the following equation applies to the former:

X =
n (C + C~ ) 

K P  K P

C
D T

(IV.36)

which upon substitution of eqn.IV.31 leads to eqn.IV.37

C
C = n *P (1 + K/C ) (IV.37)

D T  X s  K

Substitution of eqns.IV.35 and IV.37 into IV.34 leads to:

P =
m C

H P

n(1+K /C )C 
s  K  K P 1 - X

(IV.38)

The values of C and C after equilibration were not known, but 
D T  D T

they were related as follows:

C D T , f e e d  S ) T  +  C D T
(IV.39)
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One more equation was needed for a complete set. It was provided 
by the cation exchange equilibrium. Defining the distribution co­
efficient of potassium as the ratio of total organic metal to to­
tal aqueous metal as follows:

D =
m C +C 

KP KD
m C

KP

C +n C + C
K KP KD

(IV.40)

which, upon substitution of eqn.IV.35 leads to eqn.IV.41

v Cm X hp

1 - X C
K

(IV.41)

The problem is now completely determined as 4 unknowns (CHp,
C , C , and K ) can be computed from the data via 4 independent 

KP HP s
equations (i.e. IV.41, IV.38, IV. 36+IV. 37+IV.39, and IV. 33+IV.36).
The preferred computational order is shown below. An average value
of K = 0.31kmolm'3 was found for K =0.27 (i.e. pK=0.57; CRC, 

s _  *» a
1983-4), m=7, n=100, and C =0.1 kmolm . The validity of

DT.feed
the approach is however limited by the assumption made that dis­
sociation constants K and K have the same value for both mo-

a s
nomers and micelles (eqns.IV. 31, IV. 32). A more rigorous analysis 
requires consideration of aggregation parameters in the aqueous 
phase which were not available.
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IV.4.2. (Ni-K-H)DNNS EXCHANGE EQUILIBRIUM

+2The Ni extraction experiments presented in this section 
were planned in such a way that the results were amenable to treS^t 

ment following van Dalen*s method (1974a), which requires low 
loadings of the organic phase and a constant value of I. There was 
negligible demicellisation and the micelles extracted metal in 1/1  

ratio under low loading conditions (van Dalen et al., 1974a; b; 
Danes! et al., 1976; Osseo-Asare and Renninger, 1984) thus the 
mean aggregation number (m) of reversed micelles can be estimated 
from the data. The following conditions were chosen:

i) C = 0.0667, 0.0813, 0.135, and 0.236 kmolm"3,
D T

ii) [Ni2+] = Cm= 1.10' 4 to 5. 10"2 kmolm"3,

iii) [H+]= C = 0.3 kmolm'3, 1=1.0 M(HN0 +KN0 )
H 3  3

Around 2/3 of the extractant was in the acidic form as indi­
cated by X=0.33 at this high acidity (subsection IV. 4.1). The re­
sults are listed in table F.22 and are shown as the distribution 
coefficient Dp vs C , with as the parameter, in figure IV. 26. 
The values listed are the average of duplicate experiments. From 
the regression of Dp on C (column (e) in the table) it was found 
that Dp depended as C^* “°*13, with a relative error for the 
exponent of 12.6% at one standard deviation (sd). The low load­
ings generated under the conditions of these experiments ensured 
micelle/cation stoichiometries=l/l. The same Dp dependence on to­
tal micellar concentration and on CpT was expected, because most 
DNNSA aggregated at C >>CMC. Lin (1984) presented data from which
a D dependence as C * can be estimated.

D  D T

When the loading increased, complexes with metal/DNNS monomer 
ratios larger than 1/7 occurred, and, at ultimate loading the ra­
tio was 1/2 corresponding to MD2- Row (f) in table F. 22 includes 
average values of Dp plus or minus one sd at each value of 
used. did not follow any trend as was changed at a given 
Cp̂ . The largest dispersion of the data was around 15% Dp. Thus 
only mononuclear complexes of metal cation and micelles formed in
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The global reaction of nickel extraction by (K,H)DNNS micel­
les is represented by eqn. IV.42, where physical solubilization was 
neglected. Mixed micelles are assumed to account for the split 
between HD and KD, quantified by the ratio X.

the concentration space investigated.

Ni(H 0)7+ 
2 6

nr TT" dT"( 1 - x ) m h2° NiD [K H D] r  
2  X  ( 1 - X )  ( m - 2 )

+ 2C1-X) H+ + 2X K+ (IV.42)

Using stability constants (K ) from the literature (Smith andh
Martel1, 1976) it was verified that hydrolysis of the nickel ca­
tion was negligible at the high acidity used in these experiments. 
Assuming full dissociation of Ni(N03)2> the following balance 
applies to the aqueous feed

C , = C +C
Mf feed H MOH

where MOH is the complex formed by hydrolysis:

m2*+h o'«moh* Kh =
MOH

C C
M HO

= 10 3 . 7

Using the ionic product of water it is found that:

C = 
M

M,feed
1 + 1 0.-10.3

thus C^C , J in the range 0.5^pH^8, CS0.95C at pH=9, and
M M,feed H H,feed *

Cs0.67C at pH=10. It was assumed for simplicity in
M H,feed

eqn. IV. 42 that K- and H-sulphonates were in the micelles in the 
same ratio as the monomers. This is only an approximation because 
the counterion type alters the hydrophobicity of the sulphonate, 
hence the adsorption efficiency and the aggregation status vary
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(section II.1). The distribution coefficient was defined in the 
usual way as eqn.IV.43

D
D

equilibrium
(IV. 43).

The LMA applied to reaction IV.42 is eqn.IV.44

K =
2 ( 1 - X )  2 X

L ____ L. (IV.44)

The free micellar concentration at equilibrium (Cp) is related to 
the formal sulphonate concentration by the balance IV.45

C
C = — —  - C ; at C » C M C  (IV. 45)

p  m  M  D T

Combination of eqns.IV.43 through IV.45 leads to eqn. IV.46

DD .2(1 X )  2 Xr
k

^(1 -X>C2X
D T

m - C ) (IV.46)

The factor grouping aqueous activities and K is a constant at 
given values of I and pH, thus eqn.IV.46 can be rewritten as eqn. 
IV.47.

D
D

C
D T

a
m (IV.47)

Thus plots of D /C versus C /C have slope of a, and m can
*  D  D T  M D T  r *

be estimated from the y-intercept. The assumed constancy of a must
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be met when C <<C (eqn. IV. 48)
M H . f e e d  ^

be verified after equilibration, because that condition will only

C = C + 
H,eq H,feed

2(1-X) C (IV.48)

The calculations are plotted as eqn.IV.47 in figure IV.26 and are 
listed in table F.23. The results at lowest loadings were omitted 
due to the rather large experimental errors involved in measuring 
very low metal complex concentrations. Linear regression of the 
data returned the following parameters:

a
m 3.32

a = 0.434.10-3ppm 58690g kmol~1_2g 
ppm

thus m = 25.48
3.32 e 7.7

This estimate of the aggregation number agrees well with the
findings of van Dalen et al.(1974a), Chiarizia et al.(1976), and
Zheng and Osseo-Asare (1987). It was verified with eqn.IV.48 that
a was indeed almost constant. At the highest loadings, C va-

H,eq
ried within 8% of the feed value.

The complexation equilibrium constant (K) was estimated from 
the value of a. The activity coefficients in eqn. IV.46 were es­
timated from the Davies correlation (Robinson and Stockes, 1959):

- log r = I  V 2| 0.20 I (IV.49)

The value of the constant resulted K=0.195. Lin (1984) esti­
mated double this value. The effect of pH on D in this chemical

D
system has been reported in the literature (Osseo-Asare and 
Renninger, 1984) hence it was not investigated in this work. This 
effect is discussed in section V.3.

153



N
i 

d
is

tr
ib

u
ti

o
n

 
co

e
ff

./
D

N
N

S
A

 
co

n
cn

. 
C

m
3/

km
ol

)
7-1

b -

5 -

2-

“ I-----------1----------- 1----------- 1----------- 1----------- 1----------- 1-----------1-----------1-
200 400 b00 800 1000 1200 1400 lb00  1800

Ni complex concn. /DNNSA cone. Cm3, ppm/kmol)
2000

F ig u r e  IV .2b  N i ( I I )  d i s t r i b u t i o n  data f i t t i n g  to e s t im a te  
the ag g reg a t io n  number o f  DNNSA.



IV.5. EQUILIBRIUM OF Ni(II) EXTRACTION BY LIX63.

The effect of changing pH and LIX63 concentrations in hexane 
(C^) on the equilibrium distribution of metal between 0.5M KNO^ 
and organic phases was investigated. The experimental details were 
presented in section III.6 . The distribution coefficients (Dl) 
were calculated from the metal analysis in both phases in the 
usual way. The dependency of D l on is shown in figure IV. 27 
from the data listed in table F.24. The values of D were in the

-3  - ?range 1.10 to 1.10 t similar to those values for the distri­
bution of copper (Zapatero et al., 1987) and of nickel (Renninger 
and Osseo-Asare, 1983).

Linear regression of the data showed that D depended els_ 0 Lfk ^C , with R=0.9669. The points shown in figure IV.27 aligned 
almost parallel to the reference line drawn with slope=0.5.

The effect of changing acidity on Dl is shown in figure IV.28 
from the data listed in table F.25. was found to rise slightly 
as pH was increased from 0.5 to 2.5.

The possible simultaneous extraction of potassium was inves­
tigated, but no traces of this metal were detected in the strip- 
pates.

The dependence of Dl as C suggests an exponent 0.5, and 
that most LIX63 was as dimers, in agreement with the VPO work of 
Zheng and Osseo-Asare (1987). Eqn.IV.50 describes the dimerization

2 H L  * (H L)2 2 2

Thus the oxime balance about the organic phase is

(IV.50)

1/2
Clt = C1 + 2 C2 = 2 C2 + (C/Kd) = 2 C2 (IV.51)

where the approximation is only valid at relatively high values of
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C and for large values of the dimerization constant. It follows 
from considering the aggregates as a miscible pseudo-phase, thus 
it is a good approximation for larger aggregates as discussed a- 
bove. It provides however a facile explanation to the half order 
dependency of on C observed and it will be used in the a- 
nalysis leading to eqn. IV.60.

The oxime partitions between organic and aqueous phases with 
partition coefficient P . Aqueous solubilities of LIX63, however, 
have not been measured in this work. Further^it is not known whe­
ther the oxime dimerizes in the aqueous phase. The aqueous solubi­
lity was considered extremely low under the chosen conditions of 
low Clt and high I, thus reactions in the aqueous phase will not 
be included in the analysis.

The <r measurements shown in subsection IV. 1.2 indicate ad­
sorption at the o/w interface. Calculations with the data of Al- 
Diwan et al. (1977) lead to the conclusion that T was approxi­
mately constant in the concentration range used (figure IV.4). The 
interfacial concentration of extractant (C^ ) was thus taken as a 
constant, given by eqn IV. 52 at large values of C :

a C
H L » H,r ; C. = --- — —  (IV. 52)
2 2 1 1 ♦ b C

L T

The EM work of Lin and Osseo-Asare (1984) allows the dis­
sociation of the adsorbed oxime to be safely neglected under the
present conditions of pH and I. The pH dependence of D suggested

2+  ̂that Ni was not extracted by cation exchange only, but also by
solvation. Both types of mechanisms were proposed for the extrac­
tion of Cu2+ by LIX63 (Zapatero et al., 1987). There is experimen­
tal evidence that LIX63 loads H SO (Hummelstedt, 1977). This up- 
take was found highest for LIX63 and SME529 among six hydroxyoxime 
-based extractants used as-received by Al-Diwan et al. (1977). 
Those authors hypotSized that the species HjR^HSO^ resulted from
the interaction between extractant and acid. H SO, was also ex-2 4
tracted by KELEX 100 (Bauer and Chapman, 1976). It seemed the­
refore reasonable to assume that other mineral acids are likewise
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extracted by hydroxyoximes. This assumption was confirmed by HPLC 
analysis of LIX63 solutions equilibrated with 0. IN HNO^. The fol­

lowing qualitative data (chart divisions vs concentrations, Table 
IV.c) indicates a linear relationship between N03 concentration 
in the organic phase and C . Duplicates are sometimes listed.

Table IV. c

C xlO^kmolm " 
L T

20 10 7 5 1

1st peak 20/29 21 18/14 16 3
2nd peak 9/9 5 4/3 2.5 0.5

Two reaction schemes are proposed based on the above discus­

sion, one consisting of half-neutralization by aqueous anions and 

cation exchange (A), and the other consisting of neutralization 
and solvation (B).

(A) EXCHANGE.

NCf + H2Lad «■ NO”. H2Lad (IV. 53a)

M2* + NO^.H^*1 M(N03).HL8d + H+ (IV. 53b)

M(N0,).HLad + (HT) o M(N0,).HL (H L) (IV. 53c)
3  2  2  3  2  2

A disproportionation follows to yield the 1:2 complex:

M(N03).HL (H2L)2 o  M(N03).HL (H2L) + H^L (IV.53d)

The superscript "ad" identifies species adsorbed at the o/w in­

terface, M2* is the Ni(II) cation where the six molecules of hy­

dration water were not shown for clarity, and the bar over a spe­

cies has the usual meaning. The LMA constant for the 4-step reac­

tion IV.53a,b,c,d is K , defined as follows
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(IV.54)K M e

C C C 
M a  1

C H C 1-- = K KK K
a d  a b e d

where is the concentration of the main aqueous anion (i. e. ni­

trate). Substitution of eqns.IV.50, IV.51 into eqn. IV. 54 leads to 
the distribution coefficient due to exchange:

K
*

v r
(IV.55)

(B) SOLVATION

2 NO' + H L** o (NOj„.H,Lad 
3  2  3  2  2

Mz+ + (NDj) .H L8** M(N03)2.H2L°d

M(NOJ .H L*6 +(HlL) « M(NOJ,(HL), 
3 2 2  2 2  3 2 2 3

M(NO) (H L) » M(NO ) (H L) + R T  
3 2 2 3  3 2 2 2  2

(IV. 56a) 

(IV.56b) 

(IV.56c) 

(IV.56d)

The equilibrium constant for the global reaction IV.56 is K :
s o

K * 
s o

M s

c c2cadc
M a  1  2

K' K' K' 
a  b  c

K’
d

(IV.57)

The distribution coefficient due to solvation is defined similarly 
as before:

D = 
s o M

(IV.58)
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(IV.59)
K1 / 2

d
K C 

so
ad
1

✓"2
C? C 1/2

LT

v
We note on passing that the same metal/oxime ratio (1:2) is propo­

sed for both types of complexes, the concentration of which are 
C and C^, respectively. The neutralization (eqn. IV.56a) or 
half-neutralization (eqn. IV.53a) of Ni2+ charges by N03 has the 
same effect on the observed pH dependences as the hydrolysis of 
the cation. Hydrolysis changes the net charge, thereby it alters 
the apparent reaction orders (Danesi and Chiarizia, 1980) and also 
the pH dependence of D̂ . At pH s 3 and I=[NO~]=0.5 as used in this 

work, N03 will coordinate with Ni(II) in preference to HO’, els the 
above calculations with the hydrolysis stability constEint prove. 
The EM experiments of Lin and Osseo-Asare (1983) indicated that 
the interfacial charge of LIX63 solutions drops wels negligible.

Thus the proportions K /K/K /K and K’/K’/K’ /K’ must be such that
a b e d  a b e d

the concentration of adsorbed anionic species be low.

The total (observed) distribution coefficient was the sum 
from both effects, i.e.:

D = D + D
L e so

which can be rewritten using eqns.IV.55 smd IV.59 as follows

D
L

(2 K ) 1/2 
a

2 C C*1 a 1
+ C K 1 

a soj (IV.60)

Figure IV.28 and eqn.IV. 60 suggest that as pH was increE^ed solva­
tion becsLme a less importEint and exchsinge a more importEint extrac-

—1/2tion mechanism. The C dependence of Dl predicted by eqn. IV. 60 
derives from the experimental evidence of LIX63 dimerization stnd

agrees well with the dependence shown in figure IV.27: D =0.103
— 0 48 ^C . The constants in eqn. IV. 60 were lumped in the coefficient

0. 103. They are evaluated below. The pH dependence of can be

approximated by a line of equation:

D = a + —  (IV. 61)L x
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where x= C , H

a:
(2 K )1 ̂2
— J —  K C2C“fe ’«  

2  s o  a  1  L T
and

b=
(2 K )1/2d

2 K C C e a
ad p 1/2 
1 LT

The parameters a=0.005 and b=0.0001 in eqn.IV.61 gave a good 
fit of the data, as shown by the solid line in figure IV.28. From 
these values, the constants were evaluated as follows:

K /K = 100 (IV. 62)so e

k \/2 K C 6?  = 28. 2. 10'4 kmol'V72 
d  e  1

for Ca=I=0.5. These estimated values are free from the approxi­

mation error introduced in eqn.IV.51. From the ratio of the equi­

librium constants IV.62 one can estimate that the concentrations 

of both types of complexes Eire similar (i.e. C = C ) at pH £

1.7. The values of the ratio C /C are listed in table F.25. The
M e  Ms

approximation in eqn.IV.51 leads to eqn.IV.64 

2 D
---------- r j h ----------- f *5 <2Clt v  e2c/ c ,  <IV-64>
C C“d h r - + c.KsoJa 1  L  H J

(CLT /C - l)=jp2/C1') 2 (IV. 65)

whereas eqn. IV. 65 results when no approximation is made when re­

placing C/C in eqn. IV. 54. From both RHS s, K £ 5000 was esti- 
2 1 a

mated by minimizing the ratio a/£.

The ratios a//3 are shown in figure

IV. 29 versus C . The deviation from 1 was around 10% as C was 
L T  L T

reduced down to 0.002M. The monomer concentrations predicted by

K =5000 are also shown vs C in the figure. C was 7% C at the 
d  L T  &  1  L T

upper end of the range.
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The values of C/C are also shown in figure IV. 29. The 2 1
results cluster on the same line (in a different scale) as the C 

values, with slope 0.5. depends on C/C , therefore the slope 

0.5 is consistent with the results shown in figure IV.27.

An attempt was made to estimate K from the distribution dataa
without making assumptions concerning the speciation. In eqn.IV 
.60, rewritten as eqn.IV. 66:

D =C C l a
ad f—pr-—  + C K 1
1 L c „ • S0J C/ C, (IV.66)

_ _ 2 —
C2 was replaced by , and by eqn. IV. 67, which results from 
eqn.IV.50 and the balance IV.51 when the assumption of complete 
dimerization is relaxed.

-1 ± y  1 + 8 K C
C = ----------------- -— — —  (IV. 67)

4 Kd

Only the positive root of eqn. IV.67 was used. Eqns.IV.66 and IV.67

are non-linear in K . They were solved using Newton’s iterationa
for the data listed in tables and F„2 5  The average value

of K was 158, much lower than that estimated above from the els-  a
sumption of complete dimerization. For LIX65N, K e 126 was re­el
ported by Akiba and Freiser, in acceptable Eigreement with the es­
timate obtained from this approach (1982).
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Figure IV. 29 Estimation of LIXb3 dimerization constant by minimizing
the error in the species balance approximation.



The distribution coefficients (D ) shown in figure IV. 30 vs
—  —  - 3  *  - 3  - 3  - 3C were determined at C -5.10 kmolm and 1.10 kmolm . For 

D T  L T

comparison, the values of (i.e. the coefficients with DNNSA a-

lone) are also shown. The cr vs C curve shown corresponds to C =
- 3  - 3  D T  L T5.10 kmolm , and it was included in the graph to indicate that

the sudden increase in the observed values of roughly corres­

ponded to the CMC of the reagents mixture. A similar agreement was 
previously reported by Asseo-Asare and Keeney (1980b).The data are 
listed in table F.26.

Unlike the complexation of Ni(II) by KD, where the stoi­

chiometric reaction is as follows (Chiarizia et al., 1976; counter­

ions are sometimes omitted for simplicity):

IV.6. EQUILIBRIUM OF Hi(II) EXTRACTION BY DNNSA-LIX63 MIXTURES

Mz+ + D o MD . D _ + zK+
7  z ( 7 - 0

the complex extracted by mixtures could not have seven sulphonates

associated with one metal nucleus. This conclusion follows from

the data in tables IV.4, IV.5. The concentration of complex at e-

quilibrium (C ) was always higher than the concentration of

DNNSA micelles at the same C levels but with no LIX63 in solu- 
_  D T

tion (i.e. C /7).
D T

The average stoichiometry determined by Osseo-Asare and Ren-

ninger (1984) using the Method of Continuous Variation was M/D/L

=1/2/3 (eqn. IV. 68) at CDT+CLT=constant=0.01 kmolm 3 and 1=1.0 M

KN0 . Those authors found that D peaked at C £4. 10'3 kmolm'3. 
3  M D T

In this work, D was seen to increase without peaking up to C
- 3  - 3  - 3  - 3  D T=5. 10 kmolm at C =5.10 ^kmolm

L T

M2+ + D2.3L o MDz.3L + 2 (H+,K+) (IV.68)

It was noted that C was higher than C /2 at low values 
-  -  - 3  " ' * * * 3  D T

of C and C =1.10 kmolm and at all values of C at C =.$T .3 LT DT LT
5.10 kmolm . This observation indicates that there were com­

plexes with M/D ratios higher than 0.5, such as MDL, and possibly 
ML2» or ML^.L. The speciation analysis (section V. 7) indicates
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that L and DL are the two chief species at Cdt<1. lO ̂ kmolm ? Such 
possible sulphonate-free complexes were not considered by Zheng 
and Osseo-Asare (1987) in their speciation analysis, nor by Osseo- 
Asare and Renninger earlier (1984). The latter authors worked at 

higher values of C^, where the values of M/D were closer to 0.5.

The average 1/2/3 stoichiometry of the complex (Osseo- Asare 
and Renninger, 1984) suggests that added LIX63 breaks down the 
DNNSA micelles, possibly through aggregation as D.L oligomers as 
proposed by Keeney and Osseo-Asare (1982), or due to solubiliza­

tion of LIX63 into the micellar palisade followed by chelation of 
the metal solubilized in the micellar core and the subsequent des­

truction of the micelle (Osseo-Asare and Keeney, 1980). This argu­

ment seems important because it can explain why increases a- 
bruptly as shown in figure IV.30. Help from thermodynamics will be 
summoned below in an attempt to describe with more rigour these 
effects. The organic phase speciation was estimated using the 
model by Zheng and Osseo-Asare (1987) as detailed in section V.7.

Metal complexation with simultaneous micelle breakage may be 
represented by eqns. IV.69, IV.70

D_ + 3 L o D . 3L + 5 D ; 
7  2

C C 5 K = D23L D
A C 'C3 

D 7  L

(IV.69)

M2+ + D .3L <* MD . 3L + 2 K+ ; K =2 2 e
C C 2 

H K

cT _
M D 2 3 L

(IV.70)

It was assumed in eqn. IV.70 that all the extractant was as 

the K-soap, a good approximation at pHi2.5. Zheng and Osseo-Asare

(1987) evaluated the constants as £ 1.27 .10 
ding reactions IV.69 plus IV.70 leads to:

- 1 3 and K =284. e Ad-

M2+ + D_ + 3 L o MD.3L + 5 D  + 2 K  
2

(IV.71)

166



kmolm 3, 1=0.5, pH =2.5.
f e e d

Table IV. 4 Equilibrium distribution of Ni(II) at C =1. 10

C x io 3
D T

c
DT xlO3

c
0 T  3 t l O J n C xlO3 H,eq

2 7 M

kmolm’3 kmolm’3 kmolm’3 kmolm 3

0.1 0.005 0.0014 0.0034 0.017

0.5 0.025 0.0071 0.012 0.060

1. 0.05 0.014 0.035 0.17

2 . 0.1 0.029 0.018 0.09

3. 0.15 0.043 0.031 0.15

5. 0.25 0.071 0.080 0.37

10. 0.5 0.14 0. 114 0.51

50. 2.5 0.71 0.52 1.7

Table 
kmolm f

C xlO3 
D T

IV. 5 Eauilibrium distribution

1=0.5, pH =2.5. feed

C°T C»T „1n3

of Ni(II) at Cy=5

D C xlO3 
M M , e q2 7

kmolm 3 kmolm 3 kmolm 3 kmolm 3

0.1 0.005 0.0014 0.0062 0.031

0.5 0.025 0.0071 0.0138 0.068

1. 0.05 0.014 0.0225 0. 11

2. 0.1 0.029 0.033 0. 158

3. 0.15 0.043 0.052 0.246

5. 0.25 0.071 0.054 0.256

10. 0.5 0. 14 0.44 1.53

50. 2.5 0.71 1.38 2.9
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The equilibrium constant for this global reaction is

K = D -2 M c 2
D
r

L

= K K
A e

(IV.72)

where the distribution coefficient is D =C /C and K is the ag-M_ H H d &
gregation constant of the DNNSA micelle (D^), 6.47.1026 (Zheng and 
Osseo-Asare, 1987). Micelles are involved in reaction IV.69 be­

cause the region considered now is that at C^aCMC. From the 
speciation analysis it is expected that CQ and will not vary 
much as Cdt is changed, and that their respective changes be in 
opposite directions (section V.7), thus a p s e u d o distribution co­

efficient may be defined as follows

K ’ = K K C 2C 3 = D„ C2 (C >CMC) (IV.73)
2  2  p  D  L  2  K  D T

where D =D in this region. There are few micelles at C <CMC, 

thus in that region only reaction IV.70 need be considered, and a 

pseudo distribution coefficient may be similarly defined in this 
case as follows:

K ’ = K C = D C 2 (C < CMC) (IV. 74)
1 e D23L 1 1C DT

In this region is named D , and C increases appreciable as

C is increased (section V.7) thus K* will vary accordingly.

Pairs of D . D„ values need be compared at given values of C 
1 2_ DT

thus the D vs C line was projected beyond the CMC and the ex- 
1 DT

trapolated values were used to calculate K*. The results are lis­

ted in table F. 27 at C = 5.10 ^molm 3. The ratio K’/K ’ was al-
l t  _  2  1

most constant because the slope of the vs C^ graph was roughly

the same below (i.e. D ) and above (i.e. D ) the CMC. The Gibbs1 2
free energy change involved in reaction IV.70 is given by:

AG = AG° + RT InK (IV. 75)1 1  e
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At equilibrium, it is expected that

AG°=-RTlnK =AH°-TAS° (IV. 76)
1  |  r  r

No demicellisation or water desolubilization are involved in 
reaction IV.70, thus only heats and entropies of chemical reac­

tion are included in eqn. IV.76. When eqns. IV.69, IV.70 are combi­

ned and the water solubilized within the micellar cores is consi­

dered, then reaction IV.77 applies

M2* + D?.3L.xH20 * MD2-3L + D^TyH^O + (x-y)H20 + 2 K+ (IV.77)

Two additional terms must be included in this case in the ex­

pression for the standard f r e e energy, one that corresponds to the

(x-y) water molecules desolubilized by a micelle (AG°), and the
a

other due to the removal of two DNNSA monomers from the micelle 

(AG? ). Thus

AG°= -RT InK = AH°- TAS° + AG° + AG° (IV. 78)
2  2  r  r  d  7 5

AG° depends on the work done by the system to loose core interfa-a
cial area (Aveyard, 1987) and on the d e c r e a s e in entropy resulting 
from the solubilized water returning to the bulk aqueous phase. In 
other words,

AG° = AH0 + T AS0 
d  d  d

Subtracting eqn.IV.76 from eqn.IV.78 leads to

K
AG° = AG° - AG° = AG° + AG0,. = -RT In (IV. 79)

The thermodynamic parameters AH°, AS°, and AG° need be evaluated 
to allow predictions of the synergic ratio K/I^ in eqn.IV.79. The 
interfacial tension tr is the work required to form a unit area of 

interface (Aveyard, 1987), thus
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<r
T , P , c o m p o s i t i o n

(IV.81)- ( - ^ )  
 ̂ 8 A J

where A is the palisade-micellar core interfacial area. Eqn. IV.81 

can be used to estimate the work required to increase the inter­

facial area within micelles by AA, i.e.

AH° = cr AA (IV. 82)a

It is noted that AA<0 on water desolubilization. AA can be evalua­

ted in two ways. One way is from the direct measurement of micel­

les. The hydraulic radius (r ) of a water saturated (at I s 0)h
reversed DNNSA micelle was on average 45/2X (subsection IV.1.4.). 

Subtracting from that value the length of a DNNSA monomer, d=8X 
(van Dalen et al., 1974a), the core radius is

r = r - d = 45/2 -8 = 14.5#c h

The water desolubilized due to reaction IV.77 is given by

x - y = VIs C (7-5) = 2 Ws C (IV.83)
J  D T  D T

Thus the ratio of water core volume in Dg to that in D7 is appro­

ximately 5/7 £ 0.7. The core volume of D7 was 12770X3, thus the

core volume of D was 8939X3, and r =12. 8X. The area change is AA= 2 5 c
-583 X/micelle. It must be recalled that this result was based on 
solubilized water at I £ 0.

The core radius can also be estimated from the volume of the 
water molecule (v), the ratio C^/C^ in the organic phase (i.e., 

Ws), and the area of core interface occupied by the polar head of 

one DNNSA monomer (a). The variables are related as in eqn.IV.84 
(Aveyard, 1987)

rc
3 Wsv 

a (IV.84)

It was shown above that at Ie0.5, Ws=4 (figure IV. 16). Assu-
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ming that macroscopic conditions extrapolate to micellar scale,
2

the data shown in figure IV.5 can be used to estimate a£0.40 nm 
molec 1. Using the molecular volume of water v= 0.03 nm3molec 1 

(Aveyard, 1987) in eqn.IV.84, r£ results of 9&.

The value rc=14.5X measured directly at I s 0. can be correc­

ted considering that Ws s 14 under these conditions (figure IV.16) 
and using elementary geometry as follows (V^ is the volume of the 
core, numerical subindexes refer to I)

c ,  0 .0

c,0.5

1/3f > 1/3
V ' Ws0.o ' 14 *ooo

g _

Vc,0.5 J
WsL o.5 ̂

4l /

/3

= 1.52

Thus rp 5“14.5/1.52=9.6X, which compares very well with the 
value estimated via eqn. IV. 84 (9X). Now AA must be estimated at 
1=0.5. The core area of D7 at 1=0.5 is:

A0 5 7&n (2 x 1 0 ) 2=1256 ^

The core radius of D$ at 1=0.5 is given by:

r  « e ( r  c,0.5 ,5  c

r V j / j
0 5 7* [ ~ 7V— “  ] * 10 X X 0.89 = 8.9 X.

<r AA
Thus Aq 5 5= 995 X , AA=-260 X , and — ^ --- £ -0.64 «r.

The value of <r at the core interface cannot be known a  p r i o r i and 

it is probably different from those values of <r measured at the 

planar macro-interface. Furthermore, <r depends on the core size as 
eqn.IV.85.

(r = --- (IV. 85)
2 r

c

where K is the rigidity modulus of the surfactant monolayer. Eqn. 

IV. 85 means that work is needed to bend as well as to stretch an 
adsorbed monolayer, and strictly applies to micelles with large 
cores, where r £ r (Aveyard, 1987). It Is therefore a good model
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for AOT, for instances, with values of Ws around 50, but it is 

probably not as good for the smaller DNNSA micelle. For AOT, K va­

ries between 0.5kT and 2.0kT, where k is the Boltzmann constant 
(1.38.10"23 JK'1). For K=0.5kT, then <r= 1.75 mNm"1.

The value of AS° may be roughly approximated assuming the wa­

ter lost by micelles as water lost by DNNSA hydrates, for which 
data are available in the literature. Some values of AS° of hydra­

tion in the DNNSA/heptane system are listed below (Hogfeldt et 
al., 1981)

AS° (cal K’1gmol”1)

HD(HO) -36.1
2 6

HD(H 0) -22.72 4

The entropy changes associated with the loss of two water molecu­

les per monomer is therefore AS*=-13calK" 1gmol"1, and AS°/R= o d d
-6.50. The value of AG^ may be approximated from the free ener­

gies of micellisation collected by Kertes and Gutman (1976) for 
alkyl ammonium salts in organic diluents at 25°C. From those data, 
an average value AG°s -2.8 calgmol 1 was estimated, thus AG^s 5.6 
calgmol 1 for the loss of two monomers, a positive value meaning 
that the Dg micelle is less stable than the micelle.

We are now ready to estimate AG°. From Eqn. IV. 79,

AG°
RT - 0.64<r - 6.5 + 5.6 -In

K
K

2
1

Thus the following equation is eventually obtained. It predicts 
that the synergic ratio increases exponentially with <r:

K
K

2
1

= exp (0.9 + 0.64 <r) (IV.85)

Additions of LIX63 at a given C indeed resulted both in in-DT
creasing cr as well as increased synergism. The synergic effect was 
constant as cr became constant. Thus the result IV.85, obtained 

from thermodynamic principles, is qualitatively verified. Values
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of the ratio calculated with eqn. IV. 86 for some values of <r are

listed in Table IV. d. A ratio K /K =7.5, about double the expert­s' l
mental values of K^/Kj listed in table F.27, corresponds to the 
value of 0=1.75 estimated from eqn. IV. 85. Taking in account the 
assumptions done along this derivation, the predictions are consi­

dered satisfactory.

Table IV. d

cr (mNm’1) 10 8 6 4 2 1 0.5 0

K/K 1480 411 114 32 9 4.7 3.4 2.52 1

IV. 7. KINETICS OF Ni(II) EXTRACTION BY DNNSA.

The observed effects of changing concentrations, interfacial 
area, hydrodynamic conditions, and temperature on the rate of nic­

kel extraction by (K,H)DNNS are reported and discussed in this 
section. The experiments were conducted as detailed in section

III.8, in the NDSC shown in figure Ill.l.a operated as described 

in Appendix C.

The time variation of organic nickel concentration was always 
measured under initial conditions.Data from a typical series of 

experiments are shown in figure IV.31 as nickel complex concentra­

tions (Cm) versus time, with the formal extractant concentration 
as the parameter. The straight lines shown are typical of a system 
reacting under initial conditions, thus far from equilibrium.

It is known that most reactions resulting in metal extraction 
are reversible. Considering that the experiments were ended at or 

before 5% conversion of the limiting reagent, it seems reasonable 
to neglect the reverse reaction ("stripping", or "back-extrac­

tion") in this discussion and in the models derived in section

V. 5. The stripping rate usually depends on the metal complex con-
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conditions. Interfacial nickel fluxes (J ) were calculated from
D

the data as follows:

centration (Danesi and Chiarizia, 1980), which was low under these

where V was the mean volume of the organic phase averaged over the 
duration of the experiment and A was the (geometric) interfacial 
area. The value of the derivative in eqn.IV.87 was found by linear 
regression of the data. Before the intrinsic kinetics of the re­

action could be investigated it was necessary to identify the 
minimun level of turbulence in the reactor at which the chemical 
r e g i m e existed. This regime is attained when the resistance to 
mass transfer of reactants and products across their respective 
diffusion layer is negligible with respect to the intrinsic resis­

tance of the chemical reaction (Astarita, 1967). The thickness of 
the diffusion layer adjacent to the interface depends on the tur­

bulence in the bulk phase. Thus a purely diffusional process shows 
transfer rates which strongly depend on the rotational speed of 
the stirrers, whereas the rate at which a process proceeds in 
chemical regime is independent of the stirring speed. The effect 
of mass transfer resistances on the overall rate of extraction is 
analyzed in sections V. 4 and V.5.

All experiments reported here were conducted at equal Re in 
both phases. The variables in the series of experiments aimed to 

identify the chemical regime were as follows:

i) rotational speed of the aqueous phase stirrer, N=150 to 350rpm.

ii) initial nickel concentration in the aqueous feed, C =5.10*3
-3 Mkmolm ,

iii) pH=2. 5, 1=0.5M (HN03+ KNO^ ,

iv) Formal (H,K)DNNS concentration, C =5.10 * to 1. 10* 2kmolm 3.
D T

The effect of changing stirring speeds on is shown in fig­

ure IV.32, with C as the parameter. Lines are predictions by the 
Penetration-Surface Renewal model V.50. The shape of the curves is 
typical of processes controlled by resistances in series due to
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diffusion and heterogeneous reaction (Danesi, 1983; 1984; Cussler, 
1986). The top curve in the figure corresponds to the concentra­

tion vector yielding the fastest kinetics. Under those conditions 
there was a mixed chemical-mass transfer control at intermediate 
values of N. A plateau started at N s 300 rpm indicating a shift 
into chemical kinetic regime. Expectedly, the plateaux started at

lower values of N as the reaction was slowed down by reducing C .
D T

Under moderate stirring of the phases, interfacial turbulence 

due to Marangoni instabilities may result in fluxes independent of 
macroscopic agitation. No Marangoni-type instabilities were how­

ever found when this chemical system was observed in a Schlieren 
field as described by Sawistowski (1971).

Danesi has argued (1984) that plateaux as those found here 
may result from losses in stirring efficiency which mimic a chem­

ical control. It is demonstrated next, and in section V.4, how­

ever, that that was not the case in this work. Comparison of the 
effect of stirring speeds in the NDSC on the flux of nickel (Jd>

figure IV. 32) and of DNNSA (J , figure IV. 36) reveals that J
a  a

increased as N was increased in regions where Jd was in a plateau.

Such increases in can only be attributed to MTCs of increasing

value, which however did not affect J . The plateaux shown in
D

figure IV.32 were therefore attributed to a mechanism under kin­

etic control. Consequently all rate experiments were conducted at 

300rpm, at C ^ 0.01 kmolm*3, and at other concentrations such 
that the resulting fluxes did not exceed the plateau value at the 

corresponding value of C .

Indications of a locale for the RDS in the interfacial region 
as opposed to the bulk phases were obtained from the results of 
two series of experiments under kinetic regime in which the con­

tact area and the temperature were independently varied. The ef­

fect of changing A on the rate of nickel complex accumulation per 
unit volume of extract (r=JDA/V) is shown in figure IV. 33. A was 
changed by inserting (at the interface) PTFE rings of varying in­

ternal diameter while V was kept constant. Under plateau condi­

tions, r is expected to remain constant when V and composition are 
constant and the extraction rate is determined by reactions in the
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bulk. If the process is rate-controlled by mechanisms operative in 
the interfacial region, however, one expects Jd to be constant un­

der those conditions. In the latter case the value of r must the­

refore increase, as shown in the figure, with a slope of J /̂V.

The value of the apparent activation energy (E ) providesa
another criterion to weight in the question of whether a phase- 
transfer process is rate-limited by mass transfer or by chemistry. 

According to Caldin (1964) "for small molecules in ordinary sol­

vents, diffusion control gives rise to (values of) E in the
-1 -1 8region of 1 to 3 kcalmol (i.e. 4.2 to 12.6 kJmol ). Diffusion

rates will not, however, contribute to the values of E when E 2:6a a- 1 - 1kcalmol (24.6 kJmol )". E is usually evaluated from an Arrhe-
8

nius plot of rates at changing temperatures as those data listed

in table IV.6, obtained under plateau conditions at two sets of

compositions. The mean E^ value was 25.2 kJmol 1, just above Cal-

din’s limit for a fully chemical regime, but around half the value

found by Lin (1984) from single rising drop experiments.However it

has also been argued that the value of E is not a conclusive cri-
8

terion regarding the site of the rate-controlling mechanism in he­

terogeneous systems as those found in hydrometallurgical liquid- 
liquid extraction (Danesi and Chiarizia, 1980).

The effect on of changing and Cdt individually under 

all other conditions constant is shown in figures IV.34 and IV.37, 
respectively. The fluxes are listed in table F.29. Replicate re­

sults are shown as average values with an error band of one sd. 
The vs Cdt results align as a straight line in the range 1.10 5 
Ms Cdt s 1.10^. Linear regression of the data returned a first 
order dependence as the following correlation:

J = 0.34. 10’6C 1,01 (R=0. 9967)
D  D T

Experiments made from a single batch of purified DNNSA were 
reproducible within 5%. When experiments were done with extractant 
from separate purification batches, the reproducibility deterio­

rated to average global errors around 14%, underlining the effect 
that purity and characterization of reagents have on the results 

from rate investigations.
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In the range 5.10*kmolm 3 s C s 5.10 3kmolm 3, the J vs C 
_  H D  H

data at constant Cdt fell on the following straight (in log-log 
coordinates) line:

J =0.45.10'7C 0,96 (kmolm’V 1) (R=0.9980).
D  M

The values of J fell below the straight line as C was in-
-3 9 -3 *creased above 5.10 kmolm . Additional experiments at higher va­

lues of N and at 0^=0.Olkmolm”3 did not indicate departures from 
plateau conditions, thus the observed effect at higher is be­

lieved due to chemical rather than to transport effects.

The effect on J of changing pH at constant I, C and C is 
D  6  &  *  D T  H

shown in figure IV. 35. J increased as pH was increased from 0.5
9 -o 43to around 2.5, and varied as ' . A fractional pH dependence 

(0.81) was also found by Lin (1984) for the same chemical system 
from rising drop experiments. The hydrodynamics of the phases can­

not be externally varied in single drop experiments, thus the 
locale of the rate-controlling step cannot be conclusively ascer­

tained. It follows that the observed rate dependences on con­

centrations may or may not be equal to the true orders of chemical 
reaction. The uncertainties associated with the single drop tech­

nique as a tool for hydrometallurgical extraction rate investiga­

tions have been pointed out by Ortiz (1985).

The dependence on pH of J (figure IV. 35), and of X and D
D  D

(figure IV.25) were very similar. Such consistency suggests that 
the K+-H+ exchange equilibrium was responsible for the pH effect 
on Dp and JD« was essentially constant above pH £ 2.5, where X 
£ 0.99. To verify that the observed fluxes at high pH values were 
not the product of mass transfer resistances, experiments were 

conducted at stirring speeds ranging from 200 to 350 rpm at pH=3. 

No effect on of varying N was observed, confirming the perma­

nence under chemical regime.
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The process studied involves mass transfer and chemical reac­

tions, which are usually assumed to be sequential steps each 
having an intrinsic resistance (Astarita, 1967; Sherwood et al., 
1975; Danesi et al., 1977; Danes!, 1984; Smith, 1981). The overall 
(observed) resistance is thus determined by the largest individual 

resistance in the series. Conclusive location of the slowest step 
is therefore needed to characterize the rate control.

It is only when the extraction rate is controlled by chemical 
mechanisms that the observed flux dependences on concentrations 
can be related to partial reaction orders (Ortiz et al., 1977). It 
follows that diffusional effects must be decoupled from chemical 

effects in order to formulate reaction schemes which accurately 
describe the intrinsic kinetics of the system. The mass transfer 
characteristics vary from one experimental device to another, and 

authors choose to decouple mass transfer from chemistry using phe­

nomenological transfer coefficients (Ortiz et al., 1977, for three 

different reactor types; Danesi et al., 1976, and Komasawa et al., 
1980b, for a NDSC; Komasawa et al., 1980a, for the single drop) or 
microscopic continuity equations involving diffusion coefficients 
(Freeman and Tavlarides, 1982, for a laminar jet in a continuum).

Concentrations vary between bulk and boundary of a phase 

(Ortiz et al., 1977) therefore the site of the controlling step 
must be identified prior to the formulation of meaningful rate 

models. Three possible locations:

i) bulk aqueous phase,

ii) aqueous interfacial film, and 

i i i)o/w i nterface

are discussed in the following paragraphs in view of the results 
presented in this chapter. Several criteria are instrumented to 

discriminate possible sites for the RDS, els advised by Danesi 
(1984).

Locale of the rate-controlling reaction/s
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i) Bulk aqueous phase. Under plateau conditions, control by a bulk 
reaction should render a value of r independent of A (Astarita,

1967). The experiments however showed a linear dependence of r on A 
(figure IV.33).

A second criterion to discriminate against a RDS in the bulk

was provided by the relative values of DNNSA solubilization fluxes

(J ) with respect to J under similar conditions. The results are 
a  D

shown in figure IV. 36. Fluxes at I other than 0.5 were corrected 
to the equivalent value at 0.5 using the ratio of partition coef­

ficients at both values of I. Comparing J /2 with J clearly showsa d
that the rate of supply of extractant to the aqueous bulk was in­

sufficient to yield the observed nickel fluxes. This fact becomes 
more evident by recalling that the complex stoichiometry was 1:7

instead of 1:2 under those conditions. The ratio (J /2)/J was a-
a  D

round 0.5. No other application of this criterion has been found 

in the literature, with exception of the comparison between rates 
of monolayer dissolution and of metal extraction done by Chaiko 
and Osseo-Asare (1986a).

ii) Aqueous interfacial film. The observed linear variation of the 
extraction rate with A would be the same for controls located ei­

ther at a stagnant aqueous film adjacent to the interface or at an 

interfacial p l a n e of molecular thickness.

Unequivocal evidence against a control locus at the aqueous

film was obtained by comparing the experimental results with well

established theories of mass transfer with simultaneous chemical

reaction (van Krevelen and Hofjitzer, 1947; Astarita, 1967). The

aqueous solubility of DNNSA is relevant to this analysis. Metal

fluxes are proportional to aqueous extractant concentrations in

rate models based on controlling reactions in the aqueous film and

simultaneous diffusion (Hughes and Rod, 1984a; b). However, due to

the dependence on C of P found in this work (subsection IV. 2 .1)

the formal aqueous extractant concentration (C^) did not vary

linearly with C , nor would J in the case of first reaction or- 
D T  D — £1.0der in DNNSA. At 1=0.5, J was found to vary as C whereas

D  D T

the variation predicted by a model based on a control at the for-
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— SO 6mation of the 1:1 complex in the aqueous film would be C ' , as 
given by

J
D
a C

D T

c
D T

P

_ so 4 and P a C
D T

The dependence of P on Cdt Just discussed supplies a defini­

tive argument against a control in the aqueous film in these rate 
experiments, and, although its significance has long been emphasi­

zed (Coleman and Roddy, 1971), it was neglected by authors who 
proposed extraction rate models based on reactions in the aqueous 
film (Hughes and Rod, 1984a; b).

The latter authors (1984a) let their model fit three sets of 
rate data for the extraction of Cu(II) by hydroxyoximes. However, 
in the only fit shown of the flux dependence on extractant concen­

tration (that of the data by Albery and Fisk (1981) from rotary 
disk experiments), the RDS was not in the aqueous film. As discus­

sed in section II.1, Akiba and Freiser (1982) have shown that the 
extent of extractant aggregation affects P. Constant values of P 
corresponded to non-aggregating reagents in solvating diluents, 
whereas P increased as the reagent concentration in non-polar, 
less solvating diluents was increased. The variation of P with 

changing I observed in this work thus may in part be due to a 
changing extent of aggregation. Larger micelles favoured by lower 
values of I result in increased aqueous solubility. It is somewhat 
surprising that such variations in P were not considered by Hughes 
and Rod (1984a; b) in view of the earlier studies on the partition 
of one of their case-study reagents (Acorga P5000) reported by one 
of the authors (Whewell et al., 1977). The validity of the appro­

ach by Hughes and Rod (1984a; b) therefore seems limited to non- 

aggregating extractants, able to partition at constant P values.

Due to the rather low solubility of DNNSA at high values of

I, in the aqueous film it was C (5.10 * to 5.10 3kmolm 3) »
— - 5 - 3  ^C /P=C (s 1.10 kmolm ) and the reaction would be pseudo first 

D T  D T

order in metal (Sherwood et al.1975; Astarita, 1967). Thus the
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square root of C would appear in models derived from placing the* SI ocontrol at the 1:1 complex formation step. varied as ' in

this work, thus a controlling reaction could have taken place in

the aqueous film only if it was second order in metal. Most of the

work on metal extraction however indicates first order in metal

(Danes! and Chiarizia, 1980).

The fact that the overall process is not controlled by steps 
sited at the aqueous film does not exclude reaction in that re­

gion. DNNSA molecules desorbed and diffused through the film, re­

acting with metal ions on their way. Due to the nickel complexes 
being less soluble than H- or K- sulphonates, one would expect the 
complexes to diffuse back toward the interface. The net effect of

this hypothesis would be a lower value of J . This prediction was
a

verified by the experiments (subsection IV.2.2).

iii)Interface. The combination of the observed effects of changing 
stirring speed, interfacial area, and temperature on Ĵ , and the 
equilibrium and dynamic transfer of DNNSA unequivocally identify 
the interface as the locale of the rate-determining step. The 

curves shown in figure IV.32 are typical of a process controlled 

by mass transfer and heterogeneous chemical reaction in series 
(Cussler, 1986). Under plateau conditions, the diffusive resistan­

ces were relatively small and the observed resistance was due to 
interfacial phenomena. The observed flux dependences on concentra­

tions thus corresponded to partial reaction orders, summarized as 
follows:

J D  “  e D T  C N  • P H  s  2 3  (k . 8 8 )
H

It is apparent from figures IV.25, IV.35 that the variation 
of the parameter X with pH mimics that of J . Mechanistic models 

incorporating concentration dependences similar to eqn. .IV.88

are derived in section V.3. In those models, the interfacial 

speciation is estimated from the bulk selectivity parameter X.
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Figure IV.31 Typical sets of data from experiments of initial 
rate of nickel extraction by DNNSA in the NDSC. Parameter is 
DNNSA concentration.
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Table IV. 6 Nickel fluxes for the calculations of activation energy 
(Ê ), J^xlO1°kmolm 2s 1. 1=0.5, pH=2.5, N=300 rpm.

T (°C) 30 40 50 E
a

T (K) 303.5 313.5 323.5
1/T (xlO3 K"1) 3.29 3.19 3.09 kJmol 1
C =5.10“3kmolm"3 

O T

C =5.10’3kmolm’3
M

19.9 26.2 22.9

C =1.10'3kmolm'3 
D T

C =5.10*3kmolm’3
M

2.46 2.79 4.77 27.5
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IV. 8. KINETICS OF Ni(II) EXTRACTION BY LIX63

The effect of changing formal LIX63 concentration (C^) on 
the value of the extraction flux (Ĵ ) is shown in the lower part 
of figure IV.37. The following correlation is the equation of the 

line through the points and was returned by linear regression:

log Jl = -8 .4 2  + 0 .9 6  log C (R = 0.9992)

The data are listed in table F.30. It can be concluded from 
the regression of the data that varied as C^,’ within experi­

mental error.

The effect of pH on J is shown in figure IV.35 at C =1. 10*3
- 2  L -1 LT and 1.10 . Within error, depended as below pH=2.5. The

curve flattened above that pH value and Jl became independent of

pH above pH = 3. The data are listed in table F.31.

Higher extraction fluxes by DNNSA alone were observed under 
similar hydrodynamic conditions. The extraction rate by DNNSA was 
found to be under chemical control (section IV.7). It is therefore 
believed that a chemical control was also operative during the ex­

periments reported here with LIX63. It follows that observed de­

pendences on concentrations are actual reaction orders. The con­

trolling reaction in the ranges chosen was first order in LIX63, 
and reciprocal first order in H+. The kinetics of extraction by 
LIX63 was roughly ten times slower than by DNNSA.
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IV.9. KINETICS OF Ni(II) EXTRACTION BY MIXED REAGENTS

Results from kinetic experiments using DNNSA-LIX63 mixtures 
are presented in this section. The experiments were conducted as 

described in section III.8, similarly as the single-reagent expe­

riments.

The effect of changing A on the transfer rate per unit volume 
(r̂ ) was similar as that with DNNSA alone (figure IV.33). As A was 
increased, r^ was found to increase, suggesting also here the in­

terfacial character of the rate-determining step.

The effect of changing organic composition (C^, C^) and

aqueous composition (C , pH) on the extraction flux (J ) was in-
M H

vestigated. When the organic composition was the variable, experi­

ments were done in the range 1.105̂ C ^5.10 3kmolm 3, and at C =
D T  L T■ 3 - 3  - ? - 31.10 , 5.10 , and 1.10 xmolm . The results are shown in figure 

IV. 37 as logJ^ vs 1°&CDT w*th C as the parameter. Fluxes by 
single extractants are also shown for comparison. The lines shown 
have the only meaning of Joining the experimental points.

It was found that J < J  throughout the range investigated.

Also the condition for catalysis (i.e. J >J +J ) was verified, ex-
_  * M L  D

cept in a narrow band of C around the CMC of each mixture. The
D T  _

results followed the same pattern of change at all levels of Clt

investigated, each curve showing two conspicuous inflexions.

varied as C 1,0 below the shoulder at lower values of C , with 
D T  _  D T

little effect of C on J . It was J s  10 J in this region, where

rate enhancements due to the addition of LIX63 were highest.

Shoulders appeared at all values of C els stEirted to vary less

when C was increased toward the CAC of the mixture. J became 
d t  _  M

almost constant in the region CAC<C <CMC. A good correlation bet-
D T

ween the position of the shoulders and the CAC values was noted.

The second break in each data set took place near the respec­

tive CMC. There, the slope of the curves changed from essentially 
zero to around 1 again. Above the CMC, it was found that £= 1.1 

to 1.5 J , thus the rate enhancements there were substantially 
smaller than those observed below the CAC.
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The results just shown gave rise to a hypothesis that at­

tempts to explain (qualitatively) the mechanisms responsible for 
rate enhancements in mixed extractants systems. It is known from 
the tt-A isotherms that the interfacial adsorption density of mix­

tures (r ) increased markedly as Cdt was increased up to the CAC 

of the mixture. In that region, it was r  <r . Also in that region 
there was demicellisation of DNNSA due to sulphonate-oxime aggre­

gation (Keeney and Osseo-Asare, 1980; Lin, 1984; Zheng and Osseo- 
Asare, 1987). More plentiful, smaller sub-miceilar a g g r e g a t e s  

(SMA) resulted from the breakdown of micelles. This argument is 
substantiated by the speciation analysis included in section V.7.

The rate of interaction between those SMAs and the o/w inter­

face could not be quantified by electrolyte dynamic solubilization 
experiments because SMAs lack exchangeable core contents. If it is 

however accepted that SMAs interact with the interface with simi­

lar efficiency as reversed micelles, then the following physical 
scenario is proposed:

- The rate of Ni++ complexation is lower than with DNNSA alone,

because T <T .
M D

- The desorption and renewal of the mixed monolayer that results

from the interaction between the o/w interface and particles in

its vicinity, however, is faster than the renewal of DNNSA films,

because C >C (section V.7).
sma mice lie s , DNNSA a lo n e

- It was concluded in sections IV.7, IV.8 that interfacial re­

actions were rate-determining in the extraction by single rea­

gents. In section V.3 such reaction is identified as the interac­

tion between reversed micelles and the adsorbed film, resulting in 
metal complex desorption.

The above arguments and the results presented here suggest 
that at C^cCAC the rate was controlled by conversion of the ad­

sorbed film instead of by its desorption. Thus is expected to 
increase in this region and become nearly constant around the CAC 
while the former step in the mechanism controls. As C was incre-

DT

ased toward the CMC, the organic speciation results show that the 
concentration of aggregates able to interact with the film at the 
o/w interface decreased due to micel 1 isation at the expense of the
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SMAs. That decrease must translate in a decreasing rate of film 
desorption and renewal. This rate equalled the essentially cons­

tant rate of film conversion at a critical value of C , near the
_ DT

CMC of the mixture. As C was increased further, micellar-assis-
D T

ted desorption of complexes again provided the overall rate con­

trol, as with DNNSA alone, because it was slower then the conver­

sion of the film.

The effect of pH on J is shown in figure IV. 35 as log J vs
M N

pH, in the pH range 0.5 to 3.0, with C as the parameter and at

constant values of C and C . The data are listed in table F.33.
M D T

Jp and are also shown in the figure for comparison. The data

were well aligned at low pH as straight lines with slope that

depended on the value of C . The dependence on pH increased as

a0.43pH (at Clt= 0.), <x0.70pH (at Clt=1. 10_3kmolm’3), a0.92pH (at

C =1.10 2 kmolm3), and al.OpH at C =0. The pH effect, in other 
L T  D T

words, varies between the limits that correspond to both rea­

gents alone. This observation is relevant to the modelling of ex­

traction rates as it underlines the involvement of LIX63 in the 
chemistry of the process.

At pH=2.5, the values of J at all values of C used were
M L T

close to one smother. Also it was J (C =1.103M)>J (C = 1.10 2M)
M L T  M L T

> Jd- This order is consistent with the patterns followed by the 
curves in figure IV. 37. At pH<2, the order was Jd>Jm(Clt=1. 10 3M)

> J (C =1.10’̂ ). The latter order was reversed at pH e 3.
M L T

With DNNSA alone, at Cdt=5. 10 3kmolm 3 and pH=2.5, desorption 
of nickel complexes is found to be slower than complex formation 
in section V.3. It is possible that the same situation applies to 

mixtures. Decreasing pH values affect the complexation rate, but 
it is not probable that they affect the desorption rate because 
the latter depends on the organic phase speciation only. The ap­

proximate tenfold decrease in values as pH was reduced to 1 
from 2.5 may be related to a slowing down of the complexation rate 
such that the control shifted from desorption to complex foi—  

mation. The speciation analysis supplied a criterion in this res­

pect and it will be fully discussed in section V.8.
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Whether the control shifted or complex desorption controlled 
throughout the pH range, it is clear from the higher dependence of 

on pH as Clt was increased that the cation exchange by the 
oxime was involved in the controlling step. In section IV.7, the 

o/w interface was shown to be the locus of the rate-determining 
reaction with DNNSA alone. The same conclusion was arrived at by 
Inoue et al. (1984) for LIX63 as nickel extractant based on aque­

ous solubility considerations. Thus it is to be expected that the 
rate-controlling reaction/s in mixed systems be located at the in­

terface. This conclusion is in part substantiated by the results 
shown in figure IV.33. It follows that the oximes are not totally 
excluded from adsorbing at the interface by the more active sul- 

phonates. LIX63 monomers, oximates, and possibly sulphonate-oxime 
binaries may partake in the interfacial mosaic, with fractional 
coverages varying according to the value of the ratio C /C (the 
results in subsection IV.1.2 substantiate this statement). Should 
the oxime be completely prevented from adsorbing at the o/w inter­

face, consideration of a control in the aqueous phase would be re­

quired to justify the pH dependences observed.

The effect of simultaneously changing C and C on J is
H  L T  H

shown in figure IV. 38 as logJ^ vs logC^ with Clt as the parameter 
at Cdt=1. 10 3 and 0.3.10’3 kmolm’3 (table F.34). varied as C^’0

at both levels of C .
D T
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CHAPTER V. MODELLING

V.l. PHYSICAL MASS TRANSFER

V.1.1. DNNSA AQUEOUS SOLUBILIZATION DYNAMICS

It was desired to estimate aqueous phase mass transfer coef­

ficients (MTCs, K ) in the NDSC, which could be used as inputs in 
aq

the models of extraction kinetics. Due to aggregation, the dynamic 
phase transfer of surfactants is more difficult to model them the 
transfer of non-surface active solutes (Cussler, 1986). Assuming 
that diffusion of surfactant monomers and micelles be much slower 
than interfacial adsorption/desorption mechanisms, aggregation e- 
quilibrium in the aqueous diffussion film, and simultaneous dif­

fusion of both species, Weinheimer et al. (1981) arrived at the 
following expression for the surfactant flux:

J = - B VC (V.1)
a DT

where the apparent diffusion coefficient 3 depends on 

surfactant concentration as follows:

B (nK )”1/n 
1 P

S = Sm + n (C - CMC) 
DT

(V. 2)

The analysis applies to the range Cdt>CMC only. Cussler 
(1986) claimed its validity for non-ionic detergents and presented 
data showing that for Triton X-100, B varied approximately as (C 
-CMC)- 0,075. The exponent (-0.075) is however much smaller than 
1. (in eqn.V. 2) thus the goodness of the prediction is only quali­

tative. The analysis would not be valid for anionic detergents at 
low values of I (Cussler, 1986). For example, aggregation of SDS 
was apparently prevented by high values of 0 in that case , and 3

increased as C was increased. At high values of I eqn.V. 2 was 
DT

again verified (Cussler, 1986).
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Apparent transfer coefficients of DNNSA were computed from 
the following solute balance about the aqueous phase:

J = K a aq C ) V
A

dC
D T

dt (V. 3)

Integration with the initial condition C (0)=C ® yields e q n A
D T  D T

from which K was computed with the interfacial concentration * ®q

In ( ■)
=(A/V) Kaq (V. 4)

The values of K thus found are listed in table F.35 and shown vs 
a q  = 1  1Re in figure V. 1. K depended on Re * at constant values of 

_ aq
C . The coefficients sire "film coefficients" as no contribution 

D T

to the overall resistance to mass transfer was expected from dif­

fusion through the organic film or from adsorption/desorption at 
the o/w interface. Decreasing values of K are shown in the fi-_ ®q
gure as C was increased at constant Re. According to the film 
theory of mass transfer (Lewis and Whitman, 1924), the MTC is

K = B/5 aq

where 5 is the thickness of the diffusion film. Thus division of 
eqn.V. 2 by 5 indicates that K must decrease when C is incre- 
ased at constant value of Re. The results in figure V.1 show such 

variation.
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V. 1.2. SOLUBILIZATION BY REVERSED MICELLES

The purpose of the work presented in this section was to 
characterize the mass transfer in the NDSC (organic phase), and to 
gain an insight into the different dynamics of the initial solubi­

lization and core exchange mechanisms. Thus transfer coefficients 
were estimated from the data presented in section IV.3.

The mechanism of water solubilization is viewed as resulting 
from the following pseudo-reaction at the o/w interface:

dry micelle+Ws water molecules----^saturated micelle (V.5)

Complete saturation of the micelle upon interaction with the in­

terface was thus assumed. Once they diffuse back into the bulk, 
the loaded micelles pool their cores with drier micelles and the 
average moisture content increases in the phase as contacting time 

proceeds. Further, the interfacial interaction V.5 was assumed 
much faster than diffusion through stagnant films, thus the mecha­

nism was under full mass transfer control. The diffusion coef­

ficient of saturated micelles is around 2/3 that value for dry 
micelles (appendix G) thus the process was rate-limited by the 
transfer of the former from the source (the o/w interface) to the 
bulk. The water balance about the organic phase is eqn.V.6

Ju (V. 6)

A link was needed between the observed rate of water accumu­

lation in eqn.V.6 and the transfer coefficient of saturated micel­

les, K . The following assumption was made:O
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flux of = - flux of saturated = -J /(m Ws)
dry micelles micelles (J ) w8m

where J was the flux of water into the organic bulk and m is the w
aggregation number of DNNSA, 7. K was defined asO

J = K (C * - C ) (V. 7)
s m  o  s m  s m

*  -  i  s  -where C =C /m and C =(W/W )C /m are the concentrations of sa- 
s m  D T  s m  D T

turated micelles at the interface and in the bulk, respectively. 

From the pseudo-stoichiometry of solubilization, and assuming that 
the moisture initially in the diluent was unaltered after the sa­

turation of micelles, the total water is estimated as:

m Ws (C /m) + Ch = C s (V.8)
D T  w

From eqns.V.6 through V.8 an equation was obtained upon inte­

gration which allowed the evaluation of K from the data as fol-o
lows:

log
A K
----2- t
2.3 V (V. 9)

The values of Cs were estimated as WSC from the Ws vs I results 
w D T

shown in figure IV. 16. The pH of a typical experiment fell to a-

round 2.3 from the initial value around 2.5, thus the corrections
s 0to W due to changes in I were neglected. The value of varied

from experiment to experiment and measured values were used in the

calculations.

From the data in table F. 19 and A=42 cm2, V=300cm3 in the

NDSC, the values of K listed in table F.36 and shown in figure
0 1 1V. 1 were evaluated. K was found to increase as Re * (i.e. witho

the same dependence as Re ) up to Re=12600. The exponent decrea-aq
sed at higher values of Re suggesting a deterioration in the

stirring efficiency. Higher values of K than of K were found at
o  a q

a given value of Re. Unlike K , K did not depend on the value of
a q  o

C , suggesting that reversed micelles had an invariant size.
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The values of Kq thus estimated were of the order expected in 
the NDSC. The water fluxes listed in table F.19, however, are much 
higher than the nickel fluxes observed for metal extraction across 
the quiescent interface. From comparing both sets of results c l  cri­

terion was derived to decide whether the observed phase transfer 
of water was micellar-mediated or simply due to molecular diffu­

sion. If water reached the bulk organic phase after having dif­

fused through a stagnant hexane layer, the flux would be:

J s K’* solubilityW 0

Water solubility in hexane is around 0.005% (i.e. around 1.103

kmolm3). Thus values of K’ in the order:
o

J /solubility £ 10 5kmolm 2s 1/10 3kmolm 3 = 10 2ms 1 w

would be expected, around 100 times the experimental values. As­

suming the film theory of MT to hold, and using a value of dif-

fusion coefficient for water 3=5.8.10 m s (the average ofw
three estimates by the Wilke-Chang, Scheibel, and Reddy-Doraiswami

correlations; Reid et al., 1977), a diffusion film thickness 8 =

K’/3 £ 10 7m would be required for molecular diffusion to justifyo u
the values of J observed. Diffusion films this thin cannot be re- w
alistically expected in a NDSC. Carroll (1981) has used a similar 

argument when discussing the mechanism of solubilization of hydro­

phobes by detergent micelles. The observed fluxes can only be 

substantiated by a mechanism based on reversed micelles inter­

acting with the macro-o/w interface, solubilizing water in their 
polar cores, then diffusing toward the bulk organic phase.

Based on such a mechanism, the time variation of water con­

centration was simulated using a solution to the problem of un­

steady diffusion and solute accumulation in a boundary layer (Aus­

tin, 1966). The problem is briefly described and Austin’s solution 
is shown in appendix D. The value of 3 for saturated micelles used 
to generate the curves (shown in figure V. 2 as C^ vs time with 8 

as the parameter) was estimated in appendix G from literature data 
(Chaiko and Osseo-Asare, 1986). The simulation was done at chan­
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ging values of C . When the data were superimposed, they fell
-5 .5

between the curves at 8- 0.5.10 to 1.10 m. Similar values of 8 

were found by Danes! et al. (1977) to fit their results of extrac­

tion by DNNSA with simultaneous mass transfer in a NDSC. Pairs of 
(5, S) values that simulated curves comparable to the experimental 

results are listed in Table V.1.

The mechanisms shown in figure V.3 are therefore proposed for 
initial solubilization and transfer to pre-saturated micelles, 
respectively. Micelles reach the organic sublayer, they disaggre­

gate, the freed monomers desorb in a concerted action (Carroll, 

1981), forming fresh reversed micelles which encapsulate elec­

trolyte in their polar cores. The micelles diffuse away from the 
interface, and, as the solubilizate concentration increases, mi­

celles probably pool their core contents in the bulk of the or­

ganic phase.

The value of K was estimated with eqn.V.9 also for transfer o
across membranes. The group K^A/V was found to be independent of

C and it was on average 1.2.10 7s 1. The effective transfer area

of the membrane was estimated following the approach of Albery and
■4 -1Fisk (1981), and the value of K resulted around 3.10 ms , abouto

three times greater than the largest values estimated for the 

NDSC. It is normally the case that mass transfer at a solid/liquid 
interface be associated with a MTC of higher value that the coef­

ficient at a liquid/liquid interface.

32The initial solubilization of P-containing electrolyte and 
the core exchange mechanisms were modelled els Chstn et al. (1976) 
treated the solubilization of fatty acids by detergent micelles in 

aqueous media. The coefficients of initial transfer were estimated 

from the following balance:

where Cs = Cs= 12 C was assumed, accounting for the fact that I wp w DT
wels not zero. The results are listed in table V.2. K. was found to
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be independent of Cdt at (15±2)10’5 ms \ close to the upper end 
of the coefficients in the NDSC.

During core exchange experiments, the total moisture content
of the organic phase was nearly constant, because decreases in
tracer-free water concentration (C ) balanced with increases inw
tracer-spyked water concentration (C ). In this case it waswp

Cs = C° + C° = C + C = constant w w wp w wp

where the zero superscript stands for initial conditions. The co­
efficients (K̂ ) were estimated using balances equivalent to V.6,
V.7 (Chan et al., 1976),y/fjich resulted in an expression similar to
V.9. The estimates are listed in table V.2. The MTC’s evaluated in 
this section are film coefficients but they are numerically equal 
to overall coefficients because there were no concentration gra­
dients in the aqueous phase. was found to depend on C in a
similar way as K did. Thus the ratio K./K decreased toward 1 as aq i e
C was increased in the range chosen.
DT
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□ TRACER - FREE WATER I INTERFACE

■ TRACER - SPIKED WATER 0 ORGANIC PHASE

A AQUEOUS PHASE

INITIAL SOLUBILIZATION CORE EXCHANGE

1- DRY MICELLE DIFFUSES TO INTERFACE 1- TRACER-FREE MICELLE DIFFUSES TO 
INTERFACE

2- MICELLE DISAGGREGATES, MONOMERS 
ADSORB

2- MICELLE EXCHANGES CORE WITH 
AQUEOUS PHASE

3- MONOMERS DESORB, WATER IS 
SOLUBILIZED

3- MICELLE DIFFUSES AWAY FROM 
INTERFACE

4- SATURATED MICELLE DIFFUSES AWAY 
FROM INTERFACE

4- MICELLES IN BULK EXCHANGE 
CORES

Figure V.3 Proposed mechanism of interaction between 
reversed DNNSA micelles and the o/w interface, 
resulting in solubilization by initially "dry" 
micelles and in core exchange.
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Table V.1 Fit of (5. D) pairs in the NDSC from water dynamic solu-

bilization. Listed values are Sxl06m.

DxlO10 C =1.10'2 C =5.10'3 K =»/S
DT DT 0

-1ms kmolm 3 kmolm 3 i n 4 -1xlO ms

1.7 2 = 2 s i

7.0 5 5 to 7
*

s i

17. 10 to 20 20 S l

-4 2 -1* This row corresponds to D=4.2.10 cm min .

Table V.2. Transfer coefficients in 32P initial solubilization and 
core transfer experiments.

C  k m o l m  3 
DT

K  x  1 0  5m s  1 
i

K  x  1 0  5m s  1 
e

K . / K  
l e

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

0 . 0 2 1 8 1. 1 1 6

0 . 0 1 3 1 5 2 . 2 7

0 . 0 0 5 1 5 9 . 9 1 . 5
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In his rising drop (RD) experiments of Ni(II) extraction 
rates by DNNSA, Lin (1984) used dry organic feeds, and found that 
the vs time data extrapolated to finite y-intercepts (C^0). 
That author attributed the observation to end (initial) effects, 

namely to transfer while the drops formed at the tip of the 
nozzle. The values of Ĉ ° in that work align vs C as a straight 
line of slope close to 1 in a log-log graph. That effect could 
however be partly ©scribed to the physical transfer that took 
place as aqueous phase saturated the dry micelles in the feed. The 
linear dependence of C^0 on Cdt does not help to decide in this 
respect because kinetics and solubilization are both linear in 
C . Longer contact times in the NDSC experiments offer a means to 
decouple the effects of both mechanisms.

V.2. SOLUBILIZATION CONTRIBUTION TO INITIAL EXTRACTION FLUXES.

Experiments were run under identical conditions except for 
the physical pre-equilibration of the organic feed. Data from a 

typical pair of runs are shown in figure V.4 as vs time. The 
data from the conventional ("wet" feed) run pass through the ori­

gin. When "dry" feeds were used the data again aligned as straight 
lines after lmin , but those lines did not intercept the origin. 
Similar values resulted for the flux from the similar slopes, but 
the "end effect" was nonexistent in the former case. The observa­

tion is most likely due to metal transfer as aqueous phase was so­

lubilized, thus it was physical transfer as opposed to that due to 
reaction, as substantiated next.

The values of J calculated in subsection IV.3.2 and IV.3.3 w
and the values of J found in section IV.7 are listed in table

D

F.37. After correcting for the change in I as follows:

w

w

w‘#Ii

w
-s,I.

the contributions to the observed J due to solubilization were
D

estimated from the following pseudo-reaction, in which complex- 
ation of Ni(II) by DNNSA was neglected for simplicity
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micelle + mW^ 0 + (mW%^)Ni+* * micelle.mWsH0(-5^=C )Nt+2 55 2 55 u

where 55 kmolm 3 is the concentration of water. The stoichiome­

try of solubilization thus indicates that

where J is the solubilization contribution to the observed nic- 
D S

kel flux. The ratio J /J was around 30% (table F.37). In figure
d s  d  _  &

V.5 values of 1.3J in the NDSC are plotted vs C , and are com-

pared with the values of J found from the RD experiments by Lin

(1984). The RD results agree well with the 1.3J values. This ar-o
gument seems a good way of explaining the unexpected observation 
in RD experiments of extraction fluxes higher them in the NDSC. 
The significance of mutually saturating the feeds in short contact 
time techniques such as the RD is thus manifest. The physical so­

lubilization of nickel by saturated micelles was however negligi­

ble compared to in the NDSC because the rate of core exchange 

was around 30 times lower than the rate of initial solubilization 
(table V.2).
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Figure V.4 End effect in the initial extraction 
of nickel by DNNSA in the NDSC.
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Figure V.5 Nickel fluxes due to chemical and physical transfer 
by DNNSA micelles in the NDSC and with the RD technique.
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V.3. KINETIC MODELS FOR NICKEL EXTRACTION BY DNNSA.

A substantial mumber of kinetic models are available in the 
solvent extraction literature which can explain the observed ef­

fects of the experimental variables (reagents concentrations, flow 
conditions, interfacial properties, solubilities, etc.) on the 
rates of metal transfer. Because of the complexities of the mecha­

nisms involved, which usually combine mass transfer with chemical 
reactions, most models assume a series of steps. Depending on 
which step is taken as rate-determining, different rate equations 
result. This is necessarily so because, unlike equilibrium situa­

tions where the final state of the system is a function of bulk 
conditions, the rate of transfer far from equilibration depends on 
the reaction paths and the locale of the RDS. Besides, the RDS is 
usually located at or very close to the o/w interface, whose pro­

perties may differ from the properties of the bulk phases (Cox and 
Flett, 1977).

The interfacial character of the RDS in the extraction of 
nickel by DNNSA has been proved in section IV.7. In this section, 
rate models are derived that incorporate interfacial parameters 
(0, D  in addition to concentrations and the effect of hydrodyn­

amic conditions via the MTCs. In this work the approach has been 
to build the models mostly on foundations directly gained from ex­

perimentation. The following building blocks are used:

1) Observed flux dependences on concentrations are partial reac­

tion orders (section IV.7).

2) The transfer of metal due to physical solubilization can be 

safely neglected (section V.2), thus it is a good approximation to 
assume that interfacial complexation is wholly responsible for ex­

traction.

3) MTCs were evaluated from physical mass transport without addi­

tions of solutes alien to the system (section V.1). In former in­

vestigations MTCs have been estimated:
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i) from rate models under conditions of a mixed kinetically-mass 
transfer (MT) controlled regime where the model was not sensitive 
to the concentration of one or another reagent (Ajawin, 1980),

ii) using diffusion coefficients (B) calculated from rates of mo­

nolayer dissolution into stagnant sublayers (Osseo-Asare and 
Chaiko, 1986a),

iii) from measurements of dynamic interfacial tensions (Rodriguez 
de Carvalho and Slater, 1983), or

iv) from transfer rates of interfacially inactive solutes (Tavla- 
rides et al., 1985; Komasawa et al., 1980b).

Of all these approaches, the least realistic was probably 

that of using non-amphipatic solutes to evaluate transport charac­

teristics of systems involving surfactants. As discussed in sec­

tion II.2, the transfer properties of surfactants differs in se­

veral respects from those of non-surface active solutes.

4) The cation exchange between DNNSA and the supporting electro­

lyte (section IV.4) provides an insight into the pH effect on Jd>

5) It is believed that models must acknowledge the sui g e n e r i s  

properties of the interface. Two parameters are particular signi- 
cant in this respect. The interfacial population density of the 

reagent (1"̂ ) varied little when the bulk concentration was changed 
above the CAC (subsection IV. 1.2). The concentrative effect of 0 

on the cationic population near the interface was underlined in 
section II.1.

Some authors have recently incorporated interfacial parame­

ters in their models. Fyles (1985) attributed the independence 
from hydrodynamic conditions of extraction rates to a mechanism 
controlled by adsorption/desorption, and the selectivity shown by 
crown ethers to the composition of the mosaic formed by interfa­

cial ly adsorbed species (1986). Fyles (1985) used estimated inter­

facial stability constants of the adsorbing complexes to compute 
the interfacial speciation. Thai author solved the system of non­
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linear equations which relate the total electrical charge density 
to that charge density intrinsic to the reagent, and to the charge 
contributed by adsorbed species (Cohen and Cohen, 1981), to com­
pute values of which were not measured independently.

Harada and Miyake (1986) included 0 in the rate models for 
metal extraction by chelating agents, as well as a definition of 
fractional occupancy of the interface by adsorbed species, pre­
viously derived (Miyake et al., 1983). Rather dissapointingly, 
however, Harada and Miyake (1986) assigned zero value to the in­
terfacial potentials due to the difficulties associated with their 
experimental evaluation.

In subsection V.3.1 possible reaction mechanisms are propos­
ed. Rate models are derived in subsection V.3.2. The discri­
mination of the rate-controlling step is based on the dependence 
of the interfacial flux on concentrations as discussed in sub­
section V. 3.3.

V,3.1. Reaction mechanism
A reaction mechanism is proposed els shown in figure V.6. With 

the exception of the complexation steps 5 and 6, all other steps 
have been substantiated by experiments and Eire individually dis­
cussed next.

1) K*-H* exchange; It takes place during physical equilibration of 
the orgsinic feed (subsection IV.4.1). The factor X was defined in 
chapter IV as the ratio of K-sulphonate concentration in the bulk 
organic phase to formal sulphonate concentration (C ).
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Figure V.6. Reaction paths in the extraction of nickel by DNNSA. 
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In terms of monomers, that ratio is given by:

X =
C

CKD
+ C

K D H O

1

1 + H D

K D

(V.10)

For simplicity the assumption is made that KD and HD aggre­

gate to the same extent. In other words, it is assumed that the 
aggregation number m is independent of the type of counterion. 

Mixed micelles of KD and HD are assumed. A value m=7 is chosen in 
agreement with the results obtained in section IV.4.2 and with 

previous literature reports.
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2) Aggregation: it is assumed that the LMA is a good representa­

tion of the aggregation equilibrium, thus

K
P

C
P

c"
n o n

(V.ll)

25For the values of K around 10 reported in the literature (Lin,
P  _  _

1984; Zheng and Osseo-Asare, 1987), it is found that C « C at
n o n  P

Cdt» CAC, thus the solution is very dilute in monomers.

3) Monomer adsorption at the o/w interface. Due to the their low 
concentrations in the organic bulk, monomers adsorb to extents li­

nearly dependent on their bulk concentrations. Thus

and

C
K D

C
HO

(V.12) 

(V.13)

where a^ and â  are the adsorption coefficients of the respective 
species els given for very dilute solutions by, ELmong others, the 
Langmuir isotherm. The f r a c t i o n a l  c o v e r a g e s (FC, 0) by each spe­

cies is given by:

eK
, a d

'KD
r  /a

D

a d  

H D

r  /a
D

(V.14)

The thickness of the adsorbed film (A) need be considered for di­

mensional consistency. The interfacial excesses T were estimated
D

in subsection IV. 1.2 from measurements of cr and are listed in 
table F.5. Substitution of eqns.V. 12, V. 13 Eind V. 14 in eqn.V. 10 
and the assumption that the adsorption coefficients of KD and HD 

be equal lead to the following relationship between bulk Eind in­

terfacial speciation:
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1
(V.15)X =

1+

e
e
K

4) Dissociation of adsorbed monomers: Adsorbed extractant mole­

cules dissociate as discussed in section II.1. The interface is 
envisaged as a mosaic of adsorbed anions, acid and K-salt before 
there is any complexation of nickel. Instability constants relate 
the concentrations of the species involved in step 4 as follows:

K1=
c 'c8*1

H  D

H D

(V.16)

c1* c?1
k ’= — (V. 17) 
s C ad

K D

Surface dissociation constants have in general different va­

lue than bulk constants (Al-Diwan et al., 1977). Unlike bulk cons­

tants, the values of interfacial constants change with pH (and 
possibly with I , too) as concluded by van Voorst-Vader (1961), 
who found that the ratio of adsorbed fatty acids changed

less rapidly than the ratio in the bulk, C /C , when pH was chan- 
ged. Evaluating surface dissociation constants resulted similarly 
difficult to Fyles (1986). The bulk ionization constant of DNNSA

(K=0.27) is available in the literature (CRC Handbook, 1983 -84). 
8

The bulk constant for the K-soap was evaluated in section IV.4 as

K s 0.31. The LMA constant for the overall reaction between DNNSA s
and Ni(II) was estimated in section IV.4.2 as K=0.195. These es­

timates apply to bulk conditions and may be corrected to inter­

facial values using eqn.II.5 (Hartley and Roe, 1940).

In the absence of diffusional fields, the interfacial concen­

tration of ions relate to bulk concentrations as follows (Hartley 
and Roe, 1940):

Cl= C. exp (—z Fifj/KT) 
J  J  j

(V.18)
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5.6) Interfacial complex formation: Now Ni(II) is added to the 
system and extraction starts as the adsorbed sulphonates complex 
nickel ions at the interface. Charged and 1:2 complexes form, com­

pleting the interfacial mosaic. Their dissociation equilibria is 
described as follows:

C 1 C*
H  D (V.19)

M D  D (V.20)

Eqn.V.21 is the species balance about the interfacial film:

a d  _  ^ a d  

DT D + C a d

K D
+ Cad + C8d + 2 C811 

H D  M D  M D ,
(V.21)

or, in terms of FCs:

1 = 0  +0 +0 +0 . ( V . 2 2 )
s  K  H  H i

where 0 is the FC by the ionized sulphonate as given by: 
s

0 = 
s

. a d

r /A
D

(V.23)

and 0̂ . is the FC by both types of nickel complexes. Substitution 
of eqns.V. 16, V.17, V.19, V.20, and V.23 in eqn.V.21 leads to

, a d  _  £ . o d  

D T  D

C 1 C
M (V.24)

or, in terms of FCs, to
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(V.25)l  = e a + 0 .
8 N 1

where

A=l+

a

(V.26)

The estimates of 0 listed in table F.9 used together with 
eqns.II.5, V. 18 and V.23, and the values of the constants K andfi
K allow the evaluation of terms (i.e. the FCs) in the balance s
V. 22, provided that K and K2 be known. Satisfaction of this re­

quirement is complicated by the fact that the interfacial cons­

tants, unlike those in the bulk, relate concentrations of adsorbed 
species. Further, and pertain to two reactions in series, 
whereas the measurable bulk constant is an overall value. Fyles 
(1985) faced a similar problem. Two sets of values are tried for

K and K :
1 2

i) K2---->- co. In other words, 0^=0 (from inspection of eqns.

V. 19, V.20).

ii) K =K =K=0.195, i.e. the value experimentally found for the 
global complexation in the bulk.

Case i) In this case. 0 =0. 0 was calculated as 1/A (ean. V.25)------  Ni s _
for changing values of C and pH. 0g was independent of C and

varied slightly around 0.37 with pH as shown in table 1. The FC by

K-soap was evaluated for 0 =0.37, via the approximate balances
V.27, and the ratio V.28 (the exponentials cancel out in the lat­

ter). The calculations are listed in table 1. 0 increased fromtc
0.21 at pH=0.5 to 0.63 at pH= 3. There is no effect of changing 
values of C on 0 because 0 is not involved in this case. The

D T  K
bulk ratio X is also listed for comparison.

0 +9 =1-0 (V.27)
k  H s

0 /0 =C°d/Cad= (K1/K1)(CVc’) = (K /K )(C /C ) (V.28)
K H K D H D  a s  K  H a s K H
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Table 1

pH 0.5 1. 1.5 2. 2.5 3. 4. Notes
0
K 0.21 0.49 0.58 0.60 0.62 0.63 0.63 case i

X 0.23 0.59 0.81 0.92 0.97 0.99 el «•
0s 0.361 0.376 0.380 0.381 0.382 0.383 0.383 II
0
K 0. 19 0.44 0.52 0.55 0.56 0.56 0.56 case ii
0
H 0.64 0.31 0.12 0.048 0.017 0.0056 - eqn.V. 15

0 /c
H H 1.99 3.06 3.81 4.78 5.32 5.56

Case il) Now 0^*0. Values of 0^ were estimated from the quadratic

(in Cad) eqn.V.24 for changing values of C at constant I and at 
D  D T

changing pH at constant C . Again in this case 0g showed a slight 
variation between 0.36 and 0.37.These values are larger than those 
estimated in the case of adsorbed carboxylic acids, consistent 

with the fact that the latter are weaker acids than DNNSA. Tanaka 

and Fukutome (1978) modelled monolayers of carboxylic acids as a 
lattice of three possible site types: ionized, protonated, or me- 
tal-complexed surfactant. From considerations of several possible 
interactions between sites, those authors concluded that coulombic 
repulsion between ionized sites effectively supressed the popul­

ation of adsorbed anions. 0 was estimated from the balance V. 24
* — -5 -3and the ratio V.29. It varied from 0.59 at C =1.10 kmolm to

- -3 DT0.53 at C = O.Olkmolm . The values Eire listed in Table 2.
D T

0 /(0 +0 ) = Cad /(Cad +Cad +2Cad ) (V.29)
K H N i  K D  H D  H D  H D  . .

ciK

a
l K1 J Hl J 0 r /a

s  D

The pH effect on 0 was simulated also in this case and the re-

suits are listed in Table 1. The values of 0^ are smaller than

those of X. 0 was estimated in a way analogous to that used for 
H

0̂ , i.e. using eqns.V.24 and V.29, and also via eqn.V. 15. Both
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sets of calculations were in acceptable agreement. 0^ was found to

be independent of C . Values of 0 calculated with eqn.V. 15 are
DT H

listed versus pH in table 1. The FC by nickel was not affected by 
pH changes, and it was around 0.08 at pH=2.5.

Table 2

(10 *kmolm 3) -0( mV) 0
K

0 . Ni

0.1 11 0.59 0.036

0.2 16 0.585 0.041

0.5 23 0.57 0.056

1. 26 0.57 0.060

2. 30 0.56 0.066

5. 34 0.55 0.076

10. 36 0.545 0.081

32. 39 0.537 0.089

100. 41 0.53 0.096

8dA ratio X may be defined to describe the interfacial spe- 
ciation as the parameter X describes the organic bulk speciation:

X a d

,ad

KDr / a
D

= 0 (V.30)

Equivalent formulae may be obtained in terms of C , as follows:
H

0N
,ad
"HDr /a 0

(V.31)

and

(r /AHi-x^-e -0 ) = c 1 c^ / k*
D s Ni H D a

(V.32)

The above analysis of the interfacial speciation allows the fol­

lowing conclusions:
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i) The bulk ratio X and the interfacial parameter X** (or the FC 
G ) differ by a value equal to 0+0 which does not vary appre-

K s Ml

ciably when pH and C are changed.

ii) The small values of 0̂ . (<10%) obtained under the experimental 
conditions suggest that this FC may be neglected in the ̂ formula­

tion of the interfacial speciation without introducing large 
errors.

iii) Expectedly, the interfacial composition predicted when 0̂ . is 
neglected is more similar to the bulk speciation than when finite 
values are chosen for K̂ , The former case (case i) is however 
unrealistic because there must be nickel complexes in the adsorbed 
film to give rise to the observed nickel fluxes.

iv) In view of the fact that the difference between X and 0 (or
ad KX ) is essentially constant, it is proposed to use the bulk spe­

ciation as an approximation to the interfacial speciation in the 
models derived in subsection V. 3.2.

7) Interaction between micelles and the o/w Interface: Micelles 
interact with the interface, exchanging cores (sections IV.3, V. 1, 
V.2) and triggering the desorption of film material upon adsorp­

tion of monomers freed as micelles collapse (Carroll, 1981). Metal 
complexes are thus transferred from the interface into reversed 

micelles forming in the organic diffusion film.

8) Complex neutralization: when charged complexes are transferred 
from the film into micellar palisades, the second charge of Ni(II) 

is neutralized by a sulphonate.

9) Convective-diffusion: Nickel-loaded micelles diffuse away from 

the interface.
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V.3.2. The rate equations

In order to identify the RDS, some of the reactions above 

described are chosen systematically as the RDS, and the correspon­

ding rate equation is derived. In each case the other steps are 
considered very fast, thus the concentrations of the species in­

volved are related by equilibrium conditions. The RDS is assumed 
i r r e v e r s i b l e, thus no reverse reaction is considered. This assump­

tion is justified by the low conversions of reagents in the ex­

periments and translates into models less involved than those

incorporating reverse reactions (Danesi et al., 1976; Freeman and 
Tavlarides, 1982; Lee and Tavlarides, 1986; Komasawa et al., 1980 
a; b; Murthy, 1987)) while as conceptually sound as the latter. 
Then the rate equations are discussed and evaluated.

Model A

When the RDS is the complexation of Ni (II) by adsorbed sul- 
phonates (reaction 5 in figure V.6), the flux that corresponds to 

a first order reaction in both reagents is:

J = v k* C1’ C*1 (V. 33)
D 5 M D

where v=V//\, Substitution of eqns.V. 16, V. 18, and V. 31 into eqn. 

V.33 leads to

C
J = k r 0 exp(-2F^/RT) (A)
D 5 D U  s 

H

where k=vk’K/A. The correction of K to the interfacial value 
5 5 a  , a

(as in eqn. II.5, 10’̂  60) is numerically almost identical to the 

factor exp(-F^/RT), thus the 2 in model A.

Model B

When the formation of the 1:2 metal complex (reaction 6 in 
the figure) is assumed the RDS, then

J = v k* C*1 (V. 34)
D 6 HO D
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Substitutions similar to those made in model A lead to
2

(B)

H

where k = v k’K2 /K A2 
6 6 a 1

Model C

The reaction between neutral metal complexes adsorbed at the 
interface and reversed micelles (number 7 in the figure) is now 
assumed as the RDS. At hough treated as an elementary reaction, 
this step involves a series of physical interactions such as col­

lisions at molecular level, aggregation/disaggregation, and ad­

sorption /desorption. All those mechanisms are thus lumped in the 
single step whereby a micelle hits the o/w interface, lo ses its 
identity, then regenerates. The rate at which this involved me­

chanism takes place is assumed proportional to the concentration 
of micelles. This assumption seems reasonable at low micellar 
concentrations. The flux is given by:

The usual substitutions lead to

where k =(vk’/m)K /(K K A2)
7 7 a 1 2

Model D

If the reaction between charged complexes and reversed micel­

les (number 8 in the figure) controls, then

(V.35)

J = v ko (V.36)

and

J = k r— C1 exp(-F0/RT) 
D 8 D C DT ^

C 0 
H H (D)

H

where k =(vk’/m)K /K A. 
8 8 a 1
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V.3.3. Discussion of the models.
Cdt is not explicit in model A. The variation of the group

exp(-F0/RT) is, but this group does not vary as did when Cdt

was changed. r was almost constant above the CMC, and exp(~^)

does not depend linearly on C at 1=0.5. Model A is therefore no
D T

further considered. Model B similarly fails to mimic the J vs C
* D DT

data.

C^T appears in both models C and D. Only the exponential in D

makes a difference in the goodness of fitting by both models, as

T was essentially constant throughout the C range chosen for D DT
the rate experiments. The linear dependence of Jp on nickel con­

centration is granted because 0 was unaffected by changing metal 
concentrations (Lin, 1984). The main unknown was the response of 
these two models to charges in pH. The dependence of \Jj on pH was 
estimated as a charge of less thar 4mV across the pH range by Lin

(1984). In Table 1, estimates of 0 and the ratio 0 /C are listed
s H H

versus pH. The 0 /C curve increases els pH is increased then f lat-
H H

tens in a similar way as the versus pH curve. Such behaviour

suggested that models incorporating the ratio 0 /C would be able
H H

to simulate the pH effect on J .
D

For data-fitting regressions, C j was corrected as eqn.V.37 
to account for the effect of mass transfer resistances:

7 J
c ’ = c -----—  (V. 37)
DT 0T Ko

- A  - 1The value of K used was 1.4.10 ms . This correction ranged 0
from 0.6% Cdt at pH=0.3 to 1.5%Cdt at pH=2.5 and above. Correc­

tions for aqueous concentrations were estimated in a similar way 
and resulted of similar values. The correction due to MT in the 
water phase are however negligible in respect to the concentrative 

effect due to ip. The exponential factor in model D is around 4.8 
for f̂=-40mV.

The statistical package MINITAB available in the library of 
the College’s CDC computer was used to perform multivariable re-
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gression analysis of the experimental results. That analysis show­

ed that model C fits the data better than model D (with correl­

ation coefficients R=0.9955 and 0.9803, respectively). Analysis of 
variance more clearly indicated the better fit by model C. The F- 
ratio for this model returned by the package was 2564, whereas F 
was only 540 for model D. Both values are however larger than the 
requirement (F=248) for the appropriate number of degrees of free­

dom and at 5% confidence level (Mickley et al., 1957). The
-7 2 - 1 - 1apparent kinetic constant in model C was k7=9.68.10 m kmol s .

Predictions by model C are shown in figure IV.35 to agree 
closely with the versus pH results. The Jp versus pH subset of 

the data were also better fit by model C (correlation coefficient 
R=0.9579) than by model D (R=0.9356). Some conclusions obtained in 
this section are summarised next:

1) The interfacial speciation has been simulated based on the or­

ganic bulk speciation, on adsorption, dissociation and cation ex­

change equilibria, and using reasonable values for the constants 
regulating those equilibria.

2) Relatively simple rate models have been derived assimilating 
the interfacial speciation to that in the organic bulk. Both mo­

dels based on the assumption that reactions between the adsorbed 
extractant and nickel ions or complexes are the RDS under chemical 

regime were unable to simulate the effect that changing extractant 

concentrations had on fluxes. The other two models based on the 
assumption that the rate of interaction between nickel complexes 
adsorbed at the o/w interface and reversed micelles controls the 
rate of the overall reaction predict fluxes that fully reflect the 

effect of varying concentrations.

3) The fact that the mechanism of interactions between adsorbed 

complexes and micelles be common to both successful models indi­

cates such interactions as the most probable RDS in the extraction 
of nickel. This mechanism synthesizes the following two previous 

suggestions:
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a) that the adsorption of monomers resulting from micelles disag­

gregating in the interfacial zone "trigger the concerted desorp­

tion" of film material (Carroll, 1981). Nickel complexes are among 
those desorbed species, thus

b) those desorbed nickel complexes reside in the palisade of re­

versed micelles (Osseo-Asare and Keeney, 1980a) forming in the in­

terfacial region.

4) Statistical analysis of the successful models showed that the 
main mechanism responsible for the extraction was the removal of 
neutral nickel complexes from the o/w interface by reversed mi­

celles. Danes! et al. (1976), instead, found that the reaction be­

tween charged, 1:2/iron: DNNSA adsorbed complexes and reversed mi­

celles was the RDS.

5) It follows from the previous conclusions that the composition 
of the interfacially adsorbed film is in chemical equilibrium with 
the aqueous subphase while the rate is subjected to a kinetic con­

trol determined by the combination of interfacial and organic bulk 
compositions. It is important to point out the possibility that 
changes in either or both these compositions may lead to a shift 
in the RDS. Such possibility is explored in section V.8, where the 
organic bulk speciation of extractant mixtures (section V.7) and 

the interfacial speciation sire implemented in a model able to 

substantiate the rate enhancements reported in section IV.9.

6) The interaction between micelles and adsorbed complexes results 

in the depletion of fresh micelles in the organic subphase. More 
reagent is supplied to and products are removed from the reaction 
zone by the mechanisms of molecular and convective diffusion. The 
interplay between the chemical kinetics analyzed in this section 
and those transfer mechanisms that simultaneously take place is 
investigated in sections V. 4 and V.5.
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V.4. INTERFACIAL REACTION AND THE TWO-FILM THEORY

Mechanism and rate investigations of heterogeneous reactions 
are complicated by the occurrence of simultaneous kinetic and mass 
transfer phenomena. Convective and molecular diffusion supply rea­

gents to interfacial reactions and remove the reaction products. 
Depending on the relative rates of reaction and mass transfer, the 
resistance due to one mechanism may predominate over the other and 
thus determine the global rate.

When the rates of reaction and mass transfer are comparable 
the overall rate control is shared by both mechanisms. This is 
called the m i x e d regime of mass transfer with chemical reaction. 

Consider the reversible reaction V.38 at the o/w interface:

_ k f _

aA + oO o pP + hH (V.38)
k
r

The rate of product P accumulation in the bulk of the receiving 
phase equals the rate of reaction at the interface and is also re­

lated to the diffusive fluxes of species by the stoichiometric co­

efficients as follows:

v dC
J = -i -rrP = k f  (C.')-k f (C.1) (V. 39)

A  dt f 1 j r 2 j

and, for both reagents:

—  = —  K (C -C *) (V.40)p a a A A

= —  K (C -C ’ ) (V. 41)
O o o o

where the MTCs K describe the resistance to mass transfer across 
J

a boundary layer of thickness 5 (Lewis and Whitman, 1924), the set 
of J interfacial concentrations is denoted by C 1., and the func­

tionalities f̂  and f are in general different. Equations like 

V.40, V.41 can be similarly set up for the reaction products. Con­

centration profiles are shown in figure V.7 for 0 under one hy­
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drodynamic condition and for A at two bulk concentrations under 
three hydrodynamic conditions (i.e. 6, 5’, and 5’’). Electrostatic 
interactions are not considered. The profiles of P and H are not 

shown for clarity. The diffusion layer is assumed to thin from 6 

to 8”  as Re is increased to Re**.

Under initial conditions, the concentration of products is

low and the second term in the RHS of eqn. V. 39 may be neglected.

The system of eqn. V. 39 and the four flux equations can be solved

with appropriate values of the mass transfer coefficients (MTCs)

for the four interfacial concentrations (C1.) and the flux (J).
J

Assuming first partial order in A and for all other con­

ditions constant, it follows from eqns.V.39, V.40 that

Ka(Ca"C1) = (ak/p) C* (V.42)
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Hence the following proportionality between and is obtained:

C ' = B C ,  where B =A A a k < 1 (V.43)
1+

P *

At constant hydrodynamic conditions B is a constant. When the bulk

concentration of A is increased from C to C^, increases to

C1 . The ratio between both pairs of concentrations is a constant A2
given by

A2 C1 „/B A2 A2
C \A1 C /B C . A1 A1

Thus
A1

and, since we chose that C /C >1, it follows thatA2 A1

> (c»fcA1) (V.44)

Thus as the bulk concentrations are increased, the concentration 

profiles are steeper, translating in faster mass transfer and in­

terfacial reaction.

As Re increases, convective-diffusive mechanisms become more 
efficient (i.e. K increases) whereas kinetic mechanisms do not 
(i.e. k is constant). The kinetic share of the global control in­

creases as a consequence. When further decreases in 5 do not 

translate into further increases in J the rate is fully controlled 

by the reaction kinetics, and the system is said to be c h e m i c a l l y  

or k i n e t i c a l l y controlled. Then B approaches 1.

When K is small and the reaction is fast, mass transfer pre­

dominates and, in the limit, the observed rate depends fully on 
the value of the MTCs. The system is then under d i f f u s i o n a l  or  

m ass t r a n s f e r control. Here, the kinetic model V.33 no longer
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links concentrations, which are instead related by the LMA, as 
follows (Bauer and Chapman, 1976):

Ke k

k

r

f (V.45)

In the transfer regime represented by eqns.V.39 to V. 41 the 
dependencies of the extraction rate on bulk concentrations may not 
be the same as for the interfacial concentrations, thus leading to 
only apparent orders of reaction (Ortiz et al., 1977). Such obscu­

ring of the true reactions orders is sometimes called "diffusional 
falsification" (Froment and Bischoff, 1979). It is therefore ne­

cessary to ascertain that the reacting system is under chemical 
control when experiments are made to evaluate those orders.

Experiments run under varying hydrodynamic conditions can 
help to decide which is the rate determining step (RDS). If the 
control is diffusional, increases in MTCs and in J are observed 
when Re is increased. The physical MT results shown in figures 
IV.14, IV.17, and IV.22 are examples of this case. The nickel flux 

(Jd) in the NDSC at high [DNNSA] and low stirring speeds (N) de­

pended similarly on N (figure IV.32). When there is chemical con­

trol, however, the flux does not change with N, as shown at higher 
N and lower [DNNSA] in figure IV.32. Higher plateaux are shown at 

higher values of [DNNSA]. This finding is expected because in this 
case B->-l and gradients become flatter, thus variations in bulk 
concentrations are followed at ratios closer to 1 at the inter­

face. The faster the reaction, the more efficient the diffusive 
mechanism must be to reach kinetic control, thus higher plateaux 
onset at higher values of N.

Danes! (1983, 1984) has argued that pseudo-kinetic plateaux 
may result from the lesser stirring efficiency due to slip at in­

terfaces at high speeds. The following discussion however proves 
that the plateaux shown in figure IV. 32 are due to chemical con­

trol .

Physical MT fluxes increased as Re“ even above N= 300rpm 
(figure IV.22, table F.14), where was at plateaux. Thus the
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MTCs (K) increased in the plateaux range, i.e. 9K/9N*0. The

plateau at C =5.10 3M started at Ns200rpm, whereas J at C = 
_ DT D DT

1. 10 Td was found to increase up to Ns300rpm. The shift of the 
plateaux to higher values of N at faster reaction rates must be 
due to increases in K because, at a plateau,

9J /9N = 0 = 9J /9K . 9K/9N 
D D

It follows that 9J /9K=0, which is the condition of kinetic con-
D

trol. Observed flux dependences on concentrations are therefore 
numerically equal to partial reaction orders, as they were consi­

dered in section V. 3.

It was said in the previous discussion that the rate of nic­

kel transfer equals the rate of interfacial reaction. It was 
however found in section V.3 that the reaction rate was controlled 
by the rate of interaction between the adsorbed film and micelles 

in the organic subphase. Due to such interaction, unconverted mi­

celles deplete in the organic sub-phase, and its concentration de­

creases as the FE remains in the interfacial region. Because of 
turbulence, there is a random replacement of FEs in that region. 

It follows that the age of FEs and the reaction rate associated to 
each of them are time-distributed. The two-film theory approach 
followed in this section does not account for such age distribu­

tion. In the next section, the penetration-surface renewal appro­

ach is followed in an analysis able to predict fluxes into indivi­

dual FEs and also average values.
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The interaction between reversed DNNSA micelles and the ma­

croscopic o/w interface was found in section V.3 to be the RDS in 
the extraction of nickel by DNNSA. Micelle-interface communica­

tions as those shown in figure V.3 sire proposed. Such interactions 
resulted in water solubilization by micelles in the organic sub­

phase (sections IV. 1.2, V. 1, and V.2) as well els in the transfer 
of interfacially adsorbed nickel sulphonates.

The mechanisms involved in the solubilization process shown 
in figure V.3 are: disaggregation, concerted adsorption-desorp­

tion (Carroll, 1981), and aggregation, all taking place in a fluid 
element (FE) in the organic sublayer adjacent to the o/w inter­

face. Similar micellar dynamics must be operative when nickel is 
present. Changes will then be expected in the composition of the 

adsorbed film. MTCs calculated from solubilization experiments may 

thus be used to estimate rates of renewal of the organic sublayer.

It was assumed in section V.3 that, during extraction experi­

ments, the composition of the adsorbed interfacial m o s a i c was that 
at equilibrium with the aqueous sublayer adjacent to the inter­

face. A micelle contained in a FE next to the interface will be 
considered converted when, due to one interaction with the inter­

face, it has incorporated to its palisade one previously adsorbed 
nickel sulphonate. The micelle will instead be called loaded when 

it has exchsinged its core contents without incorporation of nickel 
complex to the palisade. Physical solubilization of nickel into 
the core is neglected. The following non-stoichiometric, irrever­

sible reaction (first order in micelles) is eissumed:

D.xH 0 + MD®d --->- MD .D .yH 0 + 2D*17 2 2 2 5 2
The choice of the 1:2 complex does not imply that the charged 

1:1 complex can not be similarly attacked. The FE must remain a 
critical time e at the interface to achieve a given conversion, 

say 99% of the metal loading capacity of the micelles contained in 

it, LC /m, where L is the equilibrium nickel loading of the ex-
DT

V. 5. INTERFACIAL REACTION AND THE PENETRATION-SURFACE RENEWAL
THEORY.
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tract. The time required for 99% of the micelles in the FE to load 
water will instead be called x. All the interfacial area (A) is 
available to water solubilization, whereas only the micelles hit­

ting the fraction AG^. covered by Ni-sulphonates transfer nickel

from the interface. In other words a micelle loads water the first

time it hits the interface, but it requires l/O^.hits to strike 
upon an adsorbed Ni-sulphonate. It is therefore expected that x<c, 
and more strictly, that e^r/e^.. It follows from the different

rates of conversion and loading that the water transfer flux (J )w
will be largely determined by the rate of FEs renewal (s), whereas

the interplay between renewal and conversion due to the above

reaction will set the value to the nickel flux (J ).
D

The rate of renewal s depends on the level of turbulence in

the bulk phase, as confirmed by experiments: the values of J in-1 w
creased approximately as Re ’ at constant composition (figure

IV.22). Thus water solubilization rates were fully under MT

control. J , instead, increased first as Re was increased, then D
reached a plateau (figure IV.32).

In the schematic figure V. 8, t is the time spent by the FEC
next to the interfacial film. At sufficiently low values of Re, 
t >e and the FE adjacent to the interface reaches equilibrium con-C
version. This is the mass transfer (MT) regime, where depends

on s only. When t <e, the FE leaves the interface scantly conver- c
ted. JD is then determined by the micelles-film interaction rate, 
and is independent of the turbulence in the bulk. This is the 

ch e m i c a l or kin e t i c regime. The height of the plateaux depends on 
the value of C , as discussed in section V.4.
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Figure V.8 . Subphase Conversion and FEs Renewal.

JD

Re (organic)

An attempt will now be made to translate the model into ma­

thematical terms. Nickel complex-bearing micelles form by micelle 

-interface interactions and accum. ulate in the sublayer, giving 
rise to molecular diffusion into the FE, which is assumed stag­

nant. The driving force for diffusion is given by the difference 
between the concentration of complexed micelles at the "surface" 
of the FE (Cj) and in the bulk (Ĉ ). The second Fick law describes 
the process in the FE:

9C a2C (V. 46)M M

C =Cb ; t=0, x i 0 M M

C =Cb ; t>0; X— >- co M M

The remaining boundary condition (BC) is provided by the following 
balance between reaction and diffusion rates at the interface:

dC
- ■ - = h( LC /m -C ) ; x=0, t>0 (V.47)dx DT M

ke N iwhere h=— ^--- and the apparent heterogeneous constant k is

k’ar^A, where k’ is the frequency of collisions between micelles 
and interface. The thickness of the hypothetical reaction film
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next to the adsorbed film is S, and 0 . is the fractional inter-N1
facial coverage by metal complexes. The interfacial excess can be 
assumed constant at Cdt»CMC of the reagent.

BC V.47 is equivalent to that found when a solid is heated by 

radiation (Carslaw and Jaeger, 1959) and also in the case of humi­

dification of a solid in contact with a wet gas stream (Crank, 
1979). The solution of eqns.V.46., V.47 is obtained by Laplace 
tranformation in appendix E. The unsteady flux into each FE is gi­

ven by:

J =  hMLC /m-C**) exp(h2®t)erfc(hv^St) (V.48)
1 DT M

where t is the FE residence time at the interface. The average 
interfacial flux is given by:

J
D

(V.49)

where #(t) is the surface age distribution function. Use of 
Danckwerts* (1951) random surface renewal model, i.e.

#(t)=s exp(-st)

leads to the following expression of the average flux:

J =
D

k0 .(LC /m-C*) 
Nl DT M

s-h1/ Ss 1 
s- h? S J

(V.50)

The integration is detailed in appendix E. The constant k in eqn. 
V.50 was evaluated from the results shown in figure IV.32 (Table 

IV.28) using a minimization routine. The computer code (program 

FIT) is included in Appendix H. The estimates of s obtained in 

section V. 1 and zero bulk complex concentration (c|j) were used. 
The fractional coverage by nickel complexes and the equilibrium 
conversion of the extractant were both taken as 10% from the esti­

mates in sections V.3 and in table F.22 (column c), respectively.
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-4 -IThe value k=3.27 .10 ms for the apparent heterogeneous cons­

tant k fitted the experiments best.

Fletcher et al. (1987) reported intermicellar collision (ho­

mogeneous) rate constants in the order of I03s’1. Albery et al. 
(1987) estimated a value of 2.5.1 0 5ms 1 for the heterogeneous 
frequency of collisions between reversed micelles and the macro 
-o/w interface, thus around one order of magnitude smaller than 
the result obtained in this work.

Predictions by model V.50 (program REWAL, Appendix H) are 

compared with the experiments in figure IV. 32. The model mimics 
the plateaux observed at varying heights and onsetting at vary­

ing stirring speeds depending on the value of C . No plateaux 
were observed for physical mass transfer fluxes under similar con­

ditions. It is therefore appropriate to attribute the occurrence 
of plateaux to the interfacial reaction. The above analysis shows 

that an integral consideration of:

a) the interfacial resistance due to chemical reaction,

b) molecular diffusion of the reaction product, and

c) renewal of FEs in the organic subphase,

leads to a rate model that correctly simulates the experiments. 

The finite y-intercepts shown in figure IV. 32 at N=0 (hence s=0) 
are consistent with the fact that, due to natural convection and 
molecular diffusion, some extraction took place even when there 
was no forced convection in the phase.

V. 6. KINETIC MODEL FOR Ni(II) EXTRACTION BY LIX63.

Two mechanisms in parallel were proposed in section IV. 5 for 
the extraction of nickel by LIX63: exchange and solvation. Depen­

ding on pH, one mechanism was found to be thermodynamically more 
favourable than the other. It is expected that each mechanism be 
associated with an intrinsic rate of reaction, and that both rates 
be in general different. Dynamic extraction in the NDSC would thus
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follow the reaction path kinetically more favourable. The pH de­

pendence of flux reported in section IV.8 indicates that the ex­

traction proceeded preferentially along the exchange mechanism. 
Solvation will therefore be neglected in the following rate model­

ling.

Let us now consider eqns.IV. 53a to IV.53c and the fact that 

a Clt 1. The adsorption density I* is expected to be almost 
constant as the C range investigated, (0.5 to 20.) 10 3 kmolm 3 

was above the CAC (= 2.10 M; Osseo-Asare, 1984). It was found in 

section IV. 1.2 from the data of Al-Diwan et al. (1977) that T =
— -3 —3 — ^

constant around C =1.10 kmolm . T was found to vary at C >
LT L _  ^0 7 LT

CAC from <r measured in this work. T depended on C ‘ in the
-3 -2 L _  Frange 1.10 to 1.10 , wherein Jl depended on Clt ‘(subsection

IV.1.2). Thus, according to either set of results, reaction

IV. 53 .b cannot be the RDS.

The constant value of r plus the rate of copper extraction 
dependency on bulk concentration of LIX65N prompted Al-Diwan et 

al. (1977) to conclude that "either the kinetics of extraction Eire 

unrelated to the interfacial concentration ...., or that inter­

facial concentrations have been wrongly estimated". The approach 
chosen here attempts to demonstrate that minor variations of Tl 
with charges in Ĉ Srfc' not irreconcilable with an interfacial RDS.

Reaction IV.53c meets the requirements: it is an interaction 

between interfacially adsorbed complexes and organic phase aggre­

gates. Constant adsorption densities will reflect in rate models 

via concentrations of the former species, whereas changes in the 
concentration of the latter species closely resembles changes in 
the formal extractant concentration. As shown below, rate equa­

tions based on this reaction as the RDS reproduce the effect of 
changing extractant concentrations on the flux, even though be 
constant in the range of interest. The proposed mechanism is thus 
similar to that suggested for the extraction by DNNSA alone:

1) The cations are complexed by adsorbed oximes via fast reac­

tions that probably involve the partial loss of hydration water by
Ni (HO)**.

2 6
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2) The interface is a mosaic of adsorbed oximes and nickel oxi- 
mates at equilibrium with the aqueous phase. The adsorption of K- 
oximates (known by experimentation) or of ionized species (known 
from the EM work of Osseo-Asare and Lin, 1983) is negligible. The 
FC by metal complexes is given by

0
Hi

i ad

r /aL
(V.56)

where A is the thickness of the adsorbed film, required by dimen­

sional consistency.

3) Thus the monolayer is chemically equilibrated with the aqueous 

phase, and desorbs upon the interaction between LIX63 aggregates 
(mostly dimers, ((H2L)2> or D2) and the interface, eqns.IV.53c and 
IV.56c. Thus this interaction controls the rate, and the observed 
metal flux is given by:

J
L

r k e c’
L L Hi 2

(V.57)

where k =k’/A and C1 is the concentration of dimers next to the 
L l 2

interface. As in section V. 3, an expression relating O^.to measu­

rable concentrations is needed. Concentrations in both phases ad­

jacent to the interface were estimated by correcting bulk values 
for mass transfer resistances (els discussed in section V.4). On 
the organic side the corrections (J^/K^) were around lO M̂, thus 
much smaller than the values of C used. Substitution of concen-

LT
.adtrations of adsorbed nickel complexes due to exchange (C .

44 _ qJ
stoichiometry Ni /NO, /oxime=l/l/l) emd to solvation (C )

3. HsaH
the adsorbed oxime (C ) in eqn. V.56 leads to:

with

a n d

0Ni
+ Cad

Hs

Cad+ Ca d 

Me
+ Cad

Hs

(V.58)
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The LMA applied to reactions IV.53a and IV.53b is:

K53=
.ad

M e
C~ dH
c1' c'c8*

M  a 1

(V.59)

where is the nitrate aqueous concentration close to the in­
terface. The i superscripted refers to the electrostatic correc­
tion (Hartley and Roe, 1940) and it will be dropped in view that ip 
= 0 in this case (Osseo-Asare et al., 1983). Equations IV.56 take 
place simultaneously with eqns.V.53, and from the LMA the follo­
wing expression is obtained:

C8*
K _ _______Ns

56 C1 C 1 fc adM a 1

(V.60)

Substitution of eqns.V.59, V.60 into V.58 leads to

6 = Ni
K C C (K ,/C +C ) 
56 M a 36 H a

1 + K C C (K ,/C +C ) 56 M a 36 H a

odwhere K = K /K . C cancels out. 36 53 56 i
.57 leads to

Inserting eqn.V.61 into eqn. V

J
L

r K C C (K /C +C ) 
k L 56 M a 36 H a ^

L 1 + K C C (K /C +C ) 256 M a 36 H a

(V.62)

The constants in eqn.V.62 can be estimated by consideration of the
exchange mechanism of extraction alone. At pH=2.5, C /C >6. This

M c Ms
approximation simplifies eqn.V.62 into eqn. V.63

J =k /H L
K ,C C C,/C 53 M a 2 H

L 1 + K C C /C 53 M a H

(V.63)
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which can be rewritten as follows:

C C C r 
M a 2 L

C J
H L

c c
M a

kiK53
(V.64)

The constants in equation V.64 were evaluated by linear regression
6 -?of the data using the MINITAB package as kLK53=28.8m skmol and

k =14.4 m3s'1kmor\thus K =2m3kmol'1. When 1«K C C / C ,  eqn V. L 53 53 M a H ^
63 reduces to :

J s (k) T,C, (V. 65)L L L 2

Eqn.V.65 predicts that fluxes be a function of extractant concen­

trations only. The data at C =0.01 and 0.02M cluster on a
_  Li­

st raight line up to C C C /2C £0.004; thereafter plateaux at dif-
M a LT H

ferent heights corresponded to each value of Clt (figure V.9), in 
agreement with eqn. V.65.

A second effect of pH on is not explicit in eqn. V.62. As

pH was increased from 1 to about 4, <r in the LIX63-Escaid-0.5M

(H SO, +Na SO ) system increased from around 18 to around 22mNm 1 
2 4 2 4

(Al-Diwan et al., 1977). Such changes in <r probably reflected 
changes in the value of r . No information is available to quanti­

tatively estimate this effect as the dependence of <r on pH and on 
I has not been investigated in this work.

It seems interesting to note that the concentrations functio­

nality in eqn.V.63 is similar to that found in a rate model propo­

sed by Inoue et al. (1985) for the extraction of nickel by the hy- 
droxyoxime SME 529. That model was based on the reaction between 
intermediate adsorbed complexes and extractant molecules in the a- 
queous phase as the RDS. Thus the partition coefficient appeared 
in the rate model and the authors concluded that it satisfied the 
correlation between rates and aqueous solubilities found by Akiba 

and Freiser (1982). Inoue et al. (1985) showed fluxes linearly de­

pendent on organic bulk extractant concentrations at pH<7, consis­

tent with constant partition coefficients under those conditions 
reported by Inoue and Tsunomachi (1984).
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The fact that similar rate models result from assuming a RDS 
as a reaction between interfacial films and extractants in the a- 
queous phase (Inoue et al. , 1985) or in the organic phase (this 
work) is somewhat striking. The model by the former authors could 
be readily tested by investigating the dependency of fluxes on the 
bulk concentration of SME 529 at pH>8, where P varied as [SME 
529)“0'35 (Inoue and Tsunomachi, 1984).

V.7. SPECIATION IN DNNSA-LIX63 MIXTURES

Zheng and Osseo-Asare (1987) proposed that aggregation in 
DNNSA-LIX63 mixtures result in a number of species and estimated 
the various constants that relate the concentrations of those 
species at equilibrium. Here the same species are assumed and the 
same values of the equilibrium constants are adopted.

The aggregation of DNNSA has been extensively studied (sub­

section II.1.2). The monomer-micelle equilibrium is described by 
the LMA:

Bars identifying organic species will be omitted in most of this 

section as all species considered belong in the bulk organic 

phase. The counterions are likewise omitted for simplicity. Con­

sideration of the aggregation of DNNSA as one-step is substan­

tiated by the abrupt change in aggregation number (m) from nil to 
ground 7 as C was increased beyond the CMC (Zheng and Osseo 
-Asare, 1987).

The values of m for LIX63 increased gradually from 1 to a- 

round 2.2 at C^sO. 12kmolm 3 (Zheng and Osseo-Asare, 1987; Aguilar 

et al., 1983), thus a stepwise aggregation mechanism is more pro­

bable in this case, as follows:

7D o D_ ; K = C /C7 = 6.47. 1026 7 p D7 D (V.66)

(V.67)

L + L o L 2
3 (V.68)
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A mixture of mono-, di-, and trimers coexist in the range 1.10 
:sC^ 0. Ikmolm 3 (Osseo-Asare and Zheng, 1987)

The literature on the aggregation of mixed extractants is 
less rich than that concerning single surfactants. Keeney and 

Osseo-Asare (1982) proposed the formation of the following mixed 
binary aggregate as responsible for the shifts in the CAC and the 
CMC of the mixtures, and for the dissappearance of the IR band of 
free HO" in LIX63.

L + D » DL ; K = C /C C = 4.84.104 (V.69)
b DL D L

At C =0.01kmolm3 and at C within the relatively high ran-
-3 -3 ^

ge 2.10 to 0.15kmolm , Osseo-Asare and Zheng (1987) concluded 
that LIX63 was solubilized by DNNSA micelles, to form mixed micel­

les of variable stoichiometry D7«nL, with n taking values from 0.6 
to 7. When C was increased further to the range 0.01 to 0.09 
kmolm 3, the VP0 data of those authors showed minima corres­

ponding to the largest extent of aggregation at values of the 
C /C ratio around 2/3. Such ratio was previously found in mixed 
metal complexes by the Method of Continuous Variation (Osseo-Asare 
and Renninger, 1984). The following three aggregation equilibria 
are thus considered, with their relative importance being determi­

ned by the value of C /C .
* DT LT

D„ + L « D . L 
7 7

K = C /C . C = 249 
M1 D7L D 7 L

(V.70)

D + 2L o D . 2L ; K = C „ /C . C = 1.58 
7 7 H2 D 72 L D7 L

(V.71)

D7+ 3LoD2.3L + 5D; KM=CD23L-C* /CD7'Cl = 1-27.10 '13(V .72)

The formal DNNSA balance about the bulk organic phase is:

C = C + C + 2 C + 7 (C +C +C ) (V.73)
DT D DL D 23 L D7 D7L D72L

and the LIX63 balance is

C = C + C  + C + 2 (C +C ) + 3 (C + C ) (V.74)
LT L DL D7L L2 D72L L3 D23L
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Equations V.66 through V. 72 were substituted into eqns.V.73,

V. 74 and the latter were solved for the monomer concentrations C ,_ Q
C in the range 1.10‘5 s C as 5.10'2 and at C = 1.10'3, 5.10 ,L -2 -3 DT LTand 1.10 ^kmolm . The Numerical Algorithms Group (NAG) routine

C05NBF was used to evaluate C and C from eqns.V. 109, V. 110 at 
_  _  d  L

each C , C point. A listing of the computer code (NORG) is in-
DT LT

eluded in appendix H.

The concentration of the various aggregates was then computed 
by back-substitution. The speciation maps obtained in this way are 

shown in figures V.10 and V. 11, as log(species) vs log C , at two 
values of [LIX63]. It is shown in figure V. 10 that the mixed dimer 
DL is the main aggregate in the lower half-range, where micellar 
concentrations are negligible. DL is important in the upper half­

range, where it is in higher concentration than either monomer. In 
the latter region, however, micelles are significant. The "pure" 
micelle predominates at the upper end of the range. The mixed 
micelle D7*2L is nowhere relevant. The concentration of D7«L 
varies as that of D̂ , particularly at higher C .

Breaks can be seen in the C „ and in the C , versus C cur-
_  D 7  D7L DT

ves in both figures, at Cdt values somewhat higher than the res­

pective CMCs. The concentration of D23L peaks near those breaks at

both values of C .
LT

The one prediction by the analysis which cannot be readily

explained is the high value of CL at the lower end of the range.

At C =1.10 5kmolm 3, C =C =1.10 3, whereas C and C „ are 
DT L _LT _  L 2  L3

between (0.01 and 0.001) C . Thus at 0^=1 • 10’3 kmolm’3 the free

oxime is mainly as a monomer when DNNSA is in solution, according

to the model. At C = 5.10 3kmolm 3, and C =1.10'5kmolm"3, C is 
_  LT DT L3

around C^/20, consistent with the higher aggregation expected at 
higher LIX63 concentration.

It is shown in figure V. 10 that C „ crosses above C as C
L2 L3 DT

is increased past the CMC. Besides, the concentrations of the 
three free oxime species (L, L2> and L3) fall more sharply at CpT> 
CMC, consistent with the proposed solubilization of the oxime by
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Figure V.lO Speciation of DNNSA-LIX63 mixtures atO O
[LIX63j= 5.10” kmolm” .

245



[O
RG

AN
IC

 S
PE

CI
ES

]

Figure V.ll Speciation of DNNSA-LIX63 mixtures at 
[LIX63]=1.10”\molm~3.
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DNNSA micelles (Osseo-Asare and Zheng, 1987; Osseo-Asare and 
Keeney, 1980a).

V. 8. KINETIC MODEL FOR EXTRACTION BY MIXTURES

An attempt is made in this section to find a quantitative ex­

planation to the pH and organic composition effects on presen­

ted in section IV.9. The rate model will draw inputs from the n-A 
isotherms calculated in subsection IV.1 .2, the interfacial poten­

tials corrected in subsection IV.1 .3, the cation exchange equili­

brium reported in subsection IV.4.1, the single-reagent models 
derived in sections V. 3 and V. 6, and the organic speciation com­

puted in section V.7.

It was concluded in section V. 3 that the rate of interaction 
between reversed micelles and the adsorbed film determines the 
rate of nickel complex desorption and phase transfer under plateau 

conditions with DNNSA alone. In that case, all the experiments 
were done at Cdt>CMC, where the interfacial density (T̂ ) was ap­

proximately constant. The concentration of discrete particles (DP, 

micelles in this case) changed els Cdt *, because the concentration 
of micelles was much larger than the monomer concentration and the 
aggregation number is constant.

When LIX63 was added to DNNSA solutions, the interfacial den­

sity of the mixtures (T ) was found to be smaller than T (section
M  D

IV.1), and the speciation of the system changed (section V.7). The

decrease to T from T means a dilution of the adsorbed mosaic,
M  D

thus the interfacial complexation of nickel must be slower in mix­

tures than with DNNSA alone. The concentration of DPs able to 
interact with the adsorbed film, however, increased as more LIX63 
was added due to the formation of s u b - m i c e l l a r  a g g r e g a t e s (SMA). 
Thus the rate of interfacial interactions causing renovation of 
the interfacial film is expected to increase.

The combination of slower conversion and faster desorption 
may shift the overall rate control to the former mechanism in mix­

247



ed systems. An attempt is now made to translate the model into ma­

thematical terms. Two assumptions are made:

1) The rate at which an adsorbed film desorbs depends mainly on 

the concentration of aggregates that interact with the film. The 
film properties are a factor of lesser importance.

2) The various aggregates are similarly efficient to interact with 
and desorb the interfacial film. In other words, the spread of 
DP-interface coll is ion frequencies is small, and it is accepted 
that a single frequency describes the interfacial mechanics.

A factor F is now defined as the ratio of DPs concentra­

tions in both systems:

Concentration of DPs in mixtures
F = -----------------------------------  (V. 75)

Concentration of DPs with DNNSA

The numerator in eqn.V.75 is the sum of the concentrations of 
micellar species (MIC) and of SMAs (SMA) in the mixed system:

MIC + SMA=(C +C _ +C _  )+(C +C „  +C +C J  
07 D 7 L  D 7 2 L  D L  D 2 3 L  L2 L3

The denominator in eqn.V.75 is simply C /m since C >CMC in the
M  *  *  o t  D 2

concentration range chosen. Values of F are shown vs C in figure 
V. 13 at Clt=1. 10 3kmolm 3 and 5.10 3 kmolm 3. F was computed by 
program NORG, listed together with sample output in appendix H.3.

In figure V. 12, F is seen to decrease at C =1.10’3M from
_  LT

around 12 to around 9 as C was increased up to the CAC. F de-
DT

creased slightly in the range CAC s c ^ CMC, and it fell again 

more sharply at C >CMC to F^l at Cdt= 1. lO^kmolm*3. Three 
regions are identified accordingly. In region I the concentration 
of monomers decreases as more DNNSA is available to form SMAs. MIC 
££ 0, and the denominator in eqn.V.75 grows faster than the nume­

rator as C was increased toward the CAC of the mixture.
DT
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In region III the oxime was solubilized by micelles forming 
appreciably above the mixture’s CMC (Osseo-Asare and Keeney, 1980, 
Zheng and Osseo-Asare, 1987) thus SMA decreased while MIC incre­

ased. The reason for the saddle point in region II is less ob­

vious, one possibility being the depletion in L2 and L3 at the ex­

pense of (figure V. 11).

The flux enhancement ratio (E) also shown in figure V. 12 was 
defined as follows

E=J /J (V.76)
M  D

The partition in three regions also applies to the E vs Cdt

curve. Results presented in figure IV. 37 as J , J versus C , C

are reproduced in figure V.13, where the three regions are shown.

It is interesting to compare figures V.12 and V.13. The horizontal

stretch at Cdt<CAC in figure V. 12 at E^1 corresponds to region I,

where J and J vary as C “1. J was nearly constant in region II, 
0 M D T M

thus E fell to around 2 at C =CMC. E was almost constant in re-
DT

gion III as the curves vs 
lei.

C and J vs 
DT M

Cdt were again paral-

The large value of F at C <CAC and the fact that T <T sug- 
gest the possibility that the rate of interfacial complexation be 
lower, thus rate-determining, than the rate of desorption in re­

gions I and II. This hypothesis is substantiated by the following 
argument. The rate models derived in sections V. 3 and V. 5 
included the concentration of micelles explicitly. If similar 
mechanisms of interaction between aggregates and the interface 

control the rate in this case, the flux equation must be of the 
form

J = k r e  (MIC+SMA) (V. 77)
M  M  N i

where k=k’/A, and the factor including the surface renewal fre­

quency s in eqn.V.50 (section V.5) is assumed equal to one. The

sum MIC +SMA increased as C ' 1 between the CAC and the CMC of the
DT

mixtures (region II), while the fraction 0^ is not expected to va­

ry significantly. also increased in the region (figure IV.4), 

thus values of strongly affected by would be predicted.
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That variation was not found experimentally. Instead J increased 
slightly, its variation resembling that of r . In region II, 
therefore, the results suggest that complex formation instead of 
desorption was the RDS with mixtures. This step does not involve 
organic aggregates, i.e. it is an interaction between aqueous and 
interfacially adsorbed species.

Because T1 is smaller than T11 and because F 1 is larger than M M
F , the above conclusion about the RDS is even more obvious in 
region I.

Now the reactions controlling the extraction kinetics in re­

gions I and II may be written. The assumption is obvious that 
oxime and sulphonate adsorb. The former is assumed undissociated 
from the 0 measurements (Osseo-Asare et al., 1983) and loaded with 

NO’ as confirmed by experiments in this work.

, i ad 
M 2+ +  D’ ---- >- M D ^

NO* + H2Lad« NO’. H2Lad

M2+ + NO’.H2Lad--- v (N03)MHLad+ H+

The contribution by DNNSA to the total flux is

J =vk’ C 1’ Cad (V. 80)
o D M D

and the contribution due to LIX63 is

J=vk’ C 1 Cad/Cf (V. 81)
L L M L H

The superscript i in this case indicates that bulk concentrations 

are to be corrected for electrostatic effects and for gradients 
due to mass transfer resistances. The observed flux is simply the 
sum of both contributions:

(V.78)

(V.79)

J =J +J (V.82)
M D L
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The concentrations of adsorbed reagents are estimated from the as- 
sum^ion of an interfacial mosaic equilibrated with a nickel-free 
aqueous phase. For LIX63, the following simple approximation al-

fidlows estimating Cl from the results shown in table IV. 2 and fi­

gure IV. 4:

ĉ se r /x (v. 83)L L M

Due to the low selectivity of DNNSA, estimating its interfacial 
concentration is less simple than for LIX63. C^1 is approximated 
neglecting the FC by nickel complexes in the following balance 
about the adsorbed film:

6 s 6 +0 +0
D S H D KD

T C
ad

T /A 
M

A e
s

(V.84)

where A was defined before (section V.3) as eqn.V.26, and the FC 
by ionized sulphonate was defined in eqn.V.23, rewritten as

0 =CadA/T (V. 85)
s  D  M

The FC by nickel complexes was estimated in section V. 3 to be 

smaller than 10%. Since the complexes were at equilibrium concen­

tration then whereas they form at a finite rate now, their cover­

age must be even smaller than before. Besides, a fraction of the 
interface is now covered by LIX63, further reducing the FC by nic- 

kel-DNNSA complexes. Thus neglecting the FC by metal complexes 
seems in this case justified. Substitutions into eqn V.82 lead to 

the following model:

where k
D

0
J =(k 

H d A + k
0
-4 )
&

H

r  c'
M  H

k* k*

>r~ ’ kL= ’ and

(V.86)

C1= (C + 2J /K ) exp(-F^/RT) 
H H M aq  ̂ r

C ’= (C - J/K ) exp(-2F«/f/RT) 
H H M a q
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Model V.86 predicts that the data cluster on a straight line when

plotted versus A/C1, rearranged as eqn.V.87.
H

J A k 0 + k 0 (A/C1) (V. 87)
M s= 0 D L L H

The prediction was confirmed (figure V. 14). The values 0.27,

K=0.31 were used in the computations. An average value of K was
8 -4 -laqestimated from the DNNSA solubilization work as 1.10 ms . The

constants obtained from fitting the data by eqn. V. 87 were used to

predict values of Ĵ , shown as curves I, II in figure V. 13 at Clt=

1. 10 ̂ molm 3. The model mimics the experimental results well in

the range 2.10 5̂ Cdt^4. 10 *kmolm’3.

In region III the value of F fell to around one, and T wasH
relatively high and nearly constant, thus intuition suggests that 
extraction by mixed and single reagents was similarly rate-con­

trolled in this region by film desorption instead of by inter­

facial complexation. A film is assumed of composition again des­

cribed by eqns.V.83 through V.85, but now equilibrated with the a- 
queous subphase containing nickel. Each aggregate in concentration

C. able to interact with the interfacial film contributes a frac- j
tion J.. of the observed flux when it hits the ith adsorbed nickel 

ij

complex. Thus

J =k’ .
u  i J

c8d c.= k..r e1 .c.
Mi j i j M N i j

where k..=k’ ./A 
i J i J

(V.88)

The total contribution to by the Jth aggregate thus is

J = k T C.0 ; where 0 .=£ 0 .= 0 . +0 .j J M J Nl Nil Nl N 1 , L Nl,D

The total flux is the sum of all these contributions, thus

J = £ J. =k T 0 . £ C. 
M j j M M Ni  j j

(V.89)

A unique value k^ for the kinetic constants k̂. was assumed. 
The sum over the concentrations of aggregates is the same value
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used to calculate F, i.e. MIC+SMA, evaluated at the sublayer ad­

jacent to the interface. was estimated experimentally. The dif­

ficulty here lies, as in section V.3, with the evaluation of the 
FCs by metal complexes (0̂ .) in eqn.V.89. For LIX63 alone, it was 
found in section V. 6, eqn. V.63, that

0 single B  

Ni,L

f C L X ^ / &  >
" \ -HJ  <■ 1+2 & &/&  

M a H

(V.90)

where 2 m^kmol"1 was the value found for the constant K in eqn.V 
.63. With mixed reagents, the FC by nickel oximate is assumed e-

sin gle
qual to the fraction 0 of the fraction of mixed film covered 
^  Ni,L

by oxime and oximate, 0 . In other words,

0 = 0  .0 single£ 
N i , L L Ni,L

es 2
r 0 C C /C n f  1- M a H I
M + 2  C C /C J 

M a H

The superscripts were dropped because the exponential corrections 

due to \ft cancel out. In section V.3, the complex coverage with 

DNNSA alone was in model C:

single_ t# “
Ni,D

Cl-X) 2

6
H

where the bulk selectivity factor X is used to approximate the FC 
by adsorbed acid. Also for DNNSA it is assumed that the FC in mix­

tures is proportional to the FC by the reagent alone. Thus

0 =0.0single = 
Ni, D D Ni,D

0 C 
D M

K,K2
(V.92)

Substitutions lead to the following model for the total flux

f 2 0 C C / C  K 2 0C (1-X)2-*j = k r --- iJL l— !L + — 2-- LJL—  (mic+smar (v.93)M K Hl 1+2 C C /C c2 J
M a H 1 2  H
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The pH effect on J at varying C , C can be identified in eqn.
*  M ^  D T  L T

V. 93 for the following two limiting cases:

i) C =0 =0- 
L T  L

->- J = J 
M D

a
2
a 0.43pH

ii) C =0 =0--->- J = J a
D T  D  M L 1 +

C C / C
M a  H

2C C /C  
M a H

At C=0.5M, C =5. lO^kmolm"3 and at pH<2, 2C C/C is smaller than

0.5, and J is roughly proportional to C The constants in model 
M H

V. 93 were evaluated using the values of (MIC+SMA) listed in

appendix H, and the dependence of 0 , 0 on C estimated from the
D  L  L T

results by A1 Diwan et al. (1977) listed in table IV.2. 0d, 0̂  
were considered constant at given values of C^. The model was 
rewritten as eqn. V. 94 to evaluate the parameters by data fitting

T (MIC+SMA) = kM‘

2 0 C C /C 
L  M a  H

(1+2 C C /C )
M a  H

0 C (1-X) 
D  M

K1K2
(V.94)

The constants returned by bivariable regression analysis by the

MINITAB statistical package at Clt=1. 10’3kmolm’3 were kM0L=266,

thus k = 1900, and k K20/K K =307, thus K K sO.56. For these va- 
M M a  D  1  2  1 2

lues of the constants K ,K , the metal FC roughly was 0 .=
1 2  n i

0.0040 , thus no large error was Introduced by the approximation 
H

done in eqn. V.84 when it was assumed 0 .=0.Nl

Predictions by the models are shown as line III at C =1.10 3
- 3  —  ^kmolm and variable Cdt in figure V. 13. The predicted line in fi­

gure IV.35 mimics well the effect of pH on J at C = 1.10*3kmol 
&  ^  M L T

m .

254



255

Figure V.12 Enhancement factors of nickel flux (E) and of 
particles-interface collisions rate (F).
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CHAPTER VI. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

VI.1. CONCLUSIONS

The rate of Ni(II) extraction from nitrate media by DNNSA 
solutions in hexane in a NDSC was controlled by heterogeneous 
reactions, or by transport resistances, or by a combination of 
both depending on hydrodynamic conditions.

Under chemical control the locus of the RDS was identified as 

the interface. A criterion based on the dynamic dissolution of 
DNNSA into the aqueous phase was developed and used to rule out 
the possibility of a RDS in the aqueous bulk. A second criterion 
based on DNNSA equilibrium partition demonstrated that the RDS was 
not located in the aqueous diffusion film. The RDS was found to be 
the interaction between DNNSA reversed micelles and nickel com­

plexes adsorbed as part of the interfacial mosaic. Water dynamic 

solubilization experiments indicated that reversed micelles inter­

act with the o/w interface.

It was observed that values of nickel flux became constant as 

the stirring speed was increased beyond certain value. Those pla­

teaux started at higher speeds and laid at higher values of flux 
as the reaction rate was increased. Reasoning along the lines of 
the two-film theory of mass transfer proved that the plateaux are 

of true kinetic origin.

By solving the second Fick law in planar geometry with the 
’radiation’ boundary condition at the interface, an expression was 
obtained for the flux of desorbed nickel complexes into organic 

phase fluid elements. Averaging of the fluxes according to Danck- 
werts’ frequency of surface renewal resulted in a model able to 
predict the plateaux observed under varying hydrodynamic condi­

tions.

Solutions of LIX63 in hexane extract nitrates from strong 

HN03 media. A value for the LIX63 dimerization constant was estim­

ated similar to a literature value for LIX65N.

258



It was shown that omission of physical preequilibration of 
organic feeds may result in errors when rate experiments involving 
aggregating extractants are carried out using short contact time 
techniques. An estimate of those errors in single-drop experiments 

was obtained.

Micellar transport coefficients were estimated from experi­

mental results independently from chemical reactions. The proces­

ses of electrolyte solubilization and of DNNSA dynamic transfer 
were found to be mass transfer-controlled. The mechanism of ini­

tial solubilization by reversed micelles and the mechanism of core 
exchange by saturated micelles were investigated and their rates 
were compared.

The synergic effects observed by previous workers with DNNSA 

-LIX63 mixtures were confirmed. An explanation of the synergism 
was found from thermodynamic principles in the Gibbs free energy 
change resulting from variations in the aggregation status and the 
desolubilization of water which took place with mixed extractants.

Extraction rate enhancements by mixtures were observed. Rea­

sons for this effect were proposed based on the bulk organic phase 

speciation and interfacial properties. Depending on the value of 
the C /C ratio, three regions were identified with well charac- 
terized relationships between fluxes and bulk and interfacial com­

positions. At Cdt ^CAC of a mixture, single DNNSA micelles break 
down into larger numbers of smaller SMAs which enhance the rate of 
film desorption. The conversion of the adsorbed layer controlled 
the rate in this region. The same RDS was found for region II (CAC

SC 2SCMC), but almost constant fluxes were observed in this region 
D T  _

consistent with an almost invariant adsorption density at C^CAC. 
In the third region (at C >CMC) the bulk speciation was similar 
to that of DNNSA alone and the RDS shifted to the desorption of 

the interfacial film. Models not requiring formation of nickel com­

plexes with mixed reagents were able to simulate the effect of chan­
ging concentrations on the flux.
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VI.2. SUGGESTIONS FOR FURTHER WORK

When this work was started, the emphasis was expected to be 

placed on the already classical problems of heterogeneous chemical 
reactions found in the liquid extraction of metal ions. It was ex­

pected that, from all interfacial parameters, electrostatic poten­

tials and adsorption densities would be incorporated in the kine­

tic models eventually derived. As the work progressed, the signi­

ficance and also the potential of physical solubilization became 
clear. Water in oil microemulsions look poised to gain a place of 
their own among Separation Processes. Used as conventional liquid- 
liquid extractants, or in combination with one of the techniques 
which conventional extraction spawned such as liquid membrane per­

meation, microemulsions will most probably find widespread appli­

cation.

Further understanding of transport processes involving micel­

les is required to support those potential uses. Among the pro­

blems that must be tackled is that of interactions between micel­

les and macro-interfaces. The core exchange mechanisms in bulk 
phases will probably also receive much attention. The link between 

solubilization, concentrative effects, and catalytic effects will 
have to be sought with increasingly powerful analytical tools.

Little work has been so far reported on aging of micelles and 
the resulting changes in their shape and size. Such changes can 
lead to apparent inconsistencies when comparing dynamic and equi­

librium results.

Understanding the speciations of bulk phases and interface is 

essential to explain synergic and rate enhancement effects in mix­

ed reagent systems. It is felt that no satisfactory attempt to 
study problems involving interfacial transport reactions may be 
done without an a  priori knowledge of the chemistry involved. Fur­

ther, consistency between bulk speciation and interfacial proper­

ties is required.

Efforts invested in the investigation of the composition and 
behaviour of interfacially adsorbed mosaics will surely be rewar­
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ded. Besides work in Langmuir and other troughs with stagnant sub­

layers, experiments are needed under transport conditions in the 
presence of bulk phases. Dynamic interfacial tensions provide in­

formation on the relaxation of adsorbed films and it is felt that 
their measurement and analysis could be profitably incorporated to 
the modelling of liquid-liquid extraction with surface-active re­

agents. The effect of reactions on the changes in composition of 
the interfacial mosaic may further our understanding of interfa­

cial mechanisms.
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APPENDICES



APPENDIX A. Purification of DNNSA.

The extractant was received as a 40% v/v n-heptane solution. 
The diluent was evaporated under vacuum in a rotary evaporator at 

58 to 62° until gel consistency. A fraction was diluted in recti­

fied ethanol, then it was loaded onto Dowex-lX ion exchange resin. 
The resin was stored in Cl form, it was converted to the HO form 
with 1M NaOH, again to Cl with 1M HC1, and to HO again before loa­

ding. Impurities without ion-exchanging properties Were not fixed 

by the bed and were washed with ethanol, together with the NH Cl 
produced.

DNNSA was eluted from the resin by 1M HC1 in ethanol, using 
around twenty bed volumes. The eluate was rotary-evaporated at 

25°C under full vacuum of the pump. Further additions of ethanol 
were evaporated to eliminate residual HC1. The diluent left was 

removed by drying under vacuum at 65°C. The dark brown, gelly pro­

duct was kept in a dessicator over PgOg* Stock solutions were kept 
in a refrigerator.
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Appendix B. Purification of LIX63.

As-received LIX63 was diluted to 50% v/v with hexane 95%+
pure. Ammoniacal CuSC) approx. 0.6M Cu(II) was prepared under fume

4cupboard as follows: 5 cc of concentrated H SO were added to 8002 4
ml water to obtain pH £ 3. Then ammonia solution was added until
pH £ 9.5. CuSO .nH 0 was then dissolved in.

4 2

200 cc of the LIX63 solution was added to 400 cc of Cu(II) 
solution in a 800 ml beaker and the dispersion was stirred during 
30 min under fume hood. It was then transferred to a separatory 
funnel and the aqueous phase was drained and kept. The extract was 
washed twice to remove traces of the base, each wash of 200 cc 
distilled water. The extract was then added dropwise to 400 cc a- 
cetone in a 800 cc beaker. The copper oximate precipitated where­
as the inactive isomer and other non-copper-comp1exing impurities 
remained in solution. The oximate was separated by filtration and 
air-dried. The acetone solution of impurities was discarded. The 
precipitated oximates ranged from a green powder to a green amor­
phous gel. Once dried, the oximate was dissolved in anhydrous di­
ethyl ether, which proved to be the best to dissolve the product. 
The precipitation step was repeated by adding fresh acetone drop 
by drop to the stirred ether solution, followed by the removal of 
50% solvents by rotary evaporation. The oximate recrystallized, 
and the product was filtered, air-dried, and dissolved in hexane. 
The metal was stripped in 3 or 4 short contacts with 4M H2S0̂  in a 
1/1 volume ratio. The oxime solution was washed twice with dis­
tilled water to remove traces of acid, and it was rotary evapora­
ted until a viscous product that was kept in a dessicator over 
P^. The rest of diluent was removed by storing the product in a 
vacuum oven at 65°C and around 1mm Hg residual pressure. A waxy, 
almost white product resulted.
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Appendix C. Operation of the Non-Dispersive Reactor.

C.1. Start of an experiment.

(Numbers of items refer to figure Ill.l.a)

.Load aqueous feed (AF) in cylinders 9.

.Rinse with AF the external flow circuit and lower half of the 
NDSC 1.

.Close drain valves 10 and 12.

.Start peristaltic pump 11, filling with the AF the lower half of 
the NDSC with around 0.31. All air bubbles from the flow circuit 
must be removed.

.Check that the thermostatic bath is at the desired temperature (T) 

.Start lower stirrer 3 to shorten the thermal equilibration time. 
When the experiment is to be run at T>Tambient, air will desorb 
from the AF, because the solubility of N i n  water is 2.33cm3/100 
cm3at 0°C and 1.02cm3/100cm3at 45°C (CRC Handbook of Chem. and 
Phys., 23rd ed. , p.447). Air bubbles collect under the lower mesh 
6. To remove the bubbles transfer some AF back to 9 with pump 11. 

The rotation of the pump must be inverted with this aim.

.Refill the lower half, start stirrers to detach and coalesce 
remaining bubbles. Repeat the last two steps as necessary until 
no more bubbles collect under the lower mesh.

.Measure the required volume of organic diluent.

.Pour the diluent slowly down the orifice 7 with a funnel fitted 

with a piece of tubing on the stem. The diluent must not reach the 

lower mesh.

.Allow time for thermosthatization while stirring both phases.

.Stop stirrers and tap upper mesh with a long needle or similar to 
remove trapped air bubbles.

.Set the desired speed to the stirrers.

.Inject the required volume of concentrated extractant stock 

through orifice 7. Start the stopwatch simultaneously.

C.2. Sampling.

.Organic phase: with pipette from orifice 7.

.Aqueous phase: by opening 3-way valve while pump turns slowly.
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C.3 Cleaning

.Stop stirrers at end of the run.

.Open drain valves 10 and 12. Drain empty the NDSC.

.Load lower half with distilled water from the orifice 7 to 
remove the bulk of dissolved solids.

.Fill NDSC with coktel of 50% ethanol and 50%acetone. Stirr both 
halves, drain.

.Rinse with distilled water several times.

.Rinse with acetone.

.Dry with air via the pump 11 or sparging compressed N2 
through a fine tubing inserted through 7.
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IN A BOUNDARY LAYER.

APPENDIX D. SOLUTION TO THE PROBLEM OF DIFFUSION AND ACCUM ULATION

Austin (1966) solved the problem of unsteady diffusion in a 
boundary layer where the solute accumulates thereby reducing the 
driving force for mass transfer. That author made the following 

assumptions:

1) Solutions were diluted, thus Fick’s laws applied and phase 

volumes were constant.

2) Instantaneous partition equilibrium at the interface.

3) Perfectly mixed bulk.

4) Stagnant films of thickness 6 near the interface, thus the 
solute transferred by molecular diffusion only.

5) The mass of solute accumulated in the film could be neglected 

in the macroscopic balances.

6) Concentration independent diffusivity.

Mathematical statement of the problem:

The mass conservation equation in the film is Fick’s second law in 

planar geometry:

ac
at = B 3ZC

3xZ
t>0; 0<x^5 (D. 1)

with the following BCs:

C=0 at t^O, x^O

C=C*at t>0, x=0 (D. 2)

C=Cbat t>0, x=5

The solute balance relate the bulk concentration (Cb) and the 
gradient across the film:

gpb
V -ADOC/ax) * ; t>0. (D. 3)at x=o

Eqns.D.1 through D. 3 were solved by Laplace transformation. The 

solution is eqn. D.4:
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(D. 4)=C*£l-2k £
exp(-Sat/S ) 

(a+k+1^ )cos(a/2 )
+ SUM ]]

where:

k=5A/V;

a=(2.25+3k) 1/2-l.5, and

SUM
oo (-l)nexp(-S[n7r+k/nn]2 t/I? ) 

rJI (nn+k+k £k/n7r)cos(k/n7r)

279



APPENDIX E. INTERFACIAL REACTION AND SURFACE RENEWAL.

The solution of eqn.V.46 is obtained here. Then the expres­
sion for the instantaneous flux is obtained and averaged. Dimen­
sionless concentrations will be used, chosen as follows:

c*=
(LC /m)-Cb 

D T  N

where bars superscripted are omitted for simplicity, although all 
species are in the organic phase. Equation V.46 thus converts to:

8C* _ d2C* ; C+=0; t=0, x £ 0. (E. 1)
9t 8x2

C+=0; t>0, x— >- oo. 
ar+^ —  = h(C+- 1) ; x=0, t>0.

The Laplace transform of eqn.E.1 is

sC-C*C0)=D
3x2

and its solution is :

C=A exp(px) +B exp(-px) (E.2)

where p=±vs/S. From the first BC, A=0. The Laplace transform of 
the second BC is

3C
3x h(C-l/s) ; x=0. (E. 3)

from eqn.E.2: 3C
3x = -pB 

x=0
(E. 4)

also from eqn.E.2: C =B
x=0

Substitution of E.4 and E.5 into E.3 leads to:

(E. 5)
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-pB=h(B-l/s)

thus: B= h/s
h+p

and the solution E.2 becomes:

C = -----h/jT------  exp(-Vrs/D x) (E. 6)
s(h^ S + V  s )

The translation of equation E.6 into the time domain is immedia­

te. The antitransform is the No.86 in Jenson and Jeffreys (1975), 
with a=hv'3~ and k = x / V D :

C+=erfc (x/2/St )- exp(hx) exp(h2St) erfcfhV̂ t + — --- 1[ 2 tT b T  J
The "surface" concentration of complex is found by taking x=0:

= &  + (LC /m-C**} (l-exp(h2$t) erfc(hv^t” ))
_ M DT MX=0

thus at t=0, C (0)=C , meaning that the FE is at bulk complex con- M M
centration at the time it reaches the interface. The instantaneous 
flux (J1) into each fluid element due to molecular diffusion of 
the nickel complex forming at the surface is evaluated as the de­

rivative of E.6 at x=0:

J^hBCLC /m-cjj) expCh^tJerfcChv^t” ) (E.7)

<5ke
The coefficient hS=— — I) is independent of the diffusion coef­

ficient. The same comment applies to J1 at t=0, which is a kinetic 

function given by:

j’(0)= Ske
H

The fluxes are now averaged over all the FEs. Calling the average

flux J , then D
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J = 
D I

J. 4>it) dt

Where 0(t)=s exp(-st) dt. The integral

P»
I s exp(-st) exp 
0̂

(lAt) erfc(h/Dt~) dt

is done

it was 
is:

by parts. In the formula J* u dv= uv - S  v du,

taken dv=exp(-(s-h2S)t)dt.The solution to the integral

s - h/~Ss 

s2- h 2)
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Appendix F Experimental Data
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water/ethanol/hexane. (Seidell, 1941)
Equilibrium in tbb Ststxn Ethyl Alcohol, Hbxank and Watkb.

(TaraaaenXow and Paulsen. 1037.)
Results at o° Results at as0

Table F.l Equilibrium solubilities of the ternary system

Oka. per 100 gns. hQBQgeneoua Mixture Oba. per 100 0 is. homogeneous nlzture
'  CjjHgOH C0HU W ' ' W H ceHu HgO '

6.53 92.70 0 . 7 7 3 . 1 0 95.92 0.98
**<4.30 54.10 1 . 6 0 1 8 . 5 3 79.90 l .S i
53.32 45.39 1 . 2 9 3 6 . 2 8 6 1 . 6 4 2 . 0 8
63.34 35.18 1 . 4 8 3 7 . 8 3 59.70 2 . 4 8
74-01 21.67 4 . 3 2 51*. 94 45.91 2 . 1 5
79-22 1 1 . 8 6 8 . 9 2 68.03 2 8 . l l 3 . 8 6
78.74 7 . 9 6 1 3 . 3 0 73-8(4 17.6l 8.55
79.08 7 . 3 2 1 3 . 6 0 74-73 12.93 12.34
7 6 . 8 2 <4. 00 1 9 . 1 8 73.52 8 . 0 0 1 8 . 4 8
6 9 . 8 S 2 . 1 3 2 8 . 0 2 67.49 3 . 6 1 2 8 . 9 0
69.43 1-57 2 9 . 0 0 53.81 1 . 8 6 44.38
6 0 . 0 4 0 . 9 4 3 9 . 0 2 3 6 . 6 8 1 . 2 1 6 2 . 1 1
43*12 0 . 4 2 5 6 . 4 6

The composition of the following conjugate layers at 35° was also
determined.

0»a. per 100 gas. upper layer Qu. per 100 j(bs. lower layer

V h HgO ' ceHu H20 '

0 . 0 8 99.31 0 . 6 1 3 7 . 6 7 0 . 3 3 6 2 . 1 0
1 . 7 5 97.71 0 . 5 4 5 6 . 9 2 2 . 9 1 4 0 . 4 7

ETHYL ALCOHOL CeH60 S.
R eciprocal Solubility of E thyl Alcohol and W ater at Low T em­

peratures, D etermined by th e  F reezing- point M ethod.
(Pictet and Altacbul, 189$; Pickering, 189J.)

r. of Sp. Gr.
Gma.

C,H»OH per Solid t\ of Sp. Gr.
Gnu.

C.H.OH per Solid
Freezing. Sat. Sol. 100 Gnu. Phaae. Freezing. Sat. Sol. 100 Gma. Phaae.

— I O.9962
S&t. Sol.

2.5 Ice —  23.6 O .9512
Sat. Sol.
33-8 Ice

— 2 O.9916 4.8 “ —  28.7 O .9417 39 It
“ 3 O.987O 6.8 " - 33-9 O.927O 46.3 44
- 5 O.9824 11 -3 “ -  41 O .9047 56.1 U
— 6.1 o-9793 13.8 •• “  50 . . . 68 M
- 8.7 0-9747 17 S *• —  60 . . . 75 44
- 9.4 0.9732 18.8 “ -  70 . . . 80 44
— lo.b 0.9712 20.3 —  80 . . . 83-5 41
— 12.2 0.9689 22.1 *4 —  100 . . . 89-5 "
-14 0.9662 24.2 —  118 Eutec. ... 93-5 “  4* C*H*0H
— 16 0.9627 26.7 “ -115 . . . 96 C.H.0H
—  18.9 0.9578 29.9 “ —  n o .5 . . . 100 "
The result for the eutectic and for the f.-pt. of C,H»OH are by Puschin and 

Glagoleva, 1914, 1915; the other data for concentrations of C,H,OH above 70% 
were obtained by exterpolation. Additional data for the freezing-point lowering 
are given by Rozsa (1911).
Later determinations of the freering-points of Ethyl Alcohol Water 

Mixtures by Tarassenkcw, 1938, and Lalaad, 1939, gave an average curve 
from which the following values were taken.

t° Of Qks. CgHgOH per Solid 1°  of 0*8. CgHgOH
freatiog 100 p it. aat. aol. Pbaae fretting 100 ( u .  aai
-  3 .0 5-0 Ice - 3 8 .O 50
-  4-5 10. n - 4 3 - 5 60
-  7 .3 15

M - 5 0 .5 70
-1 1 .0 20 « - 6 7 . 0 80
-1 5 .8 25 • 1 - 8 7 - 5 85
-3 0 .5 30 M -  113 ,0 90
-3 0 .5 40 •1 - 1 3 5  Eutec. 9 2 .5

- 1 2 0 95
-1 1 4 -5 100

Solid
Pusi

Ice

CpILofi
H60H
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Table F.3 Density of extractant solutions in hexane at 25°C.

Hexane : p = 0.654 g -1cc

c
LT

C (kmolm 3) 
DT

-4 , -3 . .-2
(kmol m  3)

1.10 1.10 1.10

0. 0.654 0.654 0.656
5.10"3 0.654 0.655 0.661
1.10"2 0.658 0.658 0.662

to »-» o a M 0.662 0.662 0.665

Table F. 4 Viscosity of organic feeds at 25°C.

C
DT

C
LT

t(s) r2(cS) P2(g cc’1) p2(mPa.s)
N0
N

a

hexane 43.4 0.474 0.654 0.310 0.47
1.10’4 0. 43.4 0.474 0.654 0.310 0.47

5. 10"3 44.0 0.480 0.654 0.314 0.48
1. io'2 45.0 0.491 0.658 0.323 0.49
2. 10*2 46.6 0.509 0.662 0.337 0.51

1.10'3 1. 10’2 44.7 0.488 0.658 0.321 0.49
2. 10'2 46.3 0.506 0.662 0.334 0.50

1.10'2 0. 44.0 0.480 0.656 0.315 0.48
5. 10'3 44.8 0.489 0.661 0.323 0.49
1 . 1 0 * 48.2 0.526 0.662 0.348 0.53

CO o • N 51.2 0.559 0.665 0.372 0.56
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Table F.5 Data and calculations for the ir-A isotherm of DNNSA.

C xlO6 
OT

kmol
<r

mNm 1
n
mNm 1

-(dcr/dlnCDT) 
mmN 1 ( 1)

’1 A(2) 
10 m

A(2) r (2)
D

nm2 109kmol
3

m
kmol molec m

0. 1 46 5 0.534 1.33 2.22 0.75
0.2 44 7 0.207 0.52 0.86 1.93
0.3 42.5 8.5 0.153 0.38 0.64 2.63
0.5 39 12 0.115 0.29 0.48 3.45
0.8 33 18 0.094 0.23 0.39 4.35
1.0 30 21 0.086 0.22 0.36 4.54
2.0 23 29 0.069 0.17 0.29 5.88
3.0 14 37 0.062 0.15 0.26 6.67
5.0 8 43 0.054 0. 14 0.24 7. 14
10. 7.5
20. 3.9
50. 4.3
100. 2 .8

200. 3.
300. 3.

(1) Calculated fron the polynomial fitting of the data, as
follows: <r = -532. - 69.9 In (C ) - 2.11 In (C )2

D T  D T

(2) From eqn.IV.4.
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Table F. 6 Data and calculations for the ir-A isotherms of DNNSA-
LIX63 mixtures.
a) C =1.10’3kmolm’3 

L T

c
D T

(T n A A TxlO9

105kmol/m3 mNm”1 mNm 1 - o ? -1 10 in kmol nm2molec 1 kmol m 2

1 . 26.4 24.6 2.41 4.01 0.42
2. 25.2 25.8 0.64 1.07 1.55
5. 20.5 30.5 0.44 0.73 2.28
10. 13. 38.
20. 12.9 38. 1
30. 11.1 39.9

cn o 10. 1 40.9
100. 8.5 42.5 0.29 0.48 3.50
500. 3.2

b) C =5.
L T

10'3kmol - 3m
C

D T
<r n A A rxio9

105kmol/m3 mNm 1 mNm 1 10 9 m2kmol 1 2 , - 1  nm molec kmol m 2

1 . 23.6 27.4 4.85 8.1 0.21
2. 24.0 27.0 1.54 2.6 0.65
3. 22.7 28.3 1.1 1.8 0.91
5. 22.7 28.2 0.81 1.34 1.24
10. 18. 1 32.9 0.59 0.99 1.69
20. 15.2 35.8 0.47 0.78 2. 13

oCO 13.0 38.0 0.42 0.70 2.38
50. 9.9 41. 1 0.37 0.61 2.70
100. 5 . 5 45.5 0.32 0.53 3. 13
200. 5.3
300 5.3
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Table F.6 Continued
c) elT = 1.

e DT

105kmol/m3

10 ̂ mol m~3
cr n A A TxlO9

-1 -1 -9 2 -1 2 -1 -2mNm mNm 10 m kmol nm molec kmol m

10. 22. 29. 1.97 3.3 0.51
20. 22. 29. 0.95 1.6 1.05
30. HCM 30. 0.73 1.2 1.37
50. 20. 31. 0.57 0.94 1.77
100. 12. 39. 0.43 0.72 2.31
200. 6. 45. 0.35 0.58 2.86
500. 3.8

Polynomial
cr = a  + a  0 1

fitting 
in (Cdi)

of the data
+ a  ln2(C ) 

2 DT
+ a, ln3(C ) 

3 DT

C = 
LT

1.10‘3m 5. 10‘3M 1 .  1 0 ' ^

a o
-186. -87.7 -141.

a1 -29.7 -19. -35.7

a2 -0.748 -0.803 -1.94

a 3
-0.012 - -
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Table F.7 Data and calculations for the n-A isotherm of LIX63.
(Data from this work).

C < r  
L T

lO^mol/m3 mNm 1
n

mNm 1
A

10’9m2kmol
A

1 nm2molec
Txl09 

1 kmol m

0.1 41.7 9.3 7.34 12.23 0.14
0.2 43.1 7.9 2.56 4.27 0.39
0.5 41.2 9.8 0.76 1.26 1.32
1. 36. 15. 0.58 0.96 1.0
4. 23.8 27.2 0. 17 0.28 5.9
10. 23.2
20. 21.7/20.9
50. 20.8

O' = -233. - 88.1 In (C ) - 9.42 ln2(CLT) - 0.337 ln3(CLT)

Table F.8 Data and calculations for the tt-A isotherm of LIX63 
(Data of Al-Diwan et al., 1977).
C

L T
O ' n A TxlOr

103kmol/m3 mNm 1 mNm 1 I0’9m2kmol’1 nm2molec 1 kmol
0.02 47.1 3.9 2.94 4.9 0.34
0.1 45.7 5.3 1.37 2.28 0.73
0.2 44.4 6.6 0.96 1.6 1.04
0.5 41.8 9.2 0.74 1.2 1.34
1. 39. 1 11.9 0.675 1.13 1.48
2. 36.4 14.6 0.65 1.08 1.54
20. 28.1 22.9 0.83 1.38 1.20

< r  = 26.4 + 3.20 In (CLT) ♦ 1.18 ln2(C )
L T

+  0.0656 ln3(CLi)
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Table F.9 Interfacial potentials at CLT=0.

S t -EMC 1) -c ir A exp(-F^/RT)
104 (1) (2) (3)
kraol pm v mV mNm’1 run mV
m3 V molec

100 7.8 0.100 100 49 0.22 41 4.94
32 94 39 4.58
10 7.0 0.090 87 48.5 0.22 36 4.07
5 82 34 3.77
3.2 80 33 3.62
2 74 30 3.22
1 5.0 0.064 64 48 0.225 26 2.76
0.5 4.2 0.054 54 47.5 0.23 23 2.45
0.2 3.0 0.039 39 47 0.23 16 1.87
0.1 2.0 0.026 26 43.5 0.24 11 1.54

(1) at 1=4.10'3M (Lin, 1984)
(2) interpolated from polynomial fitting of Lin’s data:

\jt =- 66.1 - 32736 C + 0. 969. 10‘7. C 2- 0.676. lo’c 3 
^  D T  D T  D T

(3) at 1= 0.5M, from eqn. IV.10.
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Table F.10 Interfacial potentials in mixed reagent systems. 1=0.5.

II

»
-

l
u i.io'3m C = 1. 

L T
10_2M

-EM - EM
fim/V mV pm/V mV

1. 5.2 0.7 3.6
1.6 8.3 1.2 6.2
2.0 10.4 1.6 8.3
3.6 18.7 3.0 15.6
4.0 20.8 3.2 16.6
4.7 24.4 4.0 20.8
5.5 28.9 4.6 23.9
6.8 35.4 6.0 31.2
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MALVERN AUTOSIZER lie Table F.ll.a
sample : B in hexane 
Imperial College
H. J. Simpson ££/l£/86Live Data from Correlator
Temperature £5.0 Viscosity 0. £940 Refractive Index 1.375 Angle 90.0

Particle siz e distribution ( nm. ) Graph of Intensity distribut ion
£. £

3. £d m  b
3. £ - 3.9 1------- 1-
3. 9 - 4.7 1--------
4. 7 - 5.7 1-------
5.7 - 6.9 1-------
6. 9 - 8. 3 1-------
8.3 - 10. 1 1-------
10. 1 - 1 £. £ 1-------- +.
1£.£ - 14. 8 1-------
14.8 - 17. 9 1------- -+
17.9 - £1.7 1-------
£1.7 - £6. 3 1 +
£6. 3 - 31.9 1 +
31.9 - 38.7 1 +
38. 7 - 46.8 1 +
46. 6 - 56.7 1 +
56. 7 - 68.7 1 +
68. 7 - 83. 3 1 +
83. 3 - 100. 9 1 +
100. 9 - 1££. £ 1 +
1 ££. £ - 148. 1 1 +
148. 1 - 179. 4 1 +
179.4 — £17. 4 1 +

Size Class '/• by Intensity y. by mass y. by number
1 Under In Above 1 Under In Above 1 Under In Above

£.£ - £.6 1 0.0 13. 7 86. 3 0. 0 42.8 57. 2 0. 0 65.9 34. 1
£. 6 - 3. £ 1 13. 7 12. 7 73. 6 42. 8 £8. 0 £9. £ 65. 9 £4. 3 9. 6
3. £ - 3. 9 1 26. 4 11.3 62. 3 70. 8 14.3 14. 9 90. £ 7. 0 2. 8
3.9 - 4. 7 1 37.7 10. 1 52. £ 65. 1 7. £ 7. 7 97. £ 2. 0 0. 6
4.7 - 5.7 1 47.8 9. 3 4£. 9 92. 3 3.7 4.0 99. £ 0.6 0. £
5.7 - 6. 9 1 57. 1 9. 0 33. 9 96. 0 £. 0 £. 0 99. 8 0. £ 0. 1
6. 9 - 8. 3 I 66. 1 9. £ £4. 7 98. 0 1. 1 1.0 99. 9 0. 1 0. 0
& •  J) - 10. 1 1 75. 3 7. £ 17.5 99. 0 0. 5 0. 4 100. 0 0. 0 0. 0
10. 1 - IE. £ 1 82.5 5. 9 11.6 99. 6 0. £ 0. £ 100. 0 0. 0 0. 0
12. £ - 14. 8 1 68. 4 4. 6 7. 0 99. 8 0. 1 0. 1 100. 0 0. 0 0. 0
14. 8 - 17. 9 1 93.0 3. 8 3. 1 99. 9 0.0 0. 0 100. 0 0. 0 0. 0
17. 9 - £1.7 1 96. 9 3. 1 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
£1.7 - £6. 3 1100.0 0.0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 o o

- 31.9 1 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0

oo

31.9 - 38. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
38. 7 - 46. 8 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
46. 8 - 56. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
56. 7 - 68. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
68. 7 - 83. 3 1100.0 0.0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
83. 3 - 100. 9 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
100.9 - 122. £ 1100.0 0.0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
1££. £ - 148. 1 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. o 0. 0
148. 1 - 179. 4 1100.0 0. 0 o o 100. 0 0. 0 0. 0 1 0 0 .  0 0 .  0 0 .  0

179. 4 — 217. 4 1 1 0 0 . 0 0 .  0 0 .  0 1 0 0 .  0 0 .  0 0 .  0 1 0 0 .  0 0 .  0 0 .  0

z A v e r a g e M e a n 4 . 9  P o l y  0 .  1 6 7  D i s t .  rnear .. 6.4 S t . D e v . 4. 4
Anal yjis r a n g e 100 : fit : <■>. 1674 0

i w,4- r- /  1 • r.‘  ra  ~ S +- • •/. n-rarioe: C o u n t »• at e i  oo: 1 s / s e c
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MALVERN AUTOSIZER lie TabJe.EJĴ b
sample : B in hexane 
Imperial College
H. J. Sirnpson ££/l£/86Live Data from Correlator
Temperature £5.0 Viscosity 0.£940 Refractive Index 1.375 Angle 90.0

Particle size distribution ( nm. ) Graph of Intensity distribution
£. £ — £. 6 1---------
d m  D c

£ *—
3. 9 - 4.7 1---------
4. 7 - 5.7 1---------
5. 7 - 6.9 1---------
6.9 - 8. 3 1---------
8. 3 - 10. 1 1---------
10. 1 - 12. £ 1---------
1£. £ — 14. 8 1---------
14. 8 - 17.9 1--------- +
17.9 — £1.7 1------------+
£1.7 - £6.3 I +
26. 3 - 31.9 1 +
31. 9 — 38. 7 I +
38. 7 - 46.8 1 +
46. 8 - 56. 7 1 +
56. 7 - 68.7 1 +
68. 7 - 8^. 1 +
83. 3 - 100. 9 1 +
100. 9 - 1 ££. £ I +
1££. £ — 148. 1 1 +
148. 1 - 179. 4 1 +
179. 4 — £17. 4 I +

Size Class A  by Intensity A  by mass A  by number
1 Under In Above 1 Under In Above 1 Under In Above

£. £ - £. 6 1 0.0 13. 4 86. 6 0.0 42. 4 57. 6 0. 0 65. 7 A • o
£. 6 - 3. £ 1 13. 4 1£. 6 74. 0 42. 4 £7. 9 £9. 7 65.7 £4. 4 9. 9
3. E - 3.9 1 £6.0 11.4 6£. 6 70. 3 14.4 15. 3 90. 1 7. 1 £. 9
3. 9 - 4. 7 1 37.4 10. £ 52. 3 84. 7 7. 3 8. 0 97. 1 £. 0 0. 8
4. 7 - 5. 7 1 47.7 9.4 43. 0 92. 0 u • 8 4. £ 99. £ 0. 6 0. 3
5. 7 - 6. 9 1 57.0 9. 8 33. £ 95. 8 £. 1 £. 1 99.7 0. £ 0. 1
6. 9 - 8. 1 66.8 9. 4 £3. 8 97. 9 1. 1 1.0 99.9 0. 1 0. 0
8. 3 - 10. 1 1 76. £ 7. 4 16. 4 99. 0 0. 6 0. 4 100. 0 0. 0 0. 0
10. 1 - IE. £ 1 83.6 5.8 10. 6 99. 6 0. £ 0. £ 100. 0 0. 0 0. 0
1£. 2 - 14. 8 1 89.4 4. 4 6. £ 99. 8 0. 1 0. 1 100. 0 0. 0 0. 0
14. 8 - 17. 9 1 93.8 3. 5 £. 7 99. 9 0. 0 0. 0 100.0 0. 0 0. 0
17. 9 - £1. 7 1 97.3 £. 7 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
£1.7 - £6. 3 1100.0 0. 0 0. 0 100. 0 0. 0 0.0 100. 0 0. 0 0. 0
£6. 3 - 31. 9 1100.0 0. 0 0. 0 100. 0 0. 0 0.0 100. 0 0. 0 0. 0
31.9 - 38. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
38. 7 - 46. 8 1100.0 0. 0 0. 0 100. 0 O. 0 0. 0 100. 0 0. 0 0. 0
46. B - 56. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
56. 7 - 68. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
68. 7 - 83. 3 1 100. 0 0. 0 0. 0 100. 0

od

0. 0 100. 0 0. 0 0. 0
83. 3 - 100. 9 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
100. 9 - 122. £ 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0 .  0

1££. £ - 148. 1 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
148. 1 - 179. 4 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
179. 4 — £17. 4 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0

z Average Mean 4. 6 Pc* 1 y 0. 140 Di st. mean 6. 3 St . Dev. 4. 2
Analysis range 100 :fit : 0.1553

Run : cc unts/1000 : %  merit : 'A i n-ranqe : Count rat e 1000’s /sec
7 1312. 6 40. 8 87. 9 6. 3
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MALVERN AUTOSIZER lie
■lablft EJJLc.

sample : 6 in hexane 
Imperial College
H. J. Sirnpson ££/l£/86Live Data from Correlator
Temperature £5.0 Viscosity 0.£940 Refractive Index 1.375 Angle 90.0

Particle size distribution ( nm. ) Graph of Intensity distribution
£. £ — £.6 1---------
p c 1 .
3. £ - 3.9 1---------
3. 9 - A. 7 1---------
A. 7 - 5.7 1--------- *■

5. 7 - 6.9 1---------
6. 9 - 8. 3 1---------
8. 3 - 10. 1 1---------
10. 1 - 1£. £ 1---------
1£. £ - 1A. 8 1---------
1A. 8 - 17.9 1--------- -
17. 9 - £1.7 1---------— +
£1.7 - £6. 3 I +
£8. 3 - 31.9 I +
31.9 - 38. 7 1 +
38. 7 - A6. 8 1 +
A6. 8 - 56. 7 I +
56. 7 - 68. 7 1 +
68. 7 - 8o. 3 1 +
83. 3 - 100. 9 1 +

100. 9 - 1££. £ I +
1 ££. £ - 1A8. 1 1 +
1A8. 1 - 179. A I +
179. A — £17. A 1 +

Size Class y. by Intensity ■/- by mass y. by number
1 Under In Above 1 Under In Above 1 Under In Above

£. £ - £. 6 1 0.0 1A. 3 85. 7 0. 0 A3. 0 57. 0 0. 0 66. 1 33. 9
CLm & - 3. £ 1 1A. 3 13. 1 7£. 6 A3. 0 £8. 0 £9. 0 66. 1 £A. £ 9. 7
3. £ - 3. 9 1 £7. A 11.6 61. 1 71.0 1 A. £ 1 A. 9 90. 3 6. 9 £. e
3. 9 - A. 7 1 38.9 10. A 50. 6 85. 1 7. 1 7. 7 97. £ 1. 9 0. 8
A. 7 - 5. 7 1 A9.A 9. 6 Al. 1 9£. 3 3. 7 A. 0 99. £ 0. 6 0. £
5. 7 - 6. 9 1 58.9 10. 7 30. A 96. 0 £. 1 1. 9 99. 8 0. £ 0. 1
6.9 - 8. 3 1 69.6 8. A ££. 0 98. 1 1. 1 0.8 99.9 0. 1 0. 0
8. 3 - 10. 1 1 78. 0 6. 7 15. 3 99. £ 0. 5 0. A 100. 0 0. 0 0. 0
lO. 1 - 1£. £ 1 8A.7 5.3 10. 0 99.6 0. £ 0. £ 100. 0 0.0 0. 0
1£. £ - 1A. 8 1 90.0 A. 1 5. 8 99. 8 0. 1 0. 1 100. 0 0. 0 0. 0
1A. 8 - 17. 9 1 9A. £ 3. 3 £. 6 99.9 0.0 0.0 100.0 0. 0 0. 0
17. 9 - £1.7 1 97. A £. 6 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
£1.7 - 1100.0 0.0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
£6. 3 - 31.9 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
31.9 - 38. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
38. 7 - A6. 8 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
A6. 8 - 56. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0.0 0. 0
56. 7 - 68. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
68. 7 - 83. 3 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
83. 3 - 100. 9 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0

100. 9 - 1££. £ 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
1££. £ - 1AB. 1 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
1A8. 1 - 179. A 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
179. A — £17. A 1 100. 0 0. 0 0. 0 100. o 0. 0 0. 0 100. 0 0. 0 0. 0

z Average Mean A. 1 Poly 0.136 Dist. mean 6. £ St.Dev. A. 1
Ana lysis range 100 :fit : 0.1A98

Run : counts/1000 : "A merit : */■ .in-ranqe : Count rat e 1000’s /sec
5 9£5. 9 51.1 88. 1 6 . £
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MALVERN AUTOSIZER lie Table F.ll.d
sample : C in hexane 

Filed data from b:1130 : block 1£
Temperature £5.0 Viscosity 0.£940 Refractive Index 1.375 Angle 90.0

Particle 
£. £ 
£. 6 
3. £ 
3.9 
4.7 
5. 7

size distribution ( nm. > Graph of Intensity distribution
£ . 6  I ---------------------------------------------------------------------------------------------------+

3. £ I----------------------------------------------------- +
3.9 I----------------------------------------------------- +
4.7 l------------------------------------------------------------ +
5.7 I--------------------------------------------------------------- +
6. 9 I-------------------------------------------------------------------

6.9 - 8. 3 1 —
8. 3 - 10. 1 1 —
10. 1 - 1£. £ 1-
1£. £ - 14. 8 1 —
14. 8 - 17. 9 1 —
17. 9 - £1.7 1 —
£1.7 - £6.3 1 +
£6. 3 - 31.9 1 +
31.9 - 38.7 I +
38. 7 - 46. 8 I +
46.8 - 56. 7 1 +
56. 7 - 68. 7 I +
68. 7 - 83. 3 1 +
8̂ >. - 100. 9 I +
100. 9 - 1££. £ I +
1££. £ - 148. 1 I +
148. 1 - 179. 4 1 +
179. 4 - £17. 4 I +

Size Class 'A by Intensity %  by mass y. by number
1 Under In Above 1 Under In Above 1 Under In Above

c!« c! - £. 6 1 0.0 8.6 91.4 0. 0 39. 0 61.0 0. 0 64. 4 35. 6
£. 6 - c l 1 8.6 8. 1 83. 3 39. 0 £6. 1 34. 9 64. 4 £4. £ 11.4
U a  C l - 3. 9 1 16.7 8. 1 75. £ 65. 1 14. 5 £0. 3 88. 6 7. 6 3. 8
3.9 - 4. 7 1 £4.8 9. 1 66. 1 79. 7 8. 7 11.7 96. £ £. 5 1.3
4.7 - 5. 7 1 33.9 9. 5 56. 7 88.2 5. £ 6. 4 98. 7 0.9 0. 4
5. 7 - 6. 9 1 43. 3 9. 8 46. 9 93. 6 3. 0 3. 4 99. 6 0. 3 0. 1
6.9 - 8. ui 1 53. 1 9. 3 37.7 96.6 1.7 1.8 99. 9 0. 1 0. 0
8. 3 - 10. 1 1 6£. 3 8. 6 £9. 1 98. £ 0. 9 0. 9 100. 0 0. 0 0. 0
10. 1 - 1£. £ 1 70.9 8. 0 £1. 1 99. 1 0. 5 0. 4 100. 0 0. 0 0. 0
IE'. £ - 14. 8 1 78.9 7.4 13. 7 99. 6 0. £ 0. £ 100. 0 0. 0 0. 0
14. 8 - 17.9 1 86.2 7.0 6. 6 99. 8 0. 1 0. 1 100. 0 0.0 0. 0
17. 9 - £1.7 1 93.4 6. 6 0. 0 99. 9 0. 1 0. 0 100. 0 0. 0 0. 0
£1.7 - £6. 3 1100.0 0.0 0. 0 100.0 0. 0 0. 0 100. 0 0. 0 0. 0
C'&a U - 31.9 1 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
31.9 - 38. 7 1100.0 0.0

O
•
o

100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
38. 7 - 46. 8 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. o 0. 0
46.8 - 56. 7 1100.O 0.0 0. 0 100. 0 0.0 0. 0 100. 0 0. 0 0. 0
56. 7 - 68. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
68. 7 - 83. 3 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
83. 3 - 100. 9 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
100. 9 - 1££. £ 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
1 ££. £ - 148. 1 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
148. 1 - 179. 4 1100.0 0.0 0. 0 100. 0 0. 0 0. o 100. 0 0. 0 0. 0
179. 4 — £17. 4 1 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. o 0. 0

z Average Mean 3.1 Poly £0.088 Dist. mean 8. 0 St.Dev. 5. 1
Analysis range 100 :fit *: 0.£561

Run : counts/1000 : */ merit : in-range : Count rate 1000 ’s /sec
o '1364. £ 44. 6 77. 3 £. 8
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MALVERN AUTOSIZER lie
.Jahlfi_r-LL£.

sample s C in hexane 
Imperial College
H. J. Simpson ££/l£/86Live Data from Correlator
Temperature £5.0 Viscosity 0.£940 Refractive Index 1.375 Angle 90.0

Particle size distribution < nm. ) Graph of Intensity distribution
£. £ — £. 6

7 o
1---------

c. • o
**“l *3 Q«£• U

1
■f • f Ja /
5. 7 - 6.9 1--------- •+
6.9 - 8. 3 1---------
6.3 - 10. 1 1---------
10. 1 — 1£. £ 1---------
1£. £ - 14.8 1---------
14. 8 - 17. 9 1---------
17.9 - £1.7 1---------
£1.7 — £6. 3 I +
£6. 3 - 31.9 I +
31.9 - 38. 7 1 +

38. 7 - 46.8 I +
46. 8 - 56.7 | ■+•
56. 7 - 68. 7 1 +
68. 7 - 83. 3 1 +

- 100. 9 1 +
100. 9 - 1££. £ 1 +.
1£2. £ - 148. 1 1 +
148. 1 - 179. 4 1 +
179. 4 — £17. 4 I +

Size Class 3i by Intensity %  by mass %  by number
1 Under In Above 1 Under In Above 1 Under In Above

£. £ - £. 6 1 0.0 10. 6 89. 4 0. 0 41. £ 58. 8 0. 0 65. £ 34. 8
£. 6 - 3. £ 1 10.6 10.0 79. 4 41. £ £7. 3 31.5 65. £ £4. 3 10. 4
3. £ - 3. 9 1 £0.6 9. 4 70. 0 68. 5 14. 5 17. 0 89. 6 7. 3 3. £
3. 9 - 4. 7 1 30.0 9. 1 60. 9 8o. 0 7.8 9. £ 96. 8 £. £ 1.0
4. 7 - 5.7 1 39. 1 8.8 5£. 1 90. 8 4. £ 4.9 99. 0 0. 7 0. 3
5. 7 - 6. 9 1 47.9 8. 5 43. 6 95. 1 £. 3 £. 6 99. 7 0. £ 0. 1
6. 9 - 8. 3 1 56.4 8. £ 35. 5 97. 4 1. £ 1.4 99. 9 0. 1 0. 0
6. 3 - 10. 1 1 64.5 7. 8 £7. 6 98. 6 0. 7 0. 7 100. 0 0. 0 0. 0
lO. 1 - 1£. £ 1 7£. 4 7.4 £0. £ 99. 3 0. 4 0. 3 100. 0 0. 0 0. 0
1£. £ - 14. 8 1 79.8 7. 1 13. 1 99. 7 0. £ 0. £ 100. 0 0. 0 0. 0
14. 8 - 17. 9 1 86.9 6. 8 6. 4 99. 8 0. 1 0.0 100. 0 0. 0 0. 0
17. 9 - £1.7 1 93.6 6. 4 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
£1.7 - £6. 3 1 100. 0 0.0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
d6 • u - 31.9 1 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
31.9 - 38. 7 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
38. 7 - 46. 8 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
46. 8 - 56. 7 1100.O 0. 0 0. 0 100. 0 O. 0 0. 0 100. 0 0. 0 0. 0
56. 7 - 68. 7 1 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
68. 7 - 83. 3 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
83. 3 - 100. 9 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0

100. 9 - 1££. £ 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
1 cl cl m £ - 148. 1 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
148. 1 - 179. 4 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
179. 4 — £17. 4 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0

z Average Mean £.8 Poly 0.085 Dist. mean 7.7 St. Dev. 5 .
Analysis range 100 :fit : 0.£09£

Run : counts/1000 : '/- merit : •/. in-range : Count rate 1000’s /sec8 c.330. 7 57 . 8 7£. 3 £. 9
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MALVERN AUTOSIZER lie _Ta.tOfLE.ULi.
sample : C in hexane 
Imperial College
H. J. Simpson ££/l£/86Live Data from Correlator
Temperature £5.0 Viscosity 0.£940 Refractive Index 1. 375 Angle 90. 0

Part icle size distribution < nm. ) Graph of Intensity d istribution
Ua C Cr 1 .L. • O 1
^ j-.U **.o ■ y
4.7 - 5. 7 1---------
5.7 - 6.9 1---------
6.9 - 8. 3 1---------
6. 3 - 10. 1 1---------

10. 1 - 1£. £ 1---------
1£. £ - 14.8 1---------
14. 6 - 17.9 I--------- +
17.9 - SI. 7 (---------
SI. 7 - £6. 3 1 +
£6. 3 - 31.9 1 +
31.9 - 38. 7 1 +
38. 7 - 46. 8 1 +
46. 8 - 56. 7 1 +
56. 7 - 68. 7 1 +
68. 7 - 8oi 1 +
83. 3 - 100. 9 1 +
100. 9 - 1 ££. £ 1 +
1££. £ - 148. 1 1 +
148. 1 - 179. 4 1 +
179. 4 — £17.4 1 +

Size Class %  by Intensity %  by mass V. by number
1 Under In Above 1 Under In Above 1 Under In Above

o oUa L. - £. 6 1 0.0 11.0 89. 0 0. 0 41. £ 58. 8 0. 0 65. £ 34. 8
£■ 6 - 3. £ 1 11.0 10. 3 78. 7 41.£ £7. 3 31.4 65. £ £4. 3 10. 5
3. £ - 3. 9 1 £1.3 9. a 68. 9 68.6 14.6 16. 8 89. 5 7.3 3. £
3. 9 - 4.7 1 31. 1 9.7 59. 3 83. £ 7.9 8. 9 96. 8 £. £ 1. 0
4. 7 - 5. 7 1 40.7 9. 0 50. 3 91. 1 4. 3 4. 7 99. 0 0. 7 0. 3
5. 7 - 6. 9 1 49.7 8. 5 41. 8 95. 3 £. £ £. 4 99. 7 0. £ 0. 1
6.9 - 6. 3 1 58. £ 7.8 34. 0 97.6 1. £ 1. 3 99. 9 0. 1 0.0
8. 3 - 10. 1 1 66. 0 7.4 £6. 7 98. 7 0. 6 0. 7 100. 0 0. 0 0. 0
10. 1 - 1 £• £ 1 73.3 7. 1 19. 5 99. 3 0.3 0. 3 100.0 0.0 0. 0
!£• £ - 14. 8 1 80.5 6. 7 1£. 8 99. 7 0. £ 0. 1 100. 0 0. 0 0. 0
14. 8 - 17. 9 1 87. £ 6. 6 6. 3 99. 9 0. 1 0. 0 100.0 0. 0 o • o

17. 9 - £1. 7 1 93.7 6. 3 0. 0 100. 0 0. 0 0. 0 100. 0 0. 0 0. 0
£1.7 - £6. 3 1100.0 0. 0 0. 0 100. 0 0. 0 0. 0 100. 0 0 . 0 0 . 0
£6. 3 - 31. 9 1100.0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0
31.9 - 38. 7 1100.0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100.0 0 . 0 0 . 0
38. 7 - 46. 8 1 100. 0 0. 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0
46. a - 56. 7 1100.0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0
56. 7 - 68. 7 1100.0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0
68.7 - 83. 3 1100.0 0 . 0 0 . 0 100. 0 0 . o 0.0 100.0 0 . 0 0 . 0
83. 3 - 100. 9 1100.0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. o 0 . 0 0 . 0
100. 9 - 1££. £ 1 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0
1££. £ - 148. 1 1 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0. 0
148. 1 - 179. 4 1 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0 . 0 100. 0 0 . 0 0. 0
179. 4 — £17. 4 1100.0 0 . 0 0 . 0 100. 0 0 . o 0 . 0 100. 0 0 . 0 0 . 0

z Average Mean 3.1 Poly C.097 Dist. mean 7. 6 St . Dev. 5.
Analysis range 100 :fit : 0.£168

Run ; counts/1000 : rner i t : % in-range : Count rate -1O00’ s /sec
7 £<‘»67. 6 50. 3 64.7 3. 0
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Table F.12 Partition of DNNSA.

cDT I (M, HN03) C
DT4xlO M

P log P

2.10'2 I.IO'3 2.7 73 1.86
1.10* 2.6 76 1.88
1.10 , 2.5 79 1.90
1.10'2 1.7 116 2.07
5. 10'2 0.90 221 2.34
0. 1 0.65 307 2.49
0.5 0.24 832 2.92

1.10'2 0.5 0.18 569 2.75

5.10’3 1. io"3 0.95 52 1.71
1. io'4 0.90 55 1.74
1.10'3 0.90 55 1.74
1. 10'2 0.65 76 1.88
0. 1 0.33 151 2. 18
0.5 0. 16 312 2.49

1.10'3 1. io'3 0.30 32 1.51
l . w i 0.30 32 1.51
1.10, 0.27 36 1.56
i.10 , 0.20 49 1.69
5. 10'2 0. 13 76 1.88
0. 1 0.09 110 2.04
0.5 0.04 249 2.40

0.08 119 2.07

1.10*4 2. 10'3 0.036 27 1.43
0.03 0.025 39 1.59
0.1 0.016 61 1.79
0.5 0.012 82 1.92

0.014 70 1.85

1.10'5 1.10'^ 0.005 19 1.28
1. 10'* 0.004 24 1.38
0. 1 0.004 24 1.38
0.5 0.003 32 1.51

0.0014 69 1.84
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Table F. 13 Effect of changing aqueous phase composition at cons­
tant I on the solubility of DNNSA. 1=0.5 M(KN03+ HNOj).

C pH C . P
D T  e q u i l  K , i n

(kmol m’3) (kmol m 3)

2.10'2 1.67 0.5 1005
1.62 0.497 889
0.76 0.35 873

5. 10’3 4.8 0.5 400

2.2 0.497 301

0.82 0.35 278

1. io‘3 2.2 0.497 128
0.82 0.35 118
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Table F.14 Rates and fluxes in DNNSA transfer.

EXP. C xl.lO”2 I N r xl05( 1) J xl09(2)
D T  a  a

N° (kmolm 3) (kmolm’3) rpm moldm 3min 1 kmolm 2s 1

MV I 1. 4.10*3
Mil 1. 4.10'3
MI 1. 4.10’3
El 1. 0.5
E7 1. 4.10’3
E8 1. 0.5
MIV 0.5 4. 10’3
MV 0.5 4. 10'3
Mill 0.5 4. 10'3
E2 0.1 4. 10’3
E3 0.1 4. 10'3
E4 0.1 4. 10’3
E5 0.01 0. 1
E6 0.01 0. 1
MXIV 0.01 0. 1
MVIII 0.5 0. 1
MXIII 0.5 0.5
MXI(3) 0.5 0. 1
MV 11 0.5 0. 1
MX(3) 0.5 0. 1
MIX(4) 0.5 0. 1
MXIIC4) 0.5 0.5

300 0.54 6.4
250 0.49 5.8
200 0.48 5.7
300 0.10 1.2
200 0.49 5.8
200 0.07 0.86
300 0.34 4.0
250 0.28 3.3
200 0.24 2.8
300 0.054 0.64
250 0.044 0.52
200 0.041 0.48
300 0.004 0.048
250 0.0035 0.042
200 0.0021 0.025
300 0. 18 2.2
300 0.080 0.91
300 0. 17 2.0
200 0.16 1.9
200 0. 14 1.7
200 0.092 1. 1
200 0.065 0.77

(1) from eqn.IV.14
(2) from eqn. IV. 15
(3) preequilibrated organic feed
(4) With 5.10 3M nickel in solution
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Table F. 15 Moisture content of purified DNNSA.
Sample drying C (1) C C W W E

DT u E 1 2
0n time (h) kmol kmol kmol — — —

3 3 3m m m

1 0 0.24 0.81 0.51 3.4 3. 1 2.1
2 15 0.14 0.45 0.14 3.2 2.8 1.0

3 39 0.081 0.30 0.047 3.7 3.0 0.58

4 63 0.067 0.21 0.048 3.1 2.3 0.72
5 87 0.068 0.24 0.045 3.5 2.7 0.66

(1) Eifter dilu ti on in hexane.

Table F. 16 Equilibration of DNNSA solutions with 32P. 1=0.1 M HN03 
(pH=l.), Ws=12.

C
DT
M

0.1 cm3 0.5 cm3 1 cm3 1 cm3 average
+ (j»

lOOcr CS= 12 C
U DT

Counts / 30s average
%

5. 10'3 2096 20960
2132 20130 20863 2.4 0.06

10613 21226 ± 501
10567 21134

1. 10‘2 2592 25920
2554 25540 25315 2.0 0. 12

12425 24850 ± 505
12475 24950

5.10“2 27046 270460
26955 269550 268508 0.7 0.60

133655 267310 ± 1999
133355 266710

0.1 79872 798720
79191 791910 780934 2.2 1.2

383596 767192 ± 16846
382956 765912
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•3 H0.057M. Total water, kmol water m (uncorrected for Cy)
Table F. 17 Water solubilization across a membrane. N=1200rpm, cjj

time C =2.10'2 
DT

C = 1.10'2 
DT

C =5.10'3 
DT

C =2.5. 10‘3
DT

min M H M M

0 0.103 0.080 0.069 0.063
1 0.161 0.109 0.074 0.064
2 0.187 0. 122 0.073
3 0.234 0.131 0.085 0.077
4 0.225 0.145 0.098
5 0.240 0.140 0.078
6 0.222 0.148
7 0.125 0. 100
10 0.225 0.140 0.093 0.074
12 0120 0.094 0.072
15 0.252
20 0.227 0.148 0.080
30 0.243 0. 145
120 0.224 0.143 0.090
00 0.24 0.14 0.093 0.077

Table F.18 Saturation loadings and rates in membrane transfer.

C Cs V r xlO8
DT W w

kmolDNNSA kmol H„0 kmol H,0 
3 3m m  s

2.10'2 0.23 1.3

1. io’2 0. 14 0.57

5.10'3 0.093 0.25

2.5.10'3 0.097 0.12

1.10'2(1) 0. 14 0.23

(1) at N=780 rpm.
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Table F. 19 Data from electrolyte solubilization in the NDSC.

cDT 1.10’2l 5. 10'3 5.10"3

C°u 0.022M 0.011M 0.011M

I 4.10'3m (hno3 ) 4. 10"3m (hno3 ) 0.1 0.1
N0 100 125 150 100 125 150 200 300
EXP I VI II III V IV VII VIII

time
(min) Water concentration in organic phase, Cu x l O 2 (kmol m"3)

0 2.2 2.2 2.2 1.5 2.0 2.0 1.1 1.1

0.5 - 3.5 3.1 1.7 2.5 2.7 1.3 -

1 3.5 - 4.5 - 3.1 - - 1.3

2 4. 1 4.8 - 1.9 - 4.3 1.9 2.0

3 4.6 - 6.0 2.2 3.8 - 2.4 -

4 4.7 - 6.3 2.7 4. 1 5.0 2.8 -

5 5.3 6. 1 - 3.0 - - 2.7 3.0

6 5.2 5.2

7 5.4 3.2
8 5.6
9 6.4

V ” 1.7 3.0 4.8 0.90 1.5 1.8 0.65 0.84

RexlO * 8.4 10.5 12.6 8.4 10.5 12.6 16.8 25.2

(1) x 105 kmol H O  m 2
-2 -1s
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32Table F.20a Data from P dynamic solubilization by dry and pre
equilibrated micelles. C =5.lO'^M. Activity decay correction fac
tor f= 0.559.

time

(min)

counts/30s 

(1)

CfV

(2)

counts/30s

(1)

Ccu

(2)
0 81 0.026 81 0.026
0.5 404 0.096 88 0.027

1 583 0.134 101 0.030
2 732 0.167 146 0.040
5 802 0. 183 182 0.048
10 926 0.210 262 0.065
15 1027 0.232 362 0.087
20 1013 0.229 367 0.088
30 1070 0.241 435 0. 103

40 1246 0.280 685 0. 157
50 1357 0.304 843 0. 192
60 1499 0.335 840 0.191

(1) corrected for background (86 counts/30s), average of four 
countings. 1/100 dilution of tracer.

( 2 ) t ( 1 )x (TT§o x O s 9 n - 2 - 10'7 + ° - 00786
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32Table F.20b Data from P dynamic solubilization by dry and pre
equilibrated micelles. Cdt=2.10*^. Activity decay correction fac
tor f= 0.533 (dry, i), 0.507 (prequilibrated, e).

time counts/30s C1' counts/30s Ceu w

(min) (1) (2) (1) (2)

0 111 0.032
0.5 375 0.090
1 597 0.138 239 0.065
2 671 0.154 292 0.078
5 838 0. 191 305 0.081
10 866 0. 197 339 0.089
15 909 0.206 379 0.099
20 1049 0.237 466 0.110

30 1062 0.239 486 0. 125
40 1110 0.250 563 0.143
50 1133 0.255 603 0. 153
60 1166 0.262
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32Table F.20c Data from P solubilization rates by dry and pre
equilibrated micelles. Cdt=0.013M. Activity decay correction fac
tor f= 0.507.

time

(min)

counts/30s 

(1)

c1u
(2)

counts/30s 

(1)

ceu
(2)

0 75 0.026 67 0.024
0.5 147 0.043 105 0.033

1 291 0.078 171 0.049

2 371 0.097 202 0.056
5 519 0. 133 264 0.071
10 603 0. 152 336 0.089
15 761 0.191 362 0.095
20 768 0.193 453 0.117

30 962 0.239 465 0.120

40 827 0.207 526 0. 134

50 849 0.220 558 0.142
60 890 0.222
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32Table F.20d Data from P solubilization rates by dry and pre
equilibrated micelles. Cdt=5 . I Q 3!*. Activity decay correction fac
tor f= 0.483.

time counts/30s c1U counts/30s ceu
(min) (1) (2) (1) (2)

0 13 0.011 11 0.013
0.5 63 0.024 70 0.026
1 83 0.029 76 0.027
2 114 0.037 100 0.033

5 175 0.052 156 0.047

10 192 0.056 178 0.052

15 208 0.060 200 0.059

20 226 0.065 221 0.064
30 231 0.066 217 0.062

40 248 0.0704 235 0.067

50 255 0.072 247 0.070
60 256 0.072 252 0.071
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KNO ), C = 0.1 kmolm'3.3 DT

Table F. 21 Potassium-Hydrogen exchange by DNNSA. 1=0.5M (HN03+

PH C
K , f e e d

X(l) r  ( 2 )  

H , e q
PH C

K D . e q
X(3) X(4) X(5)

kmolm 3 kmolm 3 kmolm 3 — _ —

4.0 0.485 1.00 0.0625 1.20 0.074 0.74 0.62 0.68

3.5 0.485 1.00 0.0694 1.16 0.069 0.69 0.69 0.69

3.0 0.484 0.99 0.067 1.19 0.076 0.65 0.76 0.71

2.5 0.482 0.98 0.070 1. 15 0.058 0.58 0.65 0.62

2.0 0.475 0.94 0.073 1.14 0.063 0.63 0.61 0.62
1.5 0.453 0.85 0.096 1.0 - - 0.59 -

1.0 0.385 0.68 0.16 0.80 0.051 0.51 0.48 0.495

0.5 0.169 0.33 0.34 0.47 0.023 0.23 0.24 0.235

(6) 2.0 0.095 0.92 - -

(6) - 3.0 0.099 0.99 - -

(1) eqn. IV. 21
(2) titrated with HONa 0.05N
(3) X = / C (atomic emission spectrophotometry)

C - C
(4) X = ----— ^---- ----- (titration)

C
D T

(5) average of (3) and (4)
(6) from the organic feed of nickel extraction rate experiments 
with pH as variable (preequilibrated with blank of appropriate pH)
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Table F. 22 Equilibrium distribution of Ni (II) extracted by (K-
H3DNNS. 1= 1M (HN03+KN03), pH £ 0.5.

[ Ni(11) ] 
in feed 
xl03kmolm’3 a

C (kmolm’3) DT
0.0667

b e d a
0.0813 
b c d

0.1 7.0 5.9 0.20 0.200 6.68 5.58 0. 16 0. 197
0.5 34.4 27.7 1.2 0.242 34.0 26.9 1.0 0.264
1.0 65.5 53.8 2.1 0.217 65.0 51.5 2.0 0.262
5.0 - - - 338 271 9. 1 0.228
10. - - - 620 517 15 0.200
50. 3113 2563 81 0.215 4164 3083 96 0.351

f 0.220 0.228 ± 0.030

g 13

a= C . average (ppm)
M , f e e d

b= C . , average (ppm)
H , e q u i l i b r i u m

c= loading % = 7 = 7 (C - C )/ C (%) 
M , f  M , e q  D T

D T

d= D = (C - C )/C
D  M , f  M , e q  D T

f = D ± std. dev. at constant C 
D  D T

g= relative error at 1 sd - (sd/D )xl00 (%)
D

310



Table F.22 (continued)

[N1(ID] C ( k m o l m ’3) 
OT

in feed 0.135 0.236
x l 0 3km ol m’3 a b e d a b  c d

0.1 10.5 7.5 0.27 0.394 6.18 3.70 0.13 0.670
0.5 47.6 32.8 1.3 0.452 30.1 18.0 0.62 0.682
1.0 89.7 63.7 2.3 0.408 55.3 30. 1.3 0.843

60.1 34. 1.3 0.773

5. 466 323 12.6 0.443 288 181 5.4 0.600
325 172 7.7 0.893

10. 860 627 21 0.372 529 302 12. 0.755

50. 4164 3083 96 0.351 2636 1635 51 0.612

f 0.407 ± 0.035 0.728 ± 0.107

g 8.5 15

INi(II)]
in feed e R

xl03kmolm 3

0.1 log Do=0. 474+1.03logC^ 0.9540

0.5 log D =0.448+0.921ogC 
D DT

0.9897

1.0 log D =0.570+1.OSlogC 
D DT

0.9941

5. log D =0.366+0.901ogC 
D DT

0.9700

10. log D =0.670+1.261ogC
D DT

0.9999

50. log D =0.416+0. 991ogC 
D DT

0.9988

e= linear regression of D on C at constant C ,
&  D D T  H , f e e d

R= correlation coefficient.
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Table F.23 Calculations to estimate the aggregation number of
DNNSA from nickel distribution data. I=1M (HNO^ + KN03), pH=0.5.

c
DT

C
M

C
M D

D

D
D

C
DT"C

DT

k m o l m  3 pp m p p m — m 3/kmol
kmol/ni

0.0667 6.7 100 0.242 f 3.63

11.7 175 0.217 3.25

0.0813 7.1 87.3 0.264 3.25
13.5 166 0.262 3.22
67 824 0.228 2.80

103 1267 0.200 2.46

0. 135 14.8 110 0.452 3.35

26. 193 0.408 3.02
143 1059 0.443 3.28

233 1726 0.372 2.76

0.236 25.3 107 0.843 3.57

26.1 111 0.773 3.28
107 453 0.600 2.54
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Table F.24 Equilibrium distribution of Ni(II) extracted by LIX63.
Aqueous feed conditions: Cm=5. 10'3M, 1=0.5M (HNC>3+ KN03), pH=2.5,
20 °C.

c
LT3

x 1 0 j

Di DL ,  a v g e
s.d. Cs.d./D )

L , a v g e

X100
pHeq

20 0.0230 0.0214 0.0023 10.6 -

0.0198
10. 0.0124 0.0137 0.0018 13.4 2.61

0.015
8. 0.0106
7. 0.0086
5. 0.0072 2.49
3. 0.0046
2. 0.0039 0.0047 0.00113 24.0 2.54

0.0055

1. 0.0030 0.0033 0.00035 10.6 2.49
0.0035

0.5 0.0031 2.53
0.2 0.0027 2.55

0. 1 0.0015 2.55
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Table F.25 Effect of pH on distribution in Ni(II) extraction by
LIX63. Feed conditions: C =5. 10'3M, 

M
1=0. 5M (HN03+KN0

; > •  E l t = °

C xlO3 
M

D
L

d l(i)
S *

kmolm 3 c ~
M s

3.0 20
2.5 0.125 0.025 0.036 6
2.0 0.091 0.018 0.015 2
1.4 0.045 0.009 0.0075 0.6
0.5 0.025 0.005 0.0053 0.06

(1) predicted by eqn.IV.61 with a=0.005, b=0.0001
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Table F.26 Equilibrium distribution of Ni(II) in the mixed extrac­
tants system. [Ni(II) ]=5.10*3kmolm 3, 1=0.5M (HN03+ KNOj), pH=2.5.

Cit(H)= 0.0 1.10'3 5.10'3 1.10‘2

C x 104
D T  - 3  (kmolm )

D
D

D
M

D D
H  M

0.1 0.0034 0.0062
0.5 0.012 0.0138 0.019
1. 0.035 0.0225
2. 0.018 0.028±0.006 0.034
3. 0.031 0.043±0.013 0.044
4. 0.045

5. 0.080 0.060±0.008 0.083

6. 0.080
7. 0. 084

10. 0.0018 0. 114 0.39±0.08

20. 0.0035 0.59

50. 0.009 0.52
100. 0. 100

670 0.283
1350 0.443
2360 0.593
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Table F.27 Equilibrium constants for nickel extraction by mix
tures. C =5. 

LT
10*3kmolm*3, C *M=5. 10“3 kmolm’3, 1==0.5, pH=2. 5.

C xlO3 
DT Dz V Di V k 2'/k ,>

1. 0.39 0.075 0. 11 0.0275 3.5

2. 0.59 0.148 0. 18 0.045 3.3

5. 1.38 0.345 0.38 0.095 3.6

Table F. 28 Effect of N and C o n  
DT

J (xl010kmolm" 2s 1) D

[Ni(II) ]=5.103kmolm”3, 1=0.5M (HN03 +KN03), pH=2.5.

C
DT

4 - 3xlO kmolm
150 200

N (rpm) 

250 300 350

1. 0.23 0.36 0.35

4. 1.3 1.6 1.5

5. 1.8 2.3 2.2

10. 2.5 4.6 4.4 4.0 3.9

50. 14. 16. 17./15.

100. 24. 29. 36.
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Table F. 29 Effect of C . C . and pH on J (xlO10 kmolm’2s 1) 
-------------------dt m d

C = VARIABLE 
D T

1. lO^kmolm 3 5.10‘:5kmolm 3

C =5.10
M

^molm 3 VARIABLE 5.10'3kmolm 3

pH=2.5 2.5 VARIABLE

C xlO4 
D T

M J
D

C xl03kmolm3 J 
M  D

pH J
D

0.1 0.035 0.5 0.33±0.12 0.5 2.8/2. 9

0.2 0.055 1. 0.55±0.06 1.0 5.1/5.1

0.3 0. 10 2.5 1.4 1.5 7.5

0.5 0.16 4. 2.3 2.0 12.

1. 0.31±0.02 2.5 15.3

2. 0.69±0.15 3.0 16.4

3. 1.0 3.5 15.1

4. 1.6±0.1

5. 2.1±0.1

10. 4. 0±0.7

20 4.9

50 15.1±4.1

100 32.7±4.4
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Table F.30 Effect of extractant concentration on the nickel flux
with LIX63 alone. [Ni(11)1=5.10"3 kmolm"3, 1=0.5M (HN03+ KN03), 
pH=2.5.

C xl03kmolm 3 J xl010kmolm 2s 1
L T  L

20 0.91

10 0.47

5 0.23

1 0.055

Table F.31 Effect of pH on the nickel flux with LIX63 alone. 

[Ni (II) ]=5.10'3kmolm*3, 1=0.5M (HN03+ KNO^ . (Jxl01°kmolm‘ V 1)

1.10 3kmolm 3 1.10 2kmolm

1.5 0.05

2.0 0.013 0.16

2.5 0.055 0.47

3.0 0.21 0.50/0.65
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. 10'3kmolm'3, 1=0.5M (HNO+KNO ), pH=2.5, N=300 rpm. (J xl010kmol
*  3  3  H

Table F.32 Nickel fluxes in mixed reagents systems. [Ni(II)]=5

C C xl03kmolm 3
D T  L T

xl04kmolm‘3 1. 5. 10.

0.1 0.41

0.2 0.61

0.3 1.1

0.5 1.4 1.6 1.9

1. 1.6

2. 1.2 3.3/3. 9

3. 1.6 3.6 5.0

4. 1.6

10. 4.4 3.6 4.7

20. 9. 8.0 5.5

50 21. 16.7 15.7/15.9
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in mixed reagents sistems. C = 5.10 3kmolm 3, C =5.10 3kmolm 3, 
&  D T  M

1=0.5M (HN03+ KN03), N=300rpm

Table F. 33 Effect of pH on nickel flux (J xl010kmolm 2s 1)

pH C =1.10'3kmolm”3
L T

C =1. lO'^molm'3 
L T

1 . 0 1.8

1.5 4.51.9

2.0 9.5 4.2

2.5 21. 15.7/15.9

3.0 26. 0/26.8 28.1/27. 3

Table F.34 Effect of [Ni(II)] on the nickel flux in mixed systems. 
1=0.5M (HN03+ KN03), pH=2.5, N=300 rpm.

C C C xlO’3kmolm"3
D T  L T  M

xlO 3kmolm 3 xlO 3kmolm 3 0.5 1. 5.

1. 0. 0.26/0.33 0.60 2.9

1. 0.98 1.6 4.4

5. 0.40 0.72 3.6

10. 0.49 4.7

0.3 0. 0.16 0.26 1.0
1. 0.21 0.33 1.6

5. 0.33 0.49 3.6

10. 0.41 0.53 5.0
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Table F.35 Mass transfer coefficients in the NDSC (aqueous phase).
1=0.004 M HNCK

C x i o 2  
D T

kmolm"3

N

rpm

K  xlO5 
a q

-1ms

D EXP K aRe
®q
EXPONENT

correlation
coefficient

1. 300 5.7

1. 250 4.9

1. 200 3.7 1.06 0.9962

0.5 300 6.6

0.5 250 5.3

0.5 200 3.9 1.28 0.9999

0.1 300 7.5

0.1 250 5.6

0.1 200 4.6 1.21 0.9779

Table F. 36 Mass transfer coefficients in the NDSC (organic phase),

K xl0’5ms’1. Parameter is C (kmolm 3)/Ws(-). 
o  D T

N/2

rpm

Re 5.10"3/14 

kmolm 3

5.10"3 /10 

kmolm 3

1.10"2/13 

kmolm 3

100 8400 7.6 7.3

125 10500 10. 1 9.9

150 12600 12.9 13.5

200 16800 14.4

300 25200 16.0
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Table F. 37 Solubilization contribution to Ni(II) extraction
fluxes. [Ni(II)]=3.10 3. No=150rpm.

C xio3
D T

J xlO10 
D

J xlO6 w J xlO6 w J xlO10
D S

J /J 1.
D S  D

3J xlO10 
D

kmolm 3 - 2  - 1  - 2 -kmolm s kmolm s1 , ,2-1 kmolm s kmolm2s 1 — kmolm2s 1
NDSC 1=0.004 1=0.5 NDSC

1. 4.1 3.(1> 1.2(2) 1.1 0.27 5.3
5. 17. 18. 0) 5.4 0.32 to to

10. 37. 48. 16 (3) 14. 0.38 ** CO

( 1 )

(2)

(3)

From transfer through membrane, 
Corrected as Ws = 10 at 1=0.1,
Corrected as Ws = 12 at 1=0.004

at 1=0.1.
Ws e 4 at 1= 
, Ws = 4 at

0.5.
1=0.5.
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Appendix G Estimation of diffusion coefficients.

Rates of sublayer renewal were estimated in section V.4 from 
MTCs found from initial water solubilization and micellar core 
exchange experiments in the NDSC, and an estimate of the diffusion 
coefficient 5). This appendix shows how B was evaluated.

In their work on DNNSA monolayers dissolution in a Langmuir
trough, Chaiko and Osseo-Asare (1986 .) estimated the diffusion
coefficient of DNNSA monomers in the aqueous sublayer (at 0.1M
KNO , pH=6, and at 18°C) as B =3.10'1° m2s"1. The diffusion co- 

3 n,wefficient of monomers in hexane, B , may be evaluated from this
m , o

estimate and the correlations available in the literature (Reid et
al., 1970, p.570; Sherwood et al., 1975). The correlations by
Wilke-Chang, Scheibel, and Reddy and Doraiswami were found to
predict similar values of B . The Wilke-Chang correlationm,o
predicts that

B 0 a 
A B

1 / 2
H (G. 1)

where M is the molecular weight of the diluent, p is its vis- 
B Bcosity, and A refers to the solute. A ratio may thus be written 

for both diluents as follows:

m,w
*9 2 * 1It results B =6.53 =2.10 ms . It is now desired to estimate

m , o  m , w

the diffusion coefficient of the reversed micelle in hexane, Srm
McQueen and Hermans (1972) showed that the Stokes-Einstein equa­
tion related satisfactorily the values of B and B . The dif-

m , o  r m

fusion coefficients of two particles of different volume Eire pro­
portional to their hydraulic radii, and assuming that micellar vo­
lumes depend linearly on mean aggregation numbers (m), those au­
thors stated eqn.G.2:
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X)
X) m ,  o (G.2)rm m1/3

Thus X) = 2. 10'9/71/3 s 1.05.10‘9m2s"\
r m

As the RM solubilizes water, a water pool forms at its core 
and the diffusion coefficient changes because the change in size. 
The coefficient for the saturated micelle is X) . The mean dia­
meter of dry and saturated micelles measured by PCS were respec­
tively around 3 and 4.5 nm. Thus

Although the solubilization capacity depends on the solubilizate 
ionic strength, only one value of the saturated micelle diameter 
will be considered here. Now the effect of the size change on the 
diffusion coefficient may be evaluated by the Wilke-Chang or the 
Reddy-Doraiswami correlations. Both predict the ratio G.3:

rms

Volume micelle, satd. 
Volume micelle, dry

1/3

X)
r m

r m s (G.3)

The result is X) =7.10 10m2s 1.rms
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Appendix H Computer codes and output samples.

File name Section Page

FIT V.5 326

REWAL V.5 327

OUTPUT OF REWAL V.5 329

NORG V.7 332

OUTPUT OF NORG V.7 335
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/

00100 PROGRAM FTT(DATA,OUTPUT,TAPE5=DATA,TAPE6)00110 C THIS PROGRAM FITS THE NICKEL FLUX VERSUS (N,CDT)DATA 00120 C TO ESTIMATE THE PARAMETER DELTA*K IN THE RENEWAL - 00130 C REACTION MODEL, USING THE NAG ROUTINE E04FDF.00140 C00150 DIMENSION AJCDT(20),S(20)00152 DIMENSION W(109),IW(1)00160 REAL X, FSUMSQ,W00170 INTEGER I,IFAIL,LW,LIW,M,N,IW00180 COMMON AJCDT,S00190 DO 301=1,2000200 READ (5,*)AJCDT(I),S(I)
00210 WRITE(6,32)AJCDT(I),S(I)00220 32 FORMAT (1X,’J/CDT=’,E15.10,2X,’S=’,F5.2)00230 30 CONTINUE00240 C 00250 M=2000260 N=100270 X=l.E-500280 LW=10900290 LIW=1 00300 IFAIL=100310 CALL E04FDF(M,N,X,FSUMSQ,IW,LIW,W,LW,IFAIL)00320 IF(IFAIL.NE.0)WRITE(6,104)IFAIL 00330 IF(IFAIL.EQ. 1 )GO TO 4000340 WRITE(6,105)FSUMS Q00350 WRITE(6,106)X00360 104 FORMAT(lX,’ERROR EXIT TYPE’,13)00370 105 FORMAT(lX,*SUM OF SQUARES ON EXIT=*,E15.8)00380 106 F0RMAT(1X,’DELTA*K=’,E8.3)00390 40 STOP00400 END 00410 C 00420 C00430 SUBROUTINE LSFUN1 (M,N,XC,FVECC)00440 DIMENSION FVECC(M)
00444 RFAT YC
00450 DIMENSION AJCDT(20),S(20)00460 INTEGER I,M,N00465 REAL AA,BB00470 COMMON AJCDT,S00480 DO 461=1,20
00490 AA=S(I)-0.378E4*XC*SQRT(S(I))00500 BB=S(I)-0.14E8*XC*XC00510 FVECC(I)=0.00143*XC*AA/BB-AJCDT(I)00520 46 CONTINUE00530 RETURN 00540 END
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00100 PROGRAM REWAL (INPUT,OUTPUT,TAPE6)00110 C THIS PROGRAM IMPLEMENTS THE SOLUTION TO THE 00120 C PROBLEM OF DIFFUSION AND REACTION WITH THE 00130 C "RADIATION HEAT TRANSFER" BOUNDARY CONDITION 00140 C AT X=0. IT MAPS THE METAL COMPLEX CONCENTRATION 00150 C IN SPACE AND TIME USING THE DIFFUSION FILM.00152 C IT COMPUTES THE SURFACE COMPLEX CONCENTRATION 00160 C "SURFACE". IT COMPUTES INSTANTANEOUS FLUXES 00170 C INTO THE FLUID ELEMENT, AND THE AVERAGE FLUX 00175 C AS A FUNCTION OF REACTION RATE CONSTANT AND 00180 C SURFACE RENEWAL FREQUENCY.00185 REAL CDT,D,DD, AK,DELTA,CMB0,THETA,CPLUS00186 REAL H,HH,X,XT,T,TT,A,AA,B,BB,C,E,F00190 REAL S,CS,AL,DKL00200 REAL DELTK00210 AL=0.100220 DD=7.E-1000225 CMB0=0.00230 1007 CONTINUE00232 PRINT VENTER DELTK’00234 READ *,DELTK00236 IF(DELTK.GT. 10.)GO TO 12500240 PRINT*,’ENTER CDT’00245 READ*,CDT00270 THETA=0.1000280 CPLUS=0.00290 H=DELTK*THETA/DD00300 C HH=H*H 00310 D=SQRT(DD)00340 COMPUTATION OF CONCNC. IN DIFFUSION FILM 00350 WRITE(6,101)00360 101 FORMAT(10X,"X",10X,"T",12X,"CPLUS",14X,"X/SQRT(D*T)")00370 X=l.E-700380 105 CONTINUE00390 TT=1.00400 1002 CONTINUE00410 T=SQRT(TT)00420 XT=X/(D*T)00430 A=ERFC(XT/2)00440 B=EXP(H*X+HH*DD*TT)00450 C=ERFC(H*D*T+XT/2)00460 CPLUS=A-B*C00470 WRITE(6,102)X,TT,CPLUS ,XT00480 102 FORMAT(1X,F15.10,2X,F8.5,2X,F15.10,2X,F15.10)00490 TT=2*TT00500 IF(TT.GE. 10.)GO TO 10300510 GO TO 100200520 103 CONTINUE
n n ^ n  v —i n * Y
00540 IF(X.GT.l.E-4)GO TO 10400550 C GOTO 105
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00560 104 CONTINUE00590 COMPUTATION OF SURFACE CONCENTRATIONS 00600 WRITE(6,110)00610 110 FORMAT(10X,"T,,,5X,"CS DIMENSIONLESS")00620 TT=1.00630 113 CONTINUE00640 T=SQRT(TT)00650 E=EXP(HH*DD*TT)00660 F=ERFC(H*D*T)00670 CS=1-E*F00680 WRITE(6,111)TT,CS00690 111 FORMAT(5X,F8.2,2X,E8.3)00700 TT=10*TT00710 IF(TT.GE.l.E3)GO TO 11200720 GOTO 11300730 C 112 CONTINUE00732 129 CONTINUE00760 COMPUTATION OF AVGE. FLUXES00770 WRITE(6,120)00780 120 FORMAT(1X,"S",30X,"JD")00790 S=2.00800 126 CONTINUE00810 AA=S-H*SQRT(S)*D 00820 BB=1 ./(S-HH*DD)00830 CC=DELTK*THETA*AL*CDT/7.00840 AJD=CC*AA*BB00850 WRITE(6,121 )S, AJD00860 121 FORMAT(1X,F8.3,10X,E15.8)00862 DKL=DELTK*AL 00870 S=S*200880 IF(S.GT.150)GO TO 12700890 GO TO 12600891 127 CONTINUE00892 WRITE(6,1008)DELTK,CDT00893 1008 FORMAT(lX/DONE FOR DELTA*K=’,E8.3,2X,’CDT=,,F8.5>/)00894 WRITE (6,1111)DKL00895 1111 FORMAT(1X,,DELTA*K*L=\E15.10/)00896 GO TO 100700900 125 STOP00910 END
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REWAL OUTPUT

X T CPLUS X/SQRT(D*T)
.0000001000 1.00000 .6274894737 .0037796447.0000001000 2.00000 .7134188525 .0026726124.0000001000 4.00000 .7860892137 .0018898224.0000001000 8.00000 .8438054518 .0013363062.0000010000 1.00000 .6119948696 .0377964473.0000010000 2.00000 .7014673467 .0267261242.0000010000 4.00000 .7771544175 .0188982237.0000010000 8.00000 .8372756169 .0133630621.0000100000 1.00000 .4666842760 .3779644730.0000100000 2.00000 .5861990468 .2672612419.0000100000 4.00000 .6895467149 .1889822365.0000100000 8.00000 .7726511912 .1336306210.0001000000 1.00000 .0026790183 3.7796447301.0001000000 2.00000 .0295164611 2.6726124191.0001000000 4.00000 .1164201812 1.8898223650.0001000000 8.00000 .2603102125 1.3363062096

T1.0010.00100.00

CS DIMENSIONLESS .629E+00 .860E+00 .954E+00

S JD
2.000 .24928322E-114.000 .28872124E-118.000 .32508832E-1116.000 .35687385E-1132.000 .38337973E-1164.000 .4046303IE-11128.000 .42113662E-11

DONE FOR DELTA*K=.327E-03 CDT= .00001
DELTA*K*L=.3270000000E-04
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X T CPLUS X/SQRT(D*T)
.0000001000 1.00000 .6274894737 .0037796447.0000001000 2.00000 .7134188525 .0026726124.0000001000 4.00000 .7860892137 .0018898224.0000001000 8.00000 .8438054518 .0013363062.0000010000 1.00000 .6119948696 .0377964473.0000010000 2.00000 .7014673467 .0267261242.0000010000 4.00000 .7771544175 .0188982237.0000010000 8.00000 .8372756169 .0133630621.0000100000 1.00000 .4666842760 .3779644730.0000100000 2.00000 .5861990468 .2672612419.0000100000 4.00000 .6895467149 .1889822365.0000100000 8.00000 .7726511912 .1336306210.0001000000 1.00000 .0026790183 3.7796447301.0001000000 2.00000 .0295164611 2.6726124191.0001000000 4.00000 .1164201812 1.8898223650.0001000000 8.00000 .2603102125 1.3363062096

T CS DIMENSIONLESS
1.00 .629E+0010.00 .860E+00100.00 .954E+00

S JD2.000 .24928322E-104.000 .28872124E-108.000 .32508832E-1016.000 .35687385E-1032.000 .38337973E-1064.000 .4046303IE-10128.000 .42113662E-10

DONE FOR DELTA*K=.327E-03 CDT= .00010
DELTA*K*L=.3270000000E-04
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X T CPLUS X/SQRT(D*T)
.0000001000 1.00000 .6274894737 .0037796447.0000001000 2.00000 .7134188525 .0026726124.0000001000 4.00000 .7860892137 .0018898224.0000001000 8.00000 .8438054518 .0013363062.0000010000 1.00000 .6119948696 .0377964473.0000010000 2.00000 .7014673467 .0267261242.0000010000 4.00000 .7771544175 .0188982237.0000010000 8.00000 .8372756169 .0133630621
.0000100000 1.00000 .4666842760 .3779644730.0000100000 2.00000 .5861990468 .2672612419.0000100000 4.00000 .6895467149 .1889822365.0000100000 8.00000 .7726511912 .1336306210.0001000000 1.00000 .0026790183 3.7796447301.0001000000 2.00000 .0295164611 2.6726124191.0001000000 4.00000 .1164201812 1.8898223650.0001000000 8.00000 .2603102125 1.3363062096

T CS DIMENSIONLESS
1.00 .629E+0010.00 .860E+00100.00 .954E+00

S JD
2.0004.000
8.000 16.00032.00064.000128.000

.24928322E-09 .28872124E-09 .32508832E-09 .35687385E-09 .38337973E-09 .4046303IE-09 .42113662E-09

DONE FOR DELTA*K=.327E-03 CDT= .00100
DELTA*K*L=.3270000000E-04
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X T CPLUS X/SQRT(D*T)
.0000001000 1.00000 .6274894737 .0037796447.0000001000 2.00000 .7134188525 .0026726124.0000001000 4.00000 .7860892137 .0018898224.0000001000 8.00000 .8438054518 .0013363062.0000010000 1.00000 .6119948696 .0377964473.0000010000 2.00000 .7014673467 .0267261242.0000010000 4.00000 .7771544175 .0188982237.0000010000 8.00000 .8372756169 .0133630621.0000100000 1.00000 .4666842760 .3779644730.0000100000 2.00000 .5861990468 .2672612419.0000100000 4.00000 .6895467149 .1889822365.0000100000 8.00000 .7726511912 .1336306210.0001000000 1.00000 .0026790183 3.7796447301.0001000000 2.00000 .0295164611 2.6726124191.0001000000 4.00000 .1164201812 1.8898223650.0001000000 8.00000 .2603102125 1.3363062096

T CS DIMENSIONLESS
1.00 .629E+0010.00 .860E+00100.00 .954E+00

S JD
2.0004.000
8.000 16.00032.00064.000128.000

.24928322E-08 .28872124E-08 .32508832E-08 .35687385E-08 .38337973E-08 .4046303IE-08 .42113662E-08

DONE FOR DELTA*K=.327E-03 CDT= .01000 
DELTA*K*L= 3270000000E-04

332



on
on

PROGRAM NORG(INPUT,OUTPUT,TAPE6.TAPE62)THIS PROGRAM CALCULATES THE ORGANIC PHASE SPECIA- TION IN THEMIXED HDNNS-LIX63 SYSTEM, USING THE CONSTANTS DETER­MINED BYZHENG AND OSSEO-ASARE FROM VPO MEASUREMENTS. THE NAG ROUTINEC05NBF DOES THE JOB, IT DOES NOT REQUIRE SUPLYING OF JACOBIAN.
COMMON /CONOO /  CXX,CLT,KP,KB,KM COMMON/COOO/ KM 1 ,KM2,KL2,KL3 DIMENSION C( 14,10) ,CDT(20),Z(20)DIMENSION X(2),FVEC(2),WA(19),XCDT(20),XCP(20),XCD23L(20)REAL KP,KB,KM 1 ,KM2,KL2,KL3,KMREALLCDT(20),LCD,LCL,LCP,LCL2,LCL3,LCDL,LCD7L,LCD72L,LCD23L
EXTERNAL FCN CALL BORDOFF CALL START(2)CALL SCALEZ (1.5)N=2KP=6.47E26KL2=2.03KL3=4.68E3KB=4.84E4KM 1=249KM2=1.58KM=1.27E-13SMA=0.SMIC=0.F=0.LWA=19XTOL=1.E-10IFAIL=0WRITE(6,101)101 FORMAT(4X,,CDT,,15X,*CLT*,15X,,SMA’,15X,*SMIC’,15X,,F’)

29 CONTINUE 1=0PRINT VENTER CLT’READ *,CLT IF(CLT.GT.0.1)GO TO 104 38 CONTINUE 1= 1+1
PRINT VENTER CDT’READ *,CDT(I)X(1)=CDT(I)X(2)=CLTCXX=CDT(I)CALL C05NBF(FCN,N,X,FVEC,XTOL,WA,LWA,IFAIL)
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C(I,7)=CDL C(I,8)=CD7L IF(I.LT.12)G0 TO 38 CALL PLOT(2.,0.,-3)CALL LOGAX(0.,0. ,2, .8,20,-20,2,2,1)CALL LOGAX(0.,0.,1»4.,5,-5,1,1,1)WRTTE(7,1111) (CDTaU),(C(IU,ICX)),IOO=l,8) ,IU=1,12)
1111 FORMAT( 1X,9(E 10.3,2X))DO 223 J=l,8 DO 99 Jl=l,12 Z(J1)=C(J1,J)99 CONTINUE

PAT T POINTS 7
CALL SYMBOL(10.,2.’.42,’CDT (KMOLE/M3)\0.,0)CALL SYMBOL(l.,4.,.42,*CONC. SPECIES (KMOLE/M3)\90.,0) CALL SYMBOL(2.,3.,.42,’CLT=\0.,0)CALL NUMBER(4.,3.,.42,CLT,0.,6)DO 414 ITR=2,I,2CALL LOCATE(CDT(ITR),C(ITR,J),ZW,ZQ, 1)CALL SYMBOL(ZW,ZQ,.35,J,0.,-1)

414 CONTINUE 223 CONTINUECALL NEWPAGE GO TO 29 104 CONTINUE CALL ENPLOT STOP ENDSUBROUTINE FCN(N,X,FVEC,IFLAG)COMMON/CONOO /  CXX,CLT,KP,KB,KM COMMON/COOO/ KM 1 ,KM2,KL2,KL3 INTEGER IFLAG,N REAL FVEC(2),X(2)REAL KP,KB,KM1 ,KM2,KL2,KL3,KM N=2
FVEC(1)=X(1)*(1.+KB*X(2))+2.*KM*KP*X(2)*X(2)*X(2)*X(1)1 *X(1)+7.*KP*(X(1)**7)*(1.+KM1*X(2)+KM2*X(2)*X(2))-CXXFVEC(2)=X(2)*(L+KB*X(1)+KM1*KP*(X(1)**7))+2*X(2)*X(2)1 *(KM2*KP*(X(1)**7)+KL2)+3*(X(2)**3)*(KL3+KM*KP*X(1)1 *X(1))-CLTRETURNEND
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NORG OUTPUT

CDT
.10000E-04
.20000E-04
.50000E-04
.10000E-03
.20000E-03
.50000E-03
.10000E-02
.20000E-02
.50000E-02
.10000E-01

.50000E-04

.10000E-03

.20000E-03

.50000E-03

.10000E-02

.20000E-02

.50000E-02

.lOOOOE-Ol

CLT

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.10000E-02

.50000E-02

.50000E-02

.50000E-02
♦ 50000E-02
.50000E-02
.50000E-02
.50000E-02
.50000E-02

SMA
.16029E-04
.25648E-04
.54460E-04
.10234E-03
.19757E-03
.47420E-03
.62364E-03
.66042E-03
.67841E-03
.67343E-03

.37949E-03 

.42116E-03 

.50280E-03 

.73780E-03 

.11123E-02 

.18612E-02 

.30015E-02 

.30963E-02

SMIC 
.13407E-19 
.18219E-17 
.1337IE-14 
.23663E-12 
.62034E-10 
.60221E-06 
.48101E-04 
.18462E-03 
.60952E-03 
.13237E-02

.87940E-19 

.10799E-16 

.12944E-14 

.72893E-12 

.11123E-09 

.54750E-07 

.23556E-03 

.93732E-03

11.22029
8.97676
7.62446
7.16369
6.91503
6.64728
4.70217
2.95762
1.80309
1.39801

53.12870
29.48113
17.59788
10.32919
7.78586
6.51427
4.53185
2.82355
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