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ABSTRACT"

A suitable experimental system was chosen for the study
of the Kinetics of Solvent Extraction and the characteristics of
the cell design were evaluated by studying the rate of transfer
of 8~hydroxyquinoline from buffered solutions into paraffin.

The rate was found to be first order with respect to 8-hydroxy-
quinoline, linearly related to stirring speed and interfacial
area and to have an activation energy of 3.5 kcal per mol.

A survey was made of the rTates involved in various
organo~-metallic extraction systems and the systems involving the
stripping of copper, nickel and cobalt from di-2-ethylhexyl-
phosphoric acid (D.E.H.P.) in paraffin were chosen for further
study. These systems were chosen because they all had appreciably
slower transfer rates than that of 8-hydroxyquinoline, whilst being
amenable to closely controlled experimentation.

Using the relation between stirring rate and mass transfer
rate, values of the bulk phase transfer resistance and the inter—
facial resistance, for the above systems,were found under varying
experimental conditions and the relative significance of these two
resistances was determined. It was found that.the relative
significance of the bulk phase resistance and interfacial resistance
was dependent on the experimental conditions used in particular on
the levels of pH and D.E.H.P. concentration.

The variation of bulk phase resistance with experimental
conditions followed closely that predicted theoretically. The
effect of the experimental conditions on the value of the inter—

- facial resistance was not determined conclusively. However,
sufficient evidence was accumulated to put forward a tentative
suggestion for a rate determining step, based on the phenomena
of steric hindrance.
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INTRODUCTION

1.1 GENBERAL INTRODUCTICN

1.1.0 Solvent extraction is a well. established
technique for laboratory chemical separation,and it
has been applied to a wide variety of systems. In
the petrol and nuclear fuel industries it is used as
a production technique on a large scale.

With the advent of nuclear energy it became
necessary to produce appreciable quantities of
exceptionally pure metals and compounds of the lesser
known metals; in particular uranium and thorium.
Initially, in view of the price guarantees provided by’
the United States and British Atomic Energy Authorities,
cost was not at a premium, quantity and quality being
more important. This gtimulated the search for
techniques not previously used in extractive metallurgy.
The highly successful techniques of solvent extraction
and lon exchange of metal species,used by the analytical
chemist, were scaled up along lines established in the
chemlca.l industry. The successful application of solvent
extraction in uranium production led to the search for
new and cheaper solvents which could be used for
extracting other valuable metal species.

In metal extraction,the metal species is
invariably extracted from an aqueous solution into an
orgenic solvent. The reagent which forms the extractable
compound may be in the aqueous phase, e.g. nitrate ions
in the extraction of uranium into tri=butyl phosPha'be(TB'P)
or in the organic phase, e.gnaphthenic acid in paraffin
for the extraction of copper.

The metal species is removed or "“stripped" from
the organic phase by a second aqueous solution, the latter
then goes to further processing and the orgenic phase is
recycled.

In scientific studies of the extraction of metal,
species emphasis has been placed on equilibrium
measurements and little attention has been given to the
kinetics of extraction and stripping, although qualitative
observations have indicated that some of the processes
may be abnormally slow.



The objectives of the work described in this
thesis were :-

(i) To compare the rates of a nmumber of
metal extraction and stripping processes and
to confirm that some were slow.

(ii) To study a few selected slow processes
in more detail in order to establish the factors
vhich control their rates.

(iii) If possible to suggest methods of improving
the processes from a kinetic point of view.

The remaining parts of this general introduction will
be used to describe briefly some of the metal extraction systems
used or proposed, the phenomena encountered, and to introduce the
essential stages in the extraction of a species from one solvent
into another describing how they may influence the rate of the
process.

1.1.1 Solvent Systems

The majority of extracting agents dissolved in the
organic phase,which are used industrially for metal extraction J
can be divided into four main groups :-

organo~carboaxylic acids
organo-phosphoric acids

neutral organo-phosphorus compounds
secondary and tertiary amines

0 o

The reagents most commonly used, becausg of efficiency
of separation and commercial availability, are naphthenic acid,
di-2-ethylhexyl-phosphoric acid gD.E.H.P.S, tri-butyl phosphate
(7.B.P.) and tri-iso-octylamine (T.I.0.) respectively in each
group, In all commercial processes paraffin is used as a diluent
for these reagents. However, Fletcher 1,25 gives details of a
method of purifilcation of niobium and tantalum using undiluted
T.B.P., a similar process has also been given for the purification
of thorium nitrate 3.

1.1.2 Nature of Extracting Compounds

D.E.H.P., T.B.P. and T.I1.0, have found wide application
in the purification of uranium and the equilibrium chemistry for
all three systems has been thoroughly studied. L=17



The principal equilibrium equations for the three systems
are as follows :=

(a) 2 (m),+ TOL* > TORZR -+ '

272 aqu
org aqu
(b) U02 + 21\703 + 2TBP ——> 10 (NO ) 2TEP
agu aqu org org
(¢) WTF + 25077 ——— wo (s0 )
2 L 2" 12
agu aqu aqu
W (0) 4 (RIME) S0—>(RIE), TO.(SO -
272 (3)2L (R NH), TO( 4)2"501;
aqu org org aqu

where (HR), is a dimerised molecule of D.E.H.P. and (RBNH) SO, is
tri-iso-octylamine in the sulphate form. There is ad.eq_va‘be evidence
for writing 0.E.H.P.) in the dimerised form.

The above equations only apply to low solvent loadings; the
solvent loading being a measure of the number of molecules of the

metal species extracted in relation to the total number of extractant
molecules availgble.

In extractions at low solvent loadings, in addition to the
valency bonding, the co-ordination shell of the metal is completed by
undissociated solvent molecules, e.g. as in UO_R;2 HR, where the two
anions R complete the valency bonding and the Two solvent molecules
2 HR are the solvating molecules. However, at high solvent loadings
this structure no longer applies and a polymerised species is formed
of the type (U02R2)n 2 HR. This phenomenon of polymerisation is not
restricted to complexes with D.E.H.P. and wranium 18. In extractions
with D.E.H.P. it has been found that addition of a small quantity
of a neutral organic vhosphate, ‘e.g. T.B.P. can produce significantly
greater extractions, this phenomenon being known as synergism. The
meclianism of this effect is, as yet, uncertain. Kemnedy 19 has put
forward the theory that there is a change in the chemistry of the
extraction, the reaction equation changing from :- ;

005" + 2 (HR)y, —— TOR,, +
aqu o%g ‘ 2R2 org * zgqu

to :=  TVOLF + (HR), + TBP— ——WR,.2 TEP + Z*
a,qu org org aqu

Since only one dimer of (HR), has to be dissociated, there is a saving

of 8keal per mol. This theory would appear to demend higher concen-
trations of T.B.P. than are normally found necessary and so is only
partly correct. Also, there is evidence that the complexes involved
in these extractions have the compositions UOsR,. HR and TOR,TEEL...
in the absence and presence of T.B.P. respectively. So a hexr
suggestion by Kermedy ;; that the excess molecules of (HR) or (T.B.P.)
bring the metal atom up to its maximm co-ordination mumber of §,

is not upheld.



Another theory, of Irving and Edgingtonzci claims that a .
synergist will be any compound which can co-ordinate with the
original complex more strongly than water, thus giving the complex
a higher organic phase solubility.

In some extractions the metal complex forms a third phase,
e.g. the complex of the cobalti-chloride ion with tri-iso-octylamine.
In such cases the complex can be made soluble in the organic phase by
the addition of 5-10% by volume of a medium length organic alcohol,
e.g. 2=cthylhexyl. alcohol,

1.1.3 Kinetics

A chemical process may be divided into a rmumber of stages
which occur consecutively. When the rates of these stages are
essentially the same, the system undergoes no rapid fluctuations
and is said to be in a steady state. The rate of any of these
stages taken alone may be slower than the others. This stage is
known as the rate controlling stage. The process of solvent
extraction can be divided into three stages. These stages are:-

(1) Transfer of the reacting species from the bulk
of any phase to the interfacs.

(2) Transfer across the interface. This may be
accompanied by a chemical reaction, or, at
least, by a change in solvation of the
transferred species.

(3) Transfer of the products away from the interface.

The resistance to transfer due to stage 2 is known as
the interfacial resistance. The interfacial resistance may be
due to an activation energy or to a stereochemical effect, i.e.
the orientation of the species at the interface. As with homo-
geneous chemical reactions, temperature may have a profound effect
on the rate of any of the stages; the relationship between rate
and temperature normally fits the exponential equation

k =A exp (-Ea/m) 1

vhere k is the reaction rate constant, Eg the activation energy,

R the ‘gas coénstant, T the absolute tempera.ture and A is a constant.
For stages 1 and 3, involving physical changes, B Ep is small, less
than 5 kcal mol-1, whereas for a chemical reaction By may be much
larger.

The absolute reaction rate theory of Glasstone, Eyring

and Laidlaw?! -may be applied %o the stage of transfer across the
interface. This theory proposes that the rate determining step
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is the reversible formation of an activated complex which then
breaks down into the reaction products. The relationship between
reaction rate constant and temperature is given by the eguation

k = (k'T/h) exp (~AGT/RT) = (k T/n) exp (-AEED) exp (4 s%/R) 2.

vhere & S AH and A G G are the entropy, heat and free energy of
formation I‘espec‘b:LVely of the activated complex, k' and h are
Boltzmamm's and Planck's constants respectively. " Over a small
range of temperatures this equation can be written

k =B exp (-AHK/‘RT) - 3.
(x'T/n) exp (AS™/R).

The present state of knowledge concerning the rate of
mass transfer between two liquids will now be discussed in more
detail, thus providing the context for the present work. First,
the several theories of the kinetics of mass transfer will be
reviewed (1.2.2 and 1.2.3), then the observations concerning the
influence of three surface phenomena on the kinetics will be
described, and finally the influence of a chemical reaction at or
near the interface will be considered.

where B

i

1.2 Xinetics of mass transfer between two fluid phases

1.2.1 Nomenclature

Interfacial Area, cm2
Concentration, g mol ll'brg
Diffusion coefficient, cm“ sec _
Acceleration due to gravity, ecm sec
Transfer rate, g mol sec™! cm-

Individual mass transfer coefficient, cm sec
Overall 1t n " L
Length of stirrer, cm.

Distribution coefficient

Stirring rate, rev. sec”

Danckwerts surface renewal factor

Age of a surface element

Effective film thickness, cm.

Volume, cm

Surface or Interfacial Tensa.on, dyne cm
Kinematic viscosity, cm® sec™

Viscosity g sec'! cm”™

Density g cm”

-1

1

{ O {1 LA A N O ¢ Y { A L 1
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Subscripts ol & '5 refer to individual phases

i = interfacial conditions
org, 0, 8 = organic phase
agu, a, w = agueous phase

Superscript ¥  equilibrium conditions
Dimensionless Groups

Re
Sc

nu

Reynolds number INp %
Schmidt Group ~7

1.2.2 Two-Film theory

This was the first fundamental theory of mass transfer,
it was proposed by Hatta22 and Lewis and Whitman23 & agd
based on the general boundary layer theory of Nernst 2> 5{;
this theory it is assumed that the bulk of each phase is of
uniform cpncentration, Co and Cgz respectively, and that on either
side of the interface there is a boundary layer of non-uniform
concentration. The transfer across the boundary layer is by
molecular diffusion only and hence the rate of transfer obeys
Fick's laws of diffusion. It is also assumed that there is
equilibrium across the interface, i.e. there is no interfacial
resistance, and hence C 4:/C s =m. Fick's second law of
diffusion, when applied 'bo 'bh:.s system, becomes:~

dc/dt = D& c/dx , L.

where it is assumed “bha’cjl is independent of concentration.
When a steady state is reached, equation ) reduces to:=- '

Dac/ax? = 0 La.
Then integration with the conditions
C=¢C i at x=0
and = Cat X= Xy
leads to:-C , = x(Cye - Cﬁi)/xoa-;- Coi | 5.
From this, differentiation gives: ~

do/dx = (Ge~ Cri)/Xu | 6.
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By Fick's first law, for transfer from bulk o
Therefore Jj = Dg(C.- C o(i)/x Y 8.

Similarly, at steady state, with no mass build-up at the interface

:5=D;8(c ygg)/x/g | 9.

The individual mass transfer coefficients _k{é_ and Ec‘é_,are defined by
J =k (Coc = Cpy) 10.
and j=k/;»(c i—C/g) , 1.

and “Eherefore, for the two film theory, the values of kg and kg
are given by Dx /% end Da /x5 respectively.

In practice, measurement of interfacial concentration is
impossible, and further mass transfer coefficients are defined in
terms of bulk concentrations only. These are the overall mass
transfer coefficients Kx a.nd_Ifé and are defined by the equations

i =Xg (Cx - c(f ) 12.

and j = K¢ (G - Cp) : 13.
where Q,? = (;g/m . 1.
and Gf = uly 15.

From these definitions, and assuming interfacial equilibrium,
a relationship between individual and overall mass transfer
coefficients can be derived as follows:-

since j = kg (CA - Cocj.) = kff (C,gz - C'é’} 16,
then j/kg = Cx =~ Cy S 17.
and kg = Cgi= C8 : 18.

which,when combined with (12) or (13) and Ggi/Ges= m leadsto

1/Ke = Vke+ 1/m 1je= 11K 2 19.
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If m is large and.gg_and.gé are similar in value
then 18 = 1/kye 20.

An analogy can be made between mags transfer coefficient
and electrical conductivity since the latter is defined
ag the rate of electrical flow per unit area per mnit
potential gradient. The various stages in the transfer
correspond to simple resistances in series and the rate
constants k are equivalent to the conductance of each
resistance. Uging this analogy it is simple to adapt
(19) to take into account the presence of an interfacial
resistance, the result is

18 =1/kg + 1/mk/5 + 1/ 21.
where ki is the inbterfacial mass transfer coefficient.

It should be noted that equations 19-21 are
dependent only on the definition of mass transfer
coefficient and not on the assumption of any particular
theory of mass transfer. Recent work by Gordon and
Sherwood?l, Searle and Gordon28 and Lewis?? uphold this
concept of reciprocal additivity of mass transfer
coefficients.

~1.2.3 BSurface Renewal Theories

The basic "two-film" theory forms a good basis
for correlating experimental results in mass transfer.
However, there are instances where the theory departs

- from experimental results. Higbie3o studied the absorption
of carbon dioxide into water during short contact times and
found that the rate of transfer decreased with increasing
contact time and approached a gteady value, Higbie suggests
‘that turbulence existed right up to the interface and that
elements of the interface were renewed from the bulk phase
before a steady state was reached.
36-37

 Dankwertss 52 and Kishinevski! have developed
these ideas and an outline.of Dankwerts! theory is as
followss~

The interface can be considered to be made up of
many elements of area, from or into which transfer takes place
by unsteady state diffusion. These elements are being
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continmually replaced by new elements coming from the bulk of
the solution due to the stirring of the system. The depth
of penetration of concentration gradient is less_than the
£ilm thickness postulated by Lewis®’? and Whitman®¥, thus
elements do not reach a steady state of transfer. Other
considerations were: +the chance of any element of surface
being replaced is independent of the age of the element and
the fraction of the surface replaced in unit time s is
dependent on the hydrodynamics of the systen.

Solution of the Pick's law equation ,
&/ag= pa%c/ax?
for a surface element of age Q,with boundary conditions
c
, A
@ A0 x =0 C = Cié-i

X—> o0 C=C/5'

G=0 C

gives the rate of transfer per unit area_}//_[_ﬁ)_ as
1
YO = (o -0 W/7o)"

Hence, for a stagnant liguid, in which there is no surface
renewal, the rate of transfer decreases rapidly after contact
between the two phases is made.

In a stirred system in which a significant fraction
of the surface is replaced in unit time, a steady state will be
obtained for the system as a whole, although locally there is
no steady state. Under overall steady state conditions the .
fraction of surface elements of ages betweend and (f+ 4@ will
be congtant. If this fraction is given by ¢(f0).48 it is also
equal to the fraction of elements entering the age-group ¢ to
(B+ af) from the age group (f- d8) to ¢ in a time 48, less that
portion which is replaced by fresh surface in time d4. Thus

4 (8)ab= 4 (0- a6) as(1 - saf)
which can be written as . |

4(O) =4(8) - (86 /ablad- o6 (9) ab

22,

23.

2.

25.
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hence

3 /alm - 56

now o .
_0/;5 ad= 1

which, after integration of (26), leads to
b =s exp (- s0)

The rate of absorption “4&2 into those elements of agefand of
fractional area.s[exp (= s9)Jd0 is obtained from (23) and is
given by

‘ % = (045 = Cp) slexp (- sﬁ)]E)//ﬁTf,dG

Hence, the mean rate of absorption over the whole surface area
is given by the equation:-

3= (Og1 - o) [D/ﬂ??‘[zféxp (- s8)] /6% a0

Hence i =(6, - Cﬂ) (ps)?
1 .

Therefore k 5 = (ps)?

This should be compared with the rélationship found in the two-
film ‘theory, viz:-

k = D/x

s =%

With this theory, as with the two-film theory, the overall mass
transfer coefficient can be found from the individual phase
mass transfer coefficients and the interfacial mass transfer
coefficient.

The transfer of solubes bebween g.gstirred solutions
has been considered by a nurber of workers “H5,  exact unsteady

26.

27.

28.

29.

30.

1.
32.

33.

sbtate solutions of Fick's equations being. obtained. However, these

results have little significance for stirred systems, where the
bulk of each phase is homogeneous. However, various modifications
of the two-film theory and the surface renewal theory have been
made to help correlate experimental results.

Potterl"l" claims that Dankwerts theory has a very limited
use due to the difficulty in allocating a value to 's}. He has
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consgidered the basic boundary layer theory for heat transfer
and, by developing analogies with mass transfer, has eveolved
equations for transfer between moving boundary layers. His
basic results are given by:-—

e = (/0 O /G (g s/ 4 [Us e /e e O] 3.

is a function

‘whexe U‘,;/g is the velocity outside the boundary layer

P is a function of I;g/UO.L andylg&g /74;8&

and other symbols are the same as gilven in the nomenclature
(page io ). This formula seems to have little advantage over
either of the earlier formulae because there are more
indeterminate variables.

Tooxr and Ma.rchello45 have claimed that the two-film
and surface-renewal theories are complementary and are the
limiting cases for laminar and turbulent flows. With laminar
flow the surface renewal factor s’ is zero, but with turbulent
flow the undisturbed layer is thin or non-existent, so the
surface renewal factor becomes significant.

Considering the surface elements of Dankwerts theory,
elements having a short life in the surface will not reach a
steady state, whereas elements with a long surface life will
reach this state. If all the elements are considered to be
bounded in a region between a plane of distance L' from the

_ interface and the interface itself, the boundary conditions

for an element of age { are

=0 x>0 o C/g
@> 0 x=0 C= %i
>0 x>Lt C Cs

The instantaneous solution of the diffusion equation (23) is
given by ~

i L% ,
)ﬁ’(@) = (Cg3 = Cg) (D/f6)" [1 + 2€ exp (-n2L'2/DOJ 35.
and the mean rate for the whole area is given by
o0
] = 1 -5 d 6.
3= o [ow (0] () a6 3
This is conveniently expressed as '

j= (0/3; - Cg) (ps)? coth [L'(S/D)%] 37.
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Ifs‘*'>> D/L'2 , which may be possible in turbulent flow,
5= (G5 =) ()2
which is the result obtained from the penetration theory.
If s&D/L'? which is consistent with laminar flow then
| 5 = (Cag - Cg) D/

which is the result obtained from the two-film theory. Hence,
both the surface renewal (penetration) and the two-film theories
apply in the limiting cases.

In a later publication, Toor and Marchello% have
modified this theory and proposed an internal mixing model in
which low level turbulence near the phase boundary causes only
local mixing. The mathematical {reatment of this model is
complex but the final result is:-

3= (Csy - C,g)[(Ds)jf/z:“:ﬁ + cosh (' (/D) sizh (L'(S/D)%)]_
this reduces to:=
for burbulent £low (s9D'/112)
5 = (Cgq - Cp) (D)%
for laminer flow  (s&D /1'%)
j = (Gg4 = Cg) D/L!

The factor of two difference between (38) and (41), for the first
limit,is due to the driving force being con51<3.ered as (le - Cm) ;
where Cm is, the average concentration in the mixing zone, i.e.

(cigi + c/:g)/z.-

Therefore, (Csy - Cp) = (C -C )/2 In both of Toor and
Marchello's theories the surface renewal and two-film concepts
are limiting cases of a region in which both types of transfer
play a part.

S.h'anppell"7 also concluded that molecular diffusion was
important at low Reynolds mumbers and eddy diffusion at high
Reynolds numbers.

It should be noted that in all the theories so far
proposed fluid velocity gradients have been neglected. The

38.

39.

L.
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complete diffusion equation in one dimension is:=-
&C/at v xde/dx = DA%/ ax2 43,

vhere v; is the velocity in the x direction.

The overall driving force in mass transfer is generally
taken to be the effective concentration gradient between the two
phases, but Hennico and Vermeul enltd suggested that the activity
gradient is the more realistic parameter. However, although this
is the more correct epproach, the concept is of limited use,
since the activity data are rarely available.

The choice of a mathematical relationship to describe
mass transfer would seem to depend on the nature of the fluid
flow occurring and special consideration must be taken of the
hydrodynamics involved in the system being studied.

1e2.4 Interfacial Turbulence

Interfacial turbulence may arise from two sources:-

(a) That brought about by the bulk instability caused by
excessive stirring of the bulk phases or high
temperature gradients.

(b) Spontaneous interfacial turbulence of a localised nature,
for instance that caused by the Marangoni effect which
originates from local concentration gradients near to the
interface.

Interfacial turbulence will affect mass transfer in a

© variety of ways. Bulk interfacial turtmlence will cause

variations in the interfacial area as well as changes in the
degree of surface renewal at the interface, Spontaneous inter-
facial turbulence will cause local and short time variation in |
the rate of mass transfer, due to temporary high concentration
gradients. This phenomenon of spontaneous interfacial turbulence
can lead to interfacial eruptions and in extreme cases spontaneous
phase mixing. Haydon and Davish9350 have proposed that surface
renewal accounts for these local changes in surface concentration
and hence interfacial tension, and on this basis they derived the

formula
A =u(1 +m) [a¥/ac])g 2 g L

whereé}_ is the difference between the interfacial tension of an
element and that of its surroundings.

It was assumed that the solute from one surface element
is distributed between equal volumes on either side of the
interface. They also calculated the energy acquired by a drop,
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due to local turbulence, and the resulting drop movement, which
is in the pattern of a damped harmonic oscillation. In another
series of experiments Haydond! measured the rise of a drop of
iscbutanol in water caused by squirting acetone at the drop.

He predicted that:-

M (ag/ay) = AC/gh (1 + m)
where h is the height of drop rise, A the area of altered
interfacial tension, M the relative drop weight and C the solute
concentration. By projecting the image of the drop on a screen,
the amount squirted could be adjusted to give a constant height
of drop rise for different concentrations of solute. Plotting
11/(3y/3aC) against C/(1 + m) showed that the area of interfacial
tTension change,for the systems, chosen,was fairly constant;
however, in the presence of a detergent, A was apparently
reduced. Sternling and Scriven?2 have deduced a mathematical
equation relating the derivation of interfacial energy and the
resulting instability. They predict that interfacial turbulence
will be most likely to occur if at least some of the following
conditions are present:-

(2) Solute is being transferred out of the phase of
higher viscosity.

(v) Solute is being transferred from the phase of
lower diffusivity.

(¢) There is a large difference in kinematic viscosity
and solute diffusivity in the two phases.

(d) There are steep concentration gradients occurring
near the interface. .

(e). The interfacial tension is sensitive to solute
concentration. This must always occur.

(£) There is a low viscosity and diffusivity in both phases.
(g) Other surface active agents are absent.
(h) There is a large interfacial area-volume ratio.
(1) There are high solute concentrations.
Further experimental a.nd gho‘bographic evidence for this
s

effect has been provided by Goltzd3, Garner , Nutt and Mohtadidh,
Groothius and Zinderweg?? and others; mostly with reference to

L5.
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suspended drops. Evidence is also available for this phenomenon
at flat interfaces. Groothius et aldb have shown that the
direction of transfer affects the degree of turbulence and
spontaneous mixing. - This accounts for the dependence of
extraction rate in a spray column on the phase which is continuous,
as. spontaneous. dispersion of one can Y.educe 61'0}6; coalescence.
This effect was also noted by Johnson and Bliss50 and a similar
effect was noted by Pratt, Gayler, Murdock, Thornton and Smithd/ -59,
with packed columns and rotating disc contactors. In systems in
vhich spontaneous interfacial turbulence occurs, it is almost
impossible to prediet quantitatively the effect it will have upon
the rate of magss transfer, and hence every effort should be made
to prevent its occurrence in transfer rate measurements.

1.2.5 The Influence of Surfactants

Surface active agents affect the rate of mass transfer
in two ways, depending on the nature of the swurfactant present.
Some surfactants appear to prevent the occurrence of interfacial
turbulence and hence reduce the rate of mass transfer. Others
form polymolecular membranes at the interface and hence cause
definite interfacial resistances. Melhus, Terjesen, Lindland
and Boye—Christiansen60‘ b studied the effect of teepol and other
surfactants on the rate of transfer of iodine and nitrophenol
from water into drops of carbon tetrachloride. They also studied
the effect of the surfactants on interfacial tension for the same
systems. From a comparison of the relationships between concen-~
tration of surfactantf,interfacial resistance and interfacial
tension, for strongly adsorbed surfactants, they derived the
‘following correlations:-

Gy = KA JY(1 # & O , 46.

and Gy = K,Ry/(1 = K, Ry)° ! 47.
vhere A [' is the proportion of the surface covered by adsorbed
molecules and R; the coefficient of infterfacial resistance.

From: these rélationships,Melhus et a160-6L postulated that the
.only correlation is that between the interfacial resistance and
the fraction of the interfacial area covered by surfactant film.
It should be noted that imperfections in this correlation can be
related to the fact that, in studying the rate of mass transfer
to falling drops, there is probably insufficient time given for
the attairment of adsorption equilibrium. Except at very low
concentrations of surfactant, they found no difference between
iodine and nitrophenol in the relationships they produced between
fractional surface coverage and interfacial resistance to mass
transfer. From these results they deduced that the action of
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these surfactive agents was hydrodynamic in nature, i.e. they
reduced the degree of spontaneous interfacial turbulence.

In a further set of experiments, Melhus et aléo Ol
concluded that only strongly adsorbed surfactants obey the
above isotherms. They found that weakly adsorbed surfactants
obeyed the Langmuir isotherm and that in the presence of high
concentrations of these surfactants the reduction in mass
transfer rate tended to a constant value vhich was independent
of the nature and concentrations of the surfactant. They also
concluded that, in the presence of high concentrations of
surfactant, the rate of mass transfer was eguivalent to that
for transfer from a solid sphere, i.e. the surfactant was
reducing interfacial turbulence and surface renewal to a .
negligible value. -

Using a system of two independently stirred phases
with a static interface (similar to the one used in the work
%o be described), Gordon and Sherwood?! found that surfactants
had l%tt%e effect on the mass transfer coefficient. However,
Lewis®o- 6, using a gimilar experimental arrangement, found
that a reduction in transfer rate occurred in the presence of
a rigid protein film at the interface. Davis and Wiggill6/
suggested that this was due to the formation of polymeric
complexes between the surfactant and traces of metal ions from
the cell Lewis was using. These complexes caused a resistance
similar to that found by themselves in the prgsence of sorbiton
tetrastearate in an unstirred system. HMeyer 8 also studied
the effect of surfactants in a stirred cell with static interface
and concluded that the effect was largely hydrodynamic in nature,
i.e. the surfactant reduced the interfacial turbulence. He also
concluded that, in the presence of an incompressible monolayer,
the hydrodynamic effect was more than a reduction in interfacial
turbulence. ., He ‘postulated that a change was occurring in the
mode of transfer to one which was controlled by molecular
diffusion through a film; whereas, in the absence of surfactants,
surface renewal predominated. -

No firm conclusions can be drawn as ‘o the precise effect
of surfactants. It would appear to depend on the design of
the extraction vessel, the system being studied and the type
and concentration of surfactant. However, it would seem that
weak surfactants reduce the interfacial turbulence, whereas
strong surfactants, particularly those producing a solid-like
£ilm, have a more profound effect. The effect of surfactants
on the rate of mass transfer is of particular importance in the
work to be described, since both the organic extracting agents
and the organo-metallic complexes are of themselves surface
active agents. The organo-metallic compounds may well form
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polymeric surface complexes. However, in the stripping reactions
studied ,the conditions at the interface would make these complexes
unstable. The surface active nature of the extracting agents may
well be advantageous. in reducing spontaneous interfacial tur-
bulence, which would otherwise make the analysis of kinetic data
more difficult. '

1.2.6 Interfacial Resistance

In systems where mass ftransfer occurs without chemical
reaction, the presence or otherwise of an interfacial resistance
is not very certain. No reference has been found to a large
reduction in mass transfer rate, below that predicted hydro-
dynamically, other than in those systems where surface active
agents play a considerable part. The measurement of small
interfacial resistances is extremely difficult, in view of
(a) the limits of reproducibility of mass transfer rate deter-

mination set by the effects of interfacial turbulence and surfactants,

and (b) the difficulty of distinguishing between interfacial
resistance and bulk phase resistance.

Apart from the effect of the presence of surfactants,
interfacial resistance without chemical reaction may be due to
two factors:

(i) The rate of exchange of the solvation layer of the
species being extracted. This may be considered
to be equivalent to the rate of formation of an
activated complex. i

(ii) The effect of steric hindrance. For example, the
~ degree of hydrogen bonding in the system may affect
the origgtation of the species at the interface.
Sinfelt®” and Sinfelt and Drickamer/0,86 used this
factor to explain the variation in the interfacial
registance for the transfer of sulphur dioxide
between n-heptane and a variety of organic solvents.
From the results there appeared to be a correlation
between the degree of hydrogen-bonding involved in a
' system and the interfacial resistance.

The authors considered that the degree of hydrogen-
bonding would affect the orientation of the species
and that certain preferred orientations would reduce
the resistance ‘o motion through the interface.

This idea was developed in terms of an energy barrier
at thé interface (i.e. an energy of orientation).
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The other main cause of an interfacial resistance is a
slow chemical reaction. This will be covered in the section to
follow.

1.2.,7 Mass Transfer with Chemical Reaction

Mass ‘tI‘é.nSfGI‘ with chemical reaction can be divided
into two broad classes:

(a) That in which appreciable mass transfer of one or
more of the reactants across the interface takes
place in the absence of the other reactants. In
this case the reaction takes place within one or
other of the phases and not at the interface.

(b) That in which the two reactants are in different
phases and no transfer is possible without reaction
taking place. The reaction must therefore take
place at the interface.

In the first case the reaction alters both the distribution
of solute between the phases and the rate of transfer. A good
example of this is the absorption of carbon dioxide into sodium
hydroxide solution. Carbon dioxide can be gbsorbed by water, an
equilibrium being set up between the partial pressure of carbon
dioxide in the gas phase and its concentration in the aqueous
phase. If sodium hydroxide is present in the aqueous phase, the
carbon dioxide reacts with it in the boundary layer and the
equilibrium extraction is increased in favour of the water phase.
The rate of absorption is also affected by this reaction.

An example of the second class of reaction is the transfer
of uranium into di-~2-ethylhexyl-phosphoric acid in paraffin. The
interfacial reaction is:- )

+ ) +

V05" + 2(HR)y —>UORo.2HR  + ZH

aqu org org aqu

(where R is the organo-phosphate radical). In the absence of
this reaction, transfer of uranium into the organic phase is
negligible since simple uranyl salts have & very low solubility
in paraffin,

Both these classes of transfer can be divided into two
types:- the type in which the chemical reaction is slow and hence
rate determining, and the type in which the chemical reaction is
fast by comparison with the rate of mass transfer.
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Some of the earliest work on the effect of chemical
reaction was that conducted by Hatta’3 on the absorption of
carbon dioxide by potassium hydroxide. Interpreting his
results in terms of the Whitman two-film theory, he proposed
the following equation for the rate of absorption into water:-

1/K = H/kg + 1/1<L 18.

vhere K is the overall mass transfer coefficient, with respect
to the liquid phase, k, and ki, are the gas and liquid phase
film coefficients respectively, and H is the gas solubility
coefficient (similar to the partition coefficient m). This
equation is another example of the additivity concept and can
be compared with equation 19. "hen the water phase was
replaced by potassium hydroxide solution, which reacts
instantaneously with the carbon dioxide, the liquid phase film
coefficient increased according to the equation

le = kL (1 + DKOH GKOH/ZDCOZ Cicoz) 49.

where kY is the new film coefficient and ky, is the film
coefficient in the absence of potassium hydroxide. As carbon
dioxide is a sparingly soluble gas (H<<1), I;IZl_c;g is small compared
with 1/K and therefore .

1/K=a=/kY, and Cygp, = HPgo, 50.

For highly soluble cases 1/K = H/k, and hence the
chemical reaction has little effect on the rate of mass transfer.
Hatta/? then extended this work to the absorption of carbon
dioxide by potassium carbonate solubtions. In this process the
reaction is not very fast and the liquid phase coefficient is
defined by:=- ' -

P | s,
Wherglg is given by: =~ '
PVt ¥ | 51(b). !

a.nd.lfis givén by~ - ._
T= (Do) | 51(c).

vhere ko is the first order rate constant, with réspect to carbon
dioxide concentration, for the reaction between carbon dioxide
and potassium carbonate. If k. is small, ¥4£0.2, then k'y, is
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equal to kL. If Xk is large, ¥ >3, thelg/ﬁ_ is approximately
equal toyand k', Is given by /

kY, = (kPoo,)? 51(a)

Daslcwerts® | also studied the effect of instantaneous
chemical reattion in terms of the penetration theory and
developed the following equations for the liquid film co-
efficients. In the absence of chemical reaction

1
k = (Ds)” 32.
(see page 14.). In the presence of an instantaneous first
order chemical reaction
: - 1
k} = ko fore [ B/D% ] | 52,

where/ is defined by the equation

©s/orB) (B %) (1 - extp/op?) = (co/pD)(exp 2/ ersao?)

where Ci is the interfacial concentration of solute; D is the
diffusion coefficient of the absorbed species, Dy is the diffusion
coefficient of the reacting species and Cr is the bulk con-
centration of this reacting species. If D = DR then the equation
simplifies to:i-

£

3.

kly = Kk (Cy + CR)/Cy ‘ 5.

Dankwerts, however, makes no attempt to obtain solutions for
slow chemical reactions, though in the extreme the result is
the same as that in the absence of a reaction. .

Sherwood and Weiw"' have modified Hatta's eguations
relating the effect of an instantaneous chemical reaction on é
the individual film coefficient and have derived the more i
general equation

kb, = kL[1 + (v D,s/Doc)n c/g/c i] 55.

vwhereg is the transferring solute and g the reacting solute,

r is the nimber of moles ofec reacting with 1 mole offand n = 1
‘for the £ilm theory and 0.5 For the penetration theory. This
relationship was examined by studying the rate of transfer of
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acetic acid dissolved in benzene, into sodium hydroxide.

If k', and k, are the individual phase mass transfer co-
efficients for the agueous and organic phases respectively,

K;, the overall mass transfer coefficient and m the distribution
coefficient, then by the concept of addivity of resistances

1K, = Vak + /&'y 56.

This relationship predicts that when C,B= 0
Ry, = A kg + 4 | - s,

and that as Cg increases the value of 1/X7 tends to a constant
value of 1/mky. However, exper:;mentaI results showed that as
Cp increased, the value of Ky rose to a maximum value greater
tfa:n mky and then dropped again. It was thought that two
factors were responsible for this deviation from theory:

(a) Interfacial turbulence was occurring.

(b) Some of the saponification was taking place
in the organic phase.

28
Searle and Gordon also studied this system using the
equation in the form :

(k'l/kL) -1=(r Dﬂ/b(x)n Cf’/COCi 4 59.

They found that taking n as 1 or 0.5 made little difference to
the glucidation of +the results. They did find, however, that
the results correlated better with an equation of the form

“ (k'p/kp) =1 = (r De/B)™ Ca™/ous o 60.

where g was between 1.3 and 1.5 for this system. It was thought
that this was due partly to the fact that sodium hydroxide
diffuses as ions rather than as a molecular species.

These difficulties of obtaining exact solutions for
individual mass transfer coefficients in this type of system
are similar +o the difficulty in obtaining exact mathematical .
equations to predict the rate of transfer of a single solute. )
The mechanism is far from certain and depends to & great extent ;
on the system being studied and the method of extraction.

The systems which were studied experimentally, and
reported later in this thesis, were of the class in which the
chemical reaction must take place at the interface. The effect
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of an interfacial reaction has not been investigated theoretically
before. However, the problem is capable of simple solution along
the following lines.

First, consider the system in which there is a rapid
interfacial reaction of the type

Aaqu + Borg -_>Caqu + Dorg
The bulk concentrations are C _A’ Cg, C and. Cp, and the inter-
facial concentrations are C,3, Cgi, C’c‘ s Cpj. It will be
assumed there is no interfacial resistance, which is consistent
with a rapid interfacial reaction, and hence the species being
transferred are in equilibrium at the interface. This fact is
expressed in the equation '

H = (Cg; x Cp3)/(Cpy x Cpy)

vhere H is the equilibrium constant. It is convenient (and
consistent with the experimental work to be described) to
consider the case in which species B and C are present in
excess so that their concentrations do not change appreclably.
The distribution coefficient m is given by

m = Op/Cy*

vhere C,* is the concentration of A in equilibriim with Cp and.
is defined by
CAI.E ='Cp x CC/HCB
If ky, kg, ko are the individual mass transfer coefficients
and” Ko 18 ’Eﬁe ove "%.l mass transfer coefficient, then j, the rate

of mass transfer in the da.rectlon aqueous to organic, is given-by
the equations

kg (Cp = Cap3)
kB (CB = OB:_)
k% (Cey = Co)
=k (Cpy = Op)
=K, (Cy - Cy®) =K, (Cy - Cp/m)

.

Rearrangement and substitution in 62 gives

H [cA/KA - (0 - c,™)/ kA] [CB/KA - (cy = 0,)/ kB]
= [oo/ky + (0, CAE)/kCE[CD/ Ryt (Cy= )/ kD]’

.
1}

61.

62.

63.

63a.

6ly.e
65.
66.
67.
68.
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With Cg and Cp large, (69) reduces to
/%y = 1/ky + 1/mkp

which is similar to that for transfer of a single solute, and
indicates that the rate is controlled by the transfer of the
less concentrated species A and D as expected., This result is
based solely on a first order relationship between the rate of
transfer and the concentration gradient for each species, and
is not dependent on the mechanism of transfer. In many of the
systems studied,in the experimental work reported later in this

thesis, the concentrations represented by Cp and Cc in the above

formula are not sufficiently large to use The simplified form
(70) although they are either in excess or maintained at a
controlled level throughout extraction. 1In this event the
.relationship for X, is more complex and dependent on the con-
centrationgof all the species present, and the rate J will not
follow an exact first order relationship with respect to Cp.

A full analysis of this effect will be made when these particular

systems are studied.

' When the reaction at the interface is slow, rather than

instantaneous, the solutions at the interface are no longer in
equilibrium and there is effectively an interfacial resistance.

If j' is the overall rate of transfer, j is the rate of transfer

in the absence of any interfacial resistance, jg the rate of
transfer in the presence of an interfacial resistance alonse,

F the driving force and R/, R and R the appropriate resistances,

then
' =FR', §=F/R and jo = F/Rg

Using the concept of additivity of resistances in series, in
which case

. R =W
then  1/3' =41/ + V/ic

If X'y and Ky are the overall mass transfer coefficients for
the transfér of A with and without interfacial resistance
respectively and Kg is the rate constant of an interfacial
reaction nth order with respect to A, then

A n
1/k!, () = Cu¥) = 1/K, (Cp - CA®) + 1/Ks(Cy® - CF¥)

70.

71.

72.
73.

Tk
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In the simplest case with n equal to 1, 74 reduces to

i _ .

&Y = /Ky + 1%

when Kp is large compared with Xn then
1
1/KA. = 1/KC

i.e. the rate of transfer is determined entirely by the rate
of the interfacial reaction and the concentration gradients,
between the bulk of the solutions and the interface, are
neg;l.igible.

Attempts to measure the values of Kg for systems are
few. Lewis?J studied the rate of transfer of uranyl nitrate

. between agueous solutions and tributyl phosphate and obtained

values of K4 for this system using calculated values of K.
He found that a definite interfacial resistance existed, which
appeared to increase with time. He attributed this to a
decrease in interfacial turbulence and a relaxation of unsteady
state diffusion. Md~Ianamey75 studied the extraction of nickel,
copper and cobalt nitrates from aqueous solutions into n-butanol,
using a similar technique for calcwlating the interfacial mass
transfer coefficients to that used by Lewis. He found that the
three nitrates considered gave similar interfacial resistances,
which were considerably higher than that found by Lewis for the
uranyl nitrate system. No time effect was found and the resulis.
appeared to be consistent with a reaction :
M2+ + 2.N03_ + hH20 + sS———){M(Noj)z. h H)0. s3
aqu aqu
where S denotes solvent molecules. Keisch76 attempted to obviate
this problem of measurement of interfacial resistance.,in the
presence of bulk phase resistance,by using a specially designed
micro-cell, in which the stirrers could be rotated at high speeds
in each half of the cell without disrupting the interface. He
used this cell to study the transfer of uranyl nitrate from
nitric acid solutions into tributyl phosphate in an organic
diluent., He studied the rate by using an isotopic exchange
technique in which the two phases were always at bulk chemical
equilibrium. This method has two advantages: first, it
eliminates spontaneous interfacial turbulence (the Marangoni effect)
and, secondly, it can be shown mathematically that the rate of
exchange of the isotopic species is always first order with respect
to the concentration of isotope present. He found that, over the
range of stirrer speeds investigated (2,000-3,000 r.p.m.j, the rate

org]

75.

76.
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of transfer was independent of stirring speed and hence he
assumed. that the rate of transfer was chemically controlled.
At 259 the rate could be represented by the following equation:

R =K Eroz“*] [No3' ]1-2 TBP]1'8
aqu aqu org

71.

the hydrogen ion concentration having no effect on the rate.

From this rate equation, he postulated the following reaction path:

(1) w0, "+ Noj‘-Kﬁ W0,(N05)*  fast

(ii) UOZ(N03)+ - TBPv—:KZ—_XUOZ(NOB)"' TBP fast
(111) To,(W05)* TEP + TBP%UOZ(N%)*. 2 TEP, slow
(iv) U02(N03)"' + 2 TBP, + Nog‘

This gives an overall rate equat:.on of

At 6°C and 45°C the expermental rate equation diffefed in the
values of the indices and he proposed that this was due to
changes in the relative rates of the various stages.

_.If-i_:utroz(No_3)2 2 TEP fast.

It should be noted that, although the stirrer speeds
were high, the Reynolds numbers were of the same order as those
obtained in Lewis' and Mdianamey's work, as also were the transfer
rates. In view of their findings it is doubtful whether Keisch's
assunption that the transfer was entirely chemically controlled is
valid. Chester/7 also claimed that the results could be imber-
preted in terms of diffusion control. He proposed that the
observation that the rate was independent of stirrer speed was
fortuitous; i.e. the change of stirrer speed was balanced by a
change in interfacial area. However, it is difficult to accept
that an increase in stirrer speed could cause a decrease in
interfacial area. The cell. being made entirely of metal, no
observation of the interface during transfer was possible.

In the work of both Lewisz9 e.ndeIanamey—/B, the method
of calculating the values of the interfacial mass transfer
coefficients suffers from inherent errors, since.tlie calculation
of mass transfer coefficients, in the absence of chemical reaction,
is by means of empirical approximations. Another method of
studying interfacial mags transfer is to use the variation of magg
transfer rate with stirrer speed. The correlations.of Lewis6d

R T e T T e T e T et
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9
and Mdfanamey give:-

K = 85165 ana gt = 8527

respectively for mass transfer in the absence of chemical
reaction. Experimental results,to be reported later in this
thesis, for the transfer of 8-hydroxyquinoline, give

K' =a+ 18

where K’ is the mass transfer coefficient, S is the stirrer
speed, equal for both stirrers, and g and b are constants.
Assuming that the rate of chemical reaction is independent of
stirrer speed, substituting 79 in 75 gives:=

/K = 1/(a + 8) + 1/%;

If a is small compared with bS, equation 80 approximates to

/K = 1/a8 + V&,

and a reciprocal plot of mass ‘cra.nsfer coefficient K against

stirrer speed S will have a linear slope of 1/b and an intercept

at S =t of 1/Kc. Providing the interfacial resistance is at

loast SG’a of the total resistance,in the middle of the rangs of

- stirrer speeds studied, this a.na.lys1s should provide values of
Kg of the same order of accuracy as the measured values of X.
This method of analysis will be used later in this thesis to
determine the interfacial mass ‘transfer coefficients for the

transfer of metal ions ‘Yo and from solutions of organic extractants

in paraffin diluent.

f %)

79.

79a.

80.

81.



32

2. EXPERIMENTAL METHODS AND TECHNIQUES

INTRODUCTION

The principal objective of the research described in this -

thesis was to study abnormally slow metal transfer processes, in
which it was expected that mass transfer Yo and from the interface
is not wholly rate determining under normal conditions of agitation.
In Section 2, a résume of the available methods of measuring mass
transfer rates is given,and the method chosen is discussed in terms
of the following conditions:i-

(a) Interfacial area to be determinable.
(b) The two liquid phases to be agitated.

(c) The hydrodynamic conditions to be reproducible,
and the factors controlling them specified.

(d) Facilities for control and analysis of the
solutions to be available.

After a description of the analytical and experimental techniques
used, the experimental work designed to characterise the apparatus
will be described. Next the experimental survey of the kinetics
of various metal extraction systems is discussed together with the -
choice of systems for more intensive study. Also, included here
is a description of the measurement of factors necessary for

. interpretation of the kinetic measurements, viz. equilibrium

2.

2.

measurements and deberminations of diffusion coefficients, inter-
facial tensions and viscosgities. : ’

1 METHODS OF KINETIC MEASUREMENT

1.1 Choice of Method

In normal practice,solvent extraction is achieved by
vigorous. agitation leading to dispersion of one phase in the
other. The resulting interfacial area is related to the dis-
tribution of drop size which is dependent on the agitation,
vesgel design and extraction system. A‘létemgts have been made
by Chester’S, Vermeulen/9-80 and Rodgers®i=82 to determine the
interfacial area, but they found that the accuracy of their
measurements was of a low order. = For this reason the simple
mixer cannot be used to obtain meaningful kinetic results.’

Other methods have, however, been devised in which the interface
is closely defined. These methods can be divided into three
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categories: -~

(a) Experiments in which the two phases are maintained
static while in contact, ‘and transfer is entirely
by molecular diffusion. One disadvantage of the
method is that the analytical techniques are
limited to measuring the concentration profile by
diffraction, refractive index83, spectrophotometric
or radio-isotope methodsS¥, Most of the published
results have been obtained by one of the last two
techniques.,

One advantage of the unstirred system is that an
exact mathematical treatment is possible, both with
and without an interfacial resistance. However, in
~practice, the high bulk resistance to mass transfer
of unstirred phases,together with the limited
accuracy of measurement of concentration profiles,
prevents the accurate determination of small inter-
facial resistances. Davies and Wiggill67 used this
method, and obtained results in close agreement with
theory, except in those systems where spontaneous
interfacial turbulence occurred. They found that
the presence of surface active agents reduced the
interfacial turbulence but, with the exception of
sorbiton tetrastearate, did not produce any interfacial
resistance. . .

(b) The second method or technigue which has been used
extensively, particularly for the study of the effect
of surface active agents on the-rate of transfer, is
the transfer Yo and from liguid drops. Initially
this method appeared attractive, but thorough invest-
igation showed that interfacial turbulence and internal
circulation limit its usefulness. It has been found,
however, that surface active agents eliminate both 8
these phenomena almost entirely. Garmer and Skelland
analysed the system mathematically treating the problem
for its two extreme conditions; (a) when the drop is
considered to be a solid body, and (b) when there is
turbulent flow inside the drop with contimual surface
renewal. Equations based on these models are as follows:-

{a) [sn) 0.8[Re)%[sc;]-1_/ 3 | 82
) [s] = a/g7[re)2bd= | 83.

8-92
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vhere Sh is the Sherwood group defined as [Sh] kd/D,
where d is the diameter of the drop, D is the
diffusion coefficient and X is the mass {ransfer
coefficient for he drop. Experiments carried out
by Garner et 218992 gave results which fitted the
following exparmen‘ba.l correlation: -

[sn]= -126 + 1.8 [Re]% [5e]70-4 8.

which shows that the conditions pertaining in their
experiments were intermediate between the two extremes

studied theoretically.

(¢) The final system for the measurement of mass transfer
coefficients is that using a stirred cell with a
static interface. The principle behind this method
is that, as the distance over which mass {transfer
~occurs is much smaller than in the static system, the
bulk phase resistance is much smaller. However,
except in the case of systems with high interfacial
resistances, it is not found possible in practice to
obtain a negligible bulk phase resistance and the
rate is at least partly determined by ‘transfer across
the region of laminar flow near the interface.

Many attempts have been made to obtain a correlation
between the rate of transfer of a simple solute, with negligib%e
interfacial resistance, and the hydrodynamic varisbles. LewisP2,66
conducted a large number of experiments on a number of simple
solute systems, over a wide variation of Reynolds and Schmidt

_numbers, and obtained the following correlation:-

ky = —\f{ﬁﬁ.u x 1077 (Rey + Reﬁvﬁ/9£)1'65 +o_.'0166] | 85.

He found that certain of the systems he studied gave transfer
rates higher than those predicted and that in these systems
spontaneous interfacial turbulence wag evident. Lewis found
no evidence of any .correlation between mass transfer coefficient
and the Schmidt group. He considered that this was because the
rate of transfer was conbrolled entirely by eddy diffusion and,
to support his argument, used the fact that the relative direction
of rotation of the two stirrers had no effect on the rate of
transfer. Sherwood’”, however, felt that, even if the cell was
stirred vigorously, to maintain a static interface a stagnant
layer, if only a thin one, must be present and that the rate of
transfer would be proportional to the Schmidt group to a power
between O and =1: if one accepts Dankwerts theory of surface
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renewal then the power will be =0.5. In another paper Searle
and Gordon29 found that a power of ~0.5 gave a close approximation
to experimental results.

Mdfaname a has taken Lewis' results and re-correlated
them with the Schmidt and Reynolds groups obtaining the following
equation: -

k. = 6.k x 1074 5] 03 Re )09 (1 4 Re )y /Recly ) 86.

Using a cell similar to that of Lewis, except for a different
arrangement of the baffles, IvIcManameyéh' obtained the following
correlation for his own experimental results:-

k= o [5egl ™0 (Red O2 (4 + ReJyy Rege) 87,

vinere & is 1.70 x 1072 and 1.43 x 10~ respectively for brass
and glass stirrer units.

An attempt has been made by Ola.nder95 to analyse the
flow near the interface in cells of this type using the Navier-
Stokes equations. Having derived equations for the radial and
axial velocities he then solved Fick's second law of diffusion
to obtain an equation for the concentration gradient at the
"interface and hence cobtained an equation for the mass transfer
coefficient. His main conclusions were:

(i) Mass transfer is impossible across the area of the
interface directly under the stirrer paddle (known
as the core region), since the concentration gradient
here is zero. This result is difficult to accept
and there is no experimental justification for it.

(ii) The mass transfer coefficient in the region between
the core and the edge of the cell (known as the ‘
annulus region) is given by the following relationship:-

[kd(:a B‘\J;Q(zmk/f));h)% (Sc)'z/ﬂ -
where B is a constant.

Aithough Olander's analysis has not been supported by
experimental data, it does illustrate two points:

(i) Even vhen mass transfer is controlled by molecular
diffusion it may be possible for the mass transfer
coefficient to be proportional +o the Schmidt group
to a power of less than one. :
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Unless the stirrers are close to the interface, it
is unlikely that the relative direction of the two
stirrers is of any importance, because, with either
‘co! or 'contra' rotating stirrers, the fluid
tangential velocity, in the region of the interface,
is small and the Navier-Stokes equations are reduced
to two dimensional equations. Diagrams of typical
cells of this type, used by various workers,are shown
in Figure 1.

In addition to the three established methods of
studying mass transfer already considered, there are
also four novel methods worth mentioning.

Chester /7 has described a method for determining
concentration profiles across a steady state diffusion
system. He used an aqueous phase kept in a saturated
condition by a crystal of uranyl nitrate and studied

the transfer of this species into a slow moving solution
of T.,B.P. in paraffin, the concentration of T.B.P.

being high. He maintained that the method was extremely
sensitive. The chief criticism of this method is that

it cannot be used to study the influence of concentration
in the agueous phase.

Martin 96 has described a method by which a thin film

of an organic phase, carried on the rim of a thin

Teflon disc, is sgueezed past an aqueous solution
contained in a slit at the end of a Teflon tube, the
organic phase being removed from the disc, after passing
the slit, by a scraper. He maintained that, because the
contact time was short, and agitation, due to the
squeezing, high, no bulk concentration gradients were set
up and the method would measure small interfacial
resistances. As yet very few experimental results have -
been published using this method and the small volumes
involved give rise to analytical difficulties.
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(iii) Vignes  has developed a method by which unstirred

(iv)

bulk phases can be brought” into interfacial contact
and separated again,with a high phase recovery, for
rrecisely defined contact times. The two phases

are contained in two cylinders, which can be rotated
to bring the phases into contact. They are
subsequently separated by placing a thin sheet of
Teflon between the two cylindrical blocks. Although
this method provides a means of measuring the total
transfer into an unstirred bulk over an accurately
known period of time, it still has the inherent
difficulty of high bulk phase resistances.

Quinn and Jeanin o8 measured the rate of transfer of
iso-butanol, saturated with water, into a laminar
jet of water. Contact time was varied by means of
the jet length in the range 0.5 to 5 cm, this being
the range over which stable jets were formed. They
maintained that a small interfacial resistance
existed in this system, which Lewis could not have
detected using his stirred bulk phase static
interface apparatus, since the sensitivity of their
method was an ordsr of magnitude higher than that

of Lewis' method. It is significant that results
obtained by this method were highly reproducible and
not subject to any marked deviations. Results
reported so far seem to indicate that surface active
agents have no effect on rates of transfer measured
by this method. This is in accord with the theory
that the action of surface active agents is to
modify the hydrodynamics of a system, since it is
inconceivable that there could be any marked change

" in the hydrodynamic characteristics of a jet, as

formed in these experiments. With regard to the
conditions set out on page 32, it was decided to use
a stirred bulk static interface type of system for the
experimental work described in this thesis. This is
because, of the three basic systems already described,
it appears to be the most reproducible, subject to
the lowest bulk phase resistance, while allowing
facilities for control and analysis of the solutions
available. Although many of the more novel methods
appear to show promise of giving good results for
measurements of mass transfer rates. The amount of
published data on them is however scanty and it was
decided to use a better established technigue since
the prime purpose of the work was to study certain
extraction systems rather than the hydrodynamics of

a new technique. ’ '
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Description of the cell used

The final cell design used in the experimental work is
shown in Figure II. In some of the earliest work a
slightly different design was used so that the inter-
facial area 'could be varied. However, when results
from the kinetic studies of the 8-hydroxyquinoline
system showed that the rate of transfer per unit area
was independent of the position of this area across
the cell, this earlier cell was discarded, as it was
more difficult to work with.

Stirrer discs were used in preference to stirrer bars as
it was noted that stirrer bars produced a wave at the
interface which unnecessarily complicated the hydrodynamic
conditions. - The discs wWwere placed at equal distances on
either side of the interface, were contra~rotated in all
but one experiment and always rotated at the same speed

as each other.

The overall dimensions of the cell were as followsi=

Cell height = 8,50 om.
Internal diameter = 8.95 cm.
Phase Volume = 260 cm3 per phase
Stirrer disc diameter = 6.3 cm. '

" " thickness = 0.15 cm.
Digtance between disc

and interface = 1.9 cm,
Interfacial area = 62.8 cr*

The earlier cell had upper and lower phage volumes of

267 and 237 cm respectively and the interface was formed
in the annulus between a flat ring attached to the main
cylinder and a diso attached to a stationary central shaft.

Variations of interfacial area were obtained by removing
the ring or disc or both. The various interfacial areas
used were as followst=

External radius  Internal radius Interfacial Area
of the annulus . of the annulus
2.55 cm. ' l 1.92 cms 8.9 cm2
2.55 " . 0033 " : 2001 . "
4.48 v 1.92 " 51.3 "

4448 . " 033 n- 62,6 "
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The stirrer discs were driven from a common motor by spring-
belt drives, a single twist being put in one of the spring
belts to obbain contra-rotation. In the earlier work the
motor used was of the synchronous type fitted with a worm
gear reducer. This type of motor ensured congtant stirrer
speed throughout an experiment, change of stirrer speed
being effected by changing the worm gear ratio and the size
of the pulleys on the gear shaft. For much of the
experimental work quick changes of speed had to be made.

For this the synchronous motor was replaced by a D.C. motor,
with both its field and amature windings fed from stabilised
voltage supplies. In this way it was possible to change
quickly from one to another of five reproducible stirring
speeds. The field winding of the motor was fed from a
transistor and Zener diode fixed voltage supply of 9.1 volts
and the armature winding was fed from a variable valve=
stabilised voltage supply with a selection of fixed outputs
between 40 and 160 volts. Using an appropriate worm
reduction gear, five stirrer speeds between 25 and 120 r.p.m.
were obtained. Within the period of one run, these speeds
varied by 1%, from one run to another, the speed for a
particular power supply setting varied by ¥ 5%. The circuits
for these power supplies are shown in Figure III.

The p of the aqueous phase;, in some experiments, was monitored
continously usging an E.I.L. glass electrode and a Pye calomel

electrode. These were inserted through the top of the cell and

the upper organic phase with the sensitive ends in the
aqueous phase; +the fl was measured on a direct reading Pye
H meter. Sampling of both phases was by means of pipettes.
In the case of the squeous phase the sample was drawn up
through a capillary tube into a sample tube before taking the
sample.

. 2.2 Materials Used

2.2.4 Inorganic materials

All solutions used for kinetic measurements and
analytical work were prepared from Analytical Reagent grade
except where this was unobtainable. In such circumstances
the fact will be stated when reference is made to the
material,

e o e
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2.2.2 Organic materials

Commercial grade paraffin was used, which was.
purified first by passing it over two charcoal columns
and finally by passing it over two activated alumina
columns. A very small quantity of waxoline 0.S. red dye
was added to the paraffin,before any purification,to
ensure that the charcoal was replenished when break
through occurred, the alumina being changed when the small
band of yellow discolouration at the top of the second
column started to progress down. The following organic
extraction reagents were used :-

(i) tri-iso-octylamine
(ii)  naphthHenic .acid.
(iii) tri-butyl phosphate
(iv) di-2-ethylhexyl-phosphoric acid

The first reagent was obtained from B. Newton
Maine Ltd., the second from the Shell Chemical Company Ltd.,
and the last two from Albright & Wilson Ltd. The first
three compounds were used as obtained, without further
purification, however, the last compound, which was used
for most of the kinetic studies, was purified further in the
following manner. Firstly, it was stirred with 5N
hydrochloric acid at 60° C for twelve hours. After cooling,
the hydrochloric acid was separated and the reagent was
washed thoroughly with water in a separating flask. It was
then diluted with paraffin to 2 M, shsken with 3 equal
" volumes of ethylene glycol and thoroughly washed again.
It was next shaken with an excess of 2 N solution of sodium
carbonate, the bottom, (aqueous), phase of the three run off,
and that remaining washed again with a small quantity 2 N ~
sodium carbonate, the bottom phase again being run off.
The two remaining phases were then carefully acidified
with a slight excess of 2 N hydrochloric acid to reform the
acid, the aqueous phase was run off, and the organic material
given a final wash with several volumes of distilled water.
The organic solution was then assayed for di-2-ethylhexyl-
phosphoric acid by titration with sodium hydroxide using a
1 meter. If any of the mono acid remained as an impurity
two points of inflexion in the @l versus volume of alkali
curve occurred. .Of the three reagents used without purifica-
tion only thenaphthenic’acid was a crude product; both the
other two reagents were quoted as being 98% pure by the
manufacturers. ' In some of the kinetic experiments
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2—thylhexyl alcohol was used as an additive; this was obtained
as a reagent grade product.

Cleaning of equipment

In view of the significant effects of surface active
agents on mass transfer rates, no detergenis were used for
cleaning purposes. Glassware was cleaned with chromic-
sulphuric acid and water and all equipment coming into
contact with organic solutions was cleaned with acetone and
dried with compressed air, The water used throughout the
experimental work was once distilled.

Preparation of metal organic solutiong

Many of the experimsnts carried out wers for the
purpose of studying the rate of stripping of metals from
di-2~-ethylhexyl—phosphoric acid in paraffin by dilute
solutions of sulphuric acid. The simplest method of
preparing these organo-metallic solutions is to extract
the metal ions from solutions buffered at a pH of approx—
imately 6 with acetic acid and ammonium acetate. Using
this method the acid generated during extraction is neutralised.
However, under these conditions, significant quantities of
ammonium organo~phosphate are extracted into the organic phase
and it is suspected that this affects the transfer rate in
two ways:i—

(a) By causing a small amount of emulsification
during the stripping reaction.

(b) By competition for stripping between the metal
ion desired and the catlon dssociated with the
neutralising base.

A new method of preparation was devised to produce
solutions of organo-metallic phosphates containing only free
acid and the metal phosphate required.

' A strong base ion exchange resin in the hydroxyl
form is ideal for the purpose of neutralisation, since the
cations are part of the resin gstructure and cannot be extracted:

$he resin used was De-Acidite~F.F. in the bead form.
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The overall equation for this reaction may
be written as :-

S0t &+ r'eH + M 4 2(RO)ZPOOH — R'SO {(RO ) ] M+ 2HO
resin aqu org b 2 2 Foo 2
aqu . resln org aqu

Sufficient resin was used to give LO% loading of the available
sites when complete neutralisation occurred, thus ensuring a
final H of approximately 6. The technique used was to add the
resin, in the hydroxyl form, to a mixture of the two phases and
agitate the three phases gently for one hour. The resin was
removed by filtering on a coarse sintered glass filter and the
organic phase was then decanted off. Last traces of the aqueous
phase were removed by filtration through a fine sintered glass
filter. In this way an organo-metallic solution in paraffin was
obtained which contained only the metal complex and excess:
dialkyl phosphoric acid. One disadvantage of this method is that
small traces of surface active material, originating from the
resin, may “contamidate: the organic phase. °

2.3. Experimental Techniques

2.3.1 Xinetic Measurements

The cell, set up as shown in Figure II, was immersed
in a circular glass tank, fitted with a 'bhemosta'b capable of ;
maintaining the temperature constant to within % 0.05%C. The ;
lower aqueousg phase was put in the cell and a sample of the
upper (organic) phase, put in a graduated flask, was put in the
thermostatic bath, and allowed to come to thermal equilibrium.
During the warming up period the stirrer motor wasrun to allow ;
it to come to constant speed. - . i

When thermal equilibrium had been obtained, the stirrer
motor was temporarily stopped and the upper phase added to the ,
cell in such a manner as to prevent mixing of the two phases. v
The motor was then restarted and samples taken from one of the e

" phases at suitable time intervals. As unbuffered aqueous

solutions were used in certain experiments, for stripping metals, -
additions of sulphuric acid were made, by means of a hypodermic “
syringe, to maintain a constant Hi.
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2.3.2 Viscosity Measurements of Organic Solutions

The viscosities of the organic solutions used were
measured and the results were applied as follows:~-

(a) For the calculation of diffusion coefficients, using
Einstein's equation.

(b) For calculation of the Schmidt and Reynolds mumbers
which were used in calculating individnal film
coefficients.

(e) To check for the presence or absence of any abnormally
high viscosities, which oftten indicate that polymerisation
is taking place. '

The apparatus used for the viscosity measurements was an
Ostwald viscometer, calibrated using aqueous glycerol solutions.
The measurements were made at 20°C % 1° and were carried out in
triplicate. -

2.3.3 Interfacial Tension Measurements

The interfacial tension between solutions of metal organo=-
phosphate and solutions of dilute sulphuric acid was determined by
measuring the volume of drops of one phase formed slowly in the
other phase. Drops of the agueous solution were formed at the end
of a glass tube dipped in the organic solution. The agueous
solution was delivered by means of a hypodermic syringe and the end
of the tube on which the drops were formed was ground smooth at .
right angles, using a grinding wheel. During formation of the
drops, the aqueous solution was added at a fairly fast rate until
Jjust before the drop broke away from the end of the tube.” The
last stage of drop formation was carried out very slowly, each .
drop teking about 30 seconds. The volume measured was that between
the break away of successive drops. For each interfacial measure-
ment, three drop volumes were obtained and the average taken.,

From the drop volume the interfacial tension was determined using
the following formula (Adam)99:=

f=ve @ -@)er go.

vhere V is the volume of the drop, r is the external radius of
the tube (as the drop formed on the external radius), €y =€ ,)
is the difference in the densities of the two phases, ¥ is the
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interfacial tension and F is introduced to account for the non-
sphericity of the drop; values of this ga.ctor have been
tabulated as a function of V/r> by Adam’

2.3.4 Diffusion Coefficient Measurements

The diffusion coefficients of simple metal salts in
aqueous solution can be determined from the equlval?nz con=-
ductances of the individual ions, using the equation:

= 2.662 x 1077 ]:(z1 + 22)/2122:) [AO INVAVNPRY N )] | 9.

where Z, and Z, are the valencies and A% and _A_g are the
equivalent cormductances of the individual ions, at infinite
dilution, and DC is the diffusion coefficient at infinite -
dilution. At low ionic strengths <0.01 M there is little
change in diffusion coefficient with ionic strength. For
larger, complex molecules in aqueous or organic solutions, it
is possible to obtain approximate values for the diffusion
coefficients using Einstein's equation:-

- /30 Q/6° w2y 2 " 90a.

where R is the gas constant :
T the absolute temperature | 2
is the viscosity of the solution :
€ is the density of the solution
N is Avagadro's mumber, and
M is the molecular weight of the diffusing species.

However, this equation is only an approximation, so it was
decided to determine, experimentally, some diffusion coefficients
for comparison. The basis of the method used was the diffusion '
of solute from a capillary. The technique emplo&szd. was a
modified version of that of Hills and Daord;)ev:.c in which the
solute diffused from the capillary—like pores of a number I ,
sintered glass disc, 1.2 cm. in diameter and 0.62 cm. thick.
The disc was saturated in a solution of known strength, the
surplus being allowed to drain off,  and suspended in a large :
volume of the solvent, 500 ml approximately. The disc was
rotated slowly for a known length of time and then removed from Y
the solvent. The solution remaining in the disc was removed

and its concentration determined. If T is the thickness of

the disc, x a distance measured from the centre of the disc and
perpendicular to the face, t is the time of diffusion and € the _
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average concentration of solute left in the disc after a time
L, the boundary conditions for the diffusion are:-

1

CoPA<x<T/2, ven t = O
O-’r/é> x> I/Z for all values of +

If}'o Q
1

and is given by the equation:-

= (8 C, /T ) (g =0 1/(.2n+ 1)2 exp -(2n + 172 D t/’I:ZD 91.

where D! is the apbarent diffusion coefficient, related to the
true diffusion coefficient D, by the equation:~- .

D! = D/L 92.

vwhere L is the labyrinth factor. The labyrinth factor is
defiined as the relative increase in the average path length,
arising from the tortuous nature of the pores, and can be
calculated from the equation:-

L = RP aAK/T 93.

where R is the electrical resistance between the faces of the
disc soaked in a solution of specific conductivity K, & is the
area of the face of the disc and P the porosity of the disc,
i.e. the fraction of the disc occupied by voids.

2.3.5 Equilibrium Constant Determinations

Equilibrium constants, for the three metal organo-
rhosphate systems studied kinetically, were required for two

purposes: -

(a) To calculate the distribution coefficient at
varying levels of D.E.H.P. concentration and
. The distribution coefficient is required
in the calculation of mass transfer coefficients
from the kinetic results (see page 88 ) :

(b) To elucidate the molecular formulae of the three
metal complexes, for use in diffusion coefficient
"calculation by Binstein's formula (see page L47).

The reasons for the choice of the three metal organo-
phosphate systems for detailed studies will be given later.
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If the molecular formula of the metal complex is written
as (2 ﬁ PHR)y (vhere M is the metal species and R the organo-phosghate
), then the overall equation for the exchange is

H
/x (MR, pR), + = Mn" + (p+ n)/2 (HR)2
and the equilibrium condition is

1/ = [om, om),]"* [6]" yﬁ«nﬂ[@m)]‘l’“‘”z 9.

~ where A is an activity coefficient term.

Replacing the metal complex concentration by M, and M
'by M, and expressing ‘bhe concentration of D.E.H.P. in terms of the
monomer gives: -

i - s 3V TR g+ B

If the distribution coefficient m is defined by m =M, /M, ‘and the
- total metal concentration 'byM.b

[where My = Ma + Mo for equal phase volmnes]

then equating the logarithm of each side gives the following
equation: -

[((p + n)/2)log2+ logﬁ] -ndfl + logH = (p + n)/2 log[HRJ-o- log m
+[(x—1 V4 x] 1og[1~1f/ (1+m)] 96.

The values of 'm' were determined experimentally using the
following technique:=~ equal portions of aqueous phase, containing
the metal ion,and organic phase were shaken together.

The metal ion concemtration was 10~ M or less and the

D.E.H.P. concentration was 0.05 M or more. The agueous solutlon
- was buffered with acetic acid and ammonium acetate for Ni** and Co*+,

and monochlorvaceticacid and ammonium chlorocacetate for Cu+t, the
buffer strength being 0.1 M in all cases. Affer phase dis-
engagement, assisted by centrifuging where necessary, the phases
were sampled and analysed. ' By studying the veriation of m with
changes in My, D.E.H.P. concentration and pH, the values of X, n
and p for each complex were determined.
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2.4 Anplytical Techniques

In this work four systems were studied in detail, and
for these systems an accurate method of analysis was required.
However, in addition to these systems, analyses of a less precise
nature were needed for those systems which were surveyed but not
studied in detail. These analyses mostly involved titration
with ethylenediaminetetracetic acid (E.D.T.A.) and it is not
necessary to go fully into all these analyses. The four systems
studied in detail required precise determination of the following
components:~ B

a) 8-hydroxyquinoline
b) Copper :
¢) Nickel

(d) Cobalt

The techniques for these anslyses were as follows:=-

2.4.1 8-hydroxyguinoline

This substance was determined spectrophotometrically

in paraffin at a wavelength of 3315 A°. "The technique was to

teke the sample,in paraffin, dilute to approximately 2 x 107k
molar and measure its optical density against a paraffin blank,
using 10 mm. cells in a Unicam S.P.500 spectrophotometer.

2.4.2 Copper

: For the analyses of both copper and nickel it was
necessary to obtain the sample in aqueous solution and all
organic solutions were first stripped, by shaking with an excess
of 0.1 M sulphuric acid. Copper was determined spectrophoto-
metrically, using rubeanic acid as a colour developing reagent.
The technique was to teke a suitable quantify of the aqueous
solution, add to it 1 cé. of a strong buffer solution of i 4.5,
2 ce. 0.5% gum-acacis solution and 5 cc. of 0.01% rubeanic acid.
This was diluted to 25 cc. and, rafter standing for half-an-hour,
its optical density measured at 6,300 A° against a reagent blank.

2.4.5 Nickel

As with copper, nickel was analysed spectrophotometrically,

using quinoxaline-2,3-dithiol as a colour developing agent. The
technique was to take a suitable quantity of the nickel solutionm,

add 10 ce. of 0.880 ammonia and exactly 3 cc. of an 0.02 M solution

of the reagent in ammonia. This was diluted to 25 cc. and, after
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standing for half-an-hour, its optical density was measured ab
5,200 AC against a reagent blank. In view of the absorbancy

of the reagent at this wavelength it is essential to use both,
exactly the same concentration of reagent throughout and a
concentration which is in sufficient excess such that the quan‘b:.ty
used for complex formation is insignificant.

Calibration tables and graphs for the 8-hydroxyquinoline,
copper and nickel analyses can be found in Appendix I.

2.4..4. GCobalt

Cobalt was analysed by means of the radio-isotope Co60,
which has a half=-life of 5.25 years and emits gamma rays of 1.17 meV
and 1.33 meV. The gamma emissions were counted in an I.D.L.
scintillation counter, using a thallium-activated potassium iodidse
crystal,

Initially, a standard solution of cobalt was made up with
a suitable quantity of tracer added and all other solubtions were
made by dilution of this standard. TUsing this technique, the
- analysis of any sample, aqueous or organic, was carried out by a
comparison of the count rate of a standard quantity of the sample
(3 c.c.) with the count rate of an equal guantity of a standard
solution.
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3. EXPERIMENTAL RESUITS

3.1 EQUILIBRTUM RESULTS

: The equilibrium distributions of copper, nickel and .
cobalt between buffer solutions and solutions of D.E.H.P. in

paraffin were studied as functions of the variables; metal \

concentration; pH, D.E.H.P. concentration and temperature.
The effect of addition of 2-ethylhexyl alcchol (capryl alcchol)
was also studied. The results of these experiments were as
follows:~ <

Smpm e e Lt e e e e e e e
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TABLE I. Equilibrium distributions as a function of total
metal concentration at 20°C with D.E.H.P.

concentration 0.410 mole/litre.

(a) Copper - equilibriuwm pH 2.90.

Total Cone. Agueous Cone.| Organic Conc. m
My mole/litre | M, mole/litre | M, mole/litre | =M, /M
L x 407 2.55 x 1072 1.0 x 1073 | 1.8
9 x 10~k 5.85 x 107% 3.15 x 107 1.85
3 x 107% 1.95 x 107k 1.10 x 107% 1.79
1 x 107k 0.65 x 107 0.35 x 107k 1.85
 (b) Nickel - equilibrium pH 3.75.
Total Conc. Agqueous Cone.| Organic Cone, m
My mole/litre| M_ mole/litre | M, mole/litre | =M A,
1 x 1073 6,15 x 107% 5.65 x 107* 1.68
3.5 x 10%|  1.95 x 107% 1.30 x 107 1.50
1.2 x 10|  7.00 x 107 430 x 1072 1,63
3.5 x 1079  2.20 x 1072 1.30 x 1072 1.69
(c¢) Cobalt - equilibrium pH 3.55.
Total Cone. Aqueous Cone.| Organic Conc. i}
M, mole/litre| M, mole/litre | M, mole/litre | =M /A, .
1 x 1073 5.10 x 1074+ | . 4.65 x 107 1.10
L x 107% 2.05 x 10™% 4.90 x 107 1,09
4 x 1070 5.20 x 10~ 4.80 x 1072 4.08
6 x 107 3.05 x 1079 2.90 x 1075 1.05
2x 10 | 1.00 x 1072 0.95 x 1072 1.05

i v e T et e e 47
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TABLE II. Equilibrium distributionsas a function of ol at 20%

(a)

(o)

with total metal concentration (My) 1072 mole/litre
and D.E,H.P. concentration 0.10 mole/litre.

Copper
Agqueous Cone.| Organic Conc. m =
PH |y, mole/litre |Mo mole/litre Ma/Mo log m.
2.80 | 7.50 x 10~k 2.50.x 10~k 3.00 0.478
3.00 [ 6.20 x 10~k 3.85 x 10~k 1.60 0.20%4
3.15 | 4,75 x 10~4 | 5.20 x 10~k 0.91 -0. 041
3.25 | 3.65 x 10~% | 6.45 x 107 0.568 -0.246
3.35 2.70 x 10~k 7.05 x 10~k 0.37h -0.427
3.45 | 2.00 x 10k | 8,00 x 10~% 0. 250 ~0.600
Cobalt
Aqueous Cone.| Organic Conc. m =
PH | Ma mole/litre |Mo mole/litre Ma/Mo log m.
3.25 | 8.20 x 107% | 4.70 x 107 482 0.683
3.30 | 7.90 x 10~% 2.05 x “10~% 3.8 0.585
3.55 | 5.20 x 10~% 4.70 x 10™% 1,10 0.042
3.70 | L4.05x 10% | 5.95 x 40~% 0.678 -0.202
3.90 | 2.75 x 107% 7.25 x 10™* 0.379 -0.421
k.10 | 1.50 x 10~k 8.50 x 10~k 0.174  -0.760
4.30 | 6.50 x 10~ 9.40 x 10~k 0.069 -1.160
L0 | 3.80 x 1072 9.50 x 10™* 0.0L0 -1.398
Nickel
Aqueous Conec, Organic Cone. m = .
PH Mg mole/litre |Mo mole/litre Ma/Mo Llog m.
3.20 | 9.05x107% | 6.80x 1072 | 13.3 1,124
3.30 | 8.95 x 10~k 1.25 x 10~% 7.16 0. 855
3.50 | 8.15 x 10™% 1.85 x 10~ o1 0. 6Lk
3,70 | 6.70 x 107& 3.30 x 10" 2.03 0.308
3.80 | 6.10 x 10~ 4.15 x 10™% 1,47 0.167
3.95 | 1.35 x 107 5.35 x 107 0.813 ~0.090
415 | 2.40 x 107% | 7.20 x 107* 0.333 ~0.1478
4.30 { 1.60 x 10~%+ | . 7.90 x 10™* 0.203 . -0.692
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TABLE III. Equilibrium distributions as a function of D.E.H.P.
concentration at 20% with total metal concentration
(1,)10-3 mole/litre.
(a) Copper pH 3.00
E.H.P. Cone.| Aqueous Conc. | Organic Conc. m = 1o
mole/litre |My mole/litre | Mg mole/litre | Mg A, g m.
0.1 4.80 x 102 8.60 x 10~% | 0.056 -1.252
0.2 2.25 x 107k 7.25 x 107% | o0.324 ~0.490
0.1 6.20 x 107k 3.85 x 1074+ | 1.60 0. 204,
0.05 9.20 x 10~k 8.60 x 10~ | 10.7 1,029
(b) Cobalt - pH 3.30
D.E.H.P. Conc. Aqueous Conc. | Organic Conc. m =
mole/litre |M, mole/litre | My mole/litre | My Af, log m.
0.k 1.55 x 10™% 8.45 x 10™% | 0.183 -0.738
0.2 470 x 10°% 5.30 x 107% | 0.886 ~0.052
0.1 7.90 x 1074 2.00 x 10~% | 3.95 0.597
0.05 9.35 x 10~4 5.60 x 107 | 16.7. 1.223
(¢) Nickel pH 3.75
.B.H.P. ConcJ Agueous Conc. | Organic Conec. m= .
mole/litre |M, mole/litre | M, mole/litre | Mg /M, og m.
0.l 7.10 x 1072 9.40 x 107 |  0.076 ~1.118
0.2 3.50 x 10~k 6.75 x 10™% | 0.515 -0.288
0.1 6.15 x 10~ 3.65 x 107% | 1.69 0.230
0.05 11.75 x 107 9.50 x 1072 | 12.1 1,09
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From Table I it can be seen that, for all three metals,
the distribution coefficient, m, is independent of the value of
My. Hence the value of X, in equation 96 (page 49), is 1 and
equation 96 reduces to

[(p + n)/2 log 2 + log AJ- nifl + logM = logm + (p + n)/2 logl___I{R] 97.

From the results in Table II, graphs of log m against pH
have been plotted in Fig., IV. The slopes {Slog pH HR ) have
been found to be =1.78, -1.66 and ~1.66 respec‘blvely for nickel,
copper and cobalt. Differentiation of equation 97 shows that
the slopes of these graphs are equal to -n and hence the value of
n, for all three metals, to the nearest integer, is 2.

From the results in Table III, graphs of log m against
log [HR] have been plotted in Fig, V. The slopes {§ log m/§log HR]} DH
have been found to be -2.50, =2.15 and -2.50 respectively for
copper, cobalt and nickel.  Differentiation of equation 97 shows
that these slopes are equal to (p + n)/2. Taking n equal to 2
gives values of p of 3, 2 and 3 respectively to the nearest
integer and hence metal complexes with the following formulae: -

CuWRp. 3HR, CaRy. ZHR and NiRp. 3HR.

The equilibrium equations for these three complexes
are:-

Copper GuR,. IR + 2H"""Cu + 5/2 (HR),

H = [Cu"""} [ (HR); KCu'H' X(HR)Z/Z 98. |
(o T Vo |

The activity coefficient of copper in e.n aqu gus solution depends
on the ionic-strength I, where I = 1/2% In the buffer
solutions used in the dJ.strn.bution measurements 1 was approx-
imately 10~1, from which it can be determined that ¥goy++ ==0.32
and hence

2 )

Similar caloulations for cobalt and nickel lead +to:-
Cobalt CoRy ZR + ZH=Co™" + 2(:R), }
hence H [00“][@” Yoot ‘A(HR),,_ 9%
[coaz.zm][n P You . -'
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FIG. IV
; ' Graphs of pH v log m for the
‘ equilibrium distribution siudies.
~ . ‘ l.
1.0 B ® Nicke
. , % Copper.,
® © Cobalt.
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FIG., V

Graphs of log m. v log(HR).for the

equilibrium dis{ribution studies.
& Nickel
x Copper
© Cobalt
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' 2 4
and H' = H}C{QR/X (HR)2 = 1.10 x 10 99%a

Nickel  NiR, EIR+ at == Ni o+ 52 (HR)

N E T B TS R e 4
B EEE E{RJ [H+J : XN:‘R

B =HY o /X(HR) =1.,26 x 10

b 100a

Values of m, to be used later for analysis of kinetic data,
can be obtained from the equations

it

(a) Copper 1logm= 2.50 - 1.75 1 -‘logXCu-H- - 2.50 log (HR) 10la.

(b) Cobalt logm

3.36 - 1.66 g - 1og\{0u++ - 2.15 log (ER) 101b.

(¢) Nickel log m

3.53 - 1.65 @ - 1ogYNi++ - 2.50 log (ER) 10le.

In these equations actual experimental values of p and n (rather
than nearest whole mumbers) have been used.

3.1.1 The Effect of Temperature

, From the values of H' obtained at various temperatures,
the free energy of the reaction can be found using the equation

Ae® = s, Ll = FT, L’ 102
(asmam:.ng Ln{}ﬁm) /X(HR) ] is small)

)
SinceAGo =AH° -TAS , wWhere AH and 48 are the
standard changes in heat content and entropy of the reaction

respectively, bg studying the variation of H' with temperature,
the value of AH" can be calculated from the equation

L/ X @) = -AEYR 103

This assumes that AH® andAs® are independent of T over the range

considered. The experimental conditions used and results obtained
in studying the effect of temperature on the equilibrium
digtributions are as follows ;-
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Bquilibrium distributions as a function of temperature

with total metal concentration (M) = 1073 M and
D.E.H.P. concentration 0.1 M. :

(a)

Copper - equilibrium pH |at experimental temperah:re] = 3.10

Temperature |"Aqueous Cone.{ Organic Conec.' O
. M, mole/litre| My mole/litre H! InH*
20 465 x 104 | 4.55 x 107%| 2,92 x 102 | 5.68
30 4.10 x 107F 5.00 x 107 2.35 x 10° 5.45
40 5.90 x 107 | 5.20 x 107%| 2.15 x 102 5.36
50 3.25 x 10" 5.90 x 107%| 1.55 x 10 | 5.04
(b) Cobalt = equilibrium g = 3.40

Temperature| Aqueous Conc.| Organic Conec. ot Lol
% M, mole/litre| M, mole/litre
20 70 x 107% | 2.95 x 10| 1.5 x 0% | 9.42
30 6.85 x 10°F 3.35 x 107%| 1.06 x 10%* | 9.26
L0 6.30 x 107 | 3.90x10°%| 0.82 x 10% | 9.01
50 5.60 x 1075 | 4.80 x 107 0.59 x 10* | 8.68

(¢) Nickel - equilibrium g = 3.70
Temperature| Aqueous Conc.| Organic Conec. " L
| M, mole/litre| M, mole/litre

20 7.60 x 107% | 2.80 x 107%| 1.01 x 10% | 9.22
30 7.90 x 107 | 2.5 x 107 | 1.20 x 10% | 9.39
L0 8.05 x 107% |  2.30 x 10| 1.30 x 10% | 9.46
50 8.10 x 107* | 2.30 x 107 | 1.31 x 10* | 9.47
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The values of I—I in Table IV have been calculated
using the equa‘clons 98-100 on pages 56 and 59. Figure VI
shows graphs of LnH against 1_/iK for the three metal complexes
and from these graphs values of AHP for the metals have been
calculated, using equation 103, to be =3.9, =k.l and +1.6 K.Cal/mole
respectively for copper, cobalt and nickel.

It should be noticed that the values calculated for these
heats of reaction are approximate, since, throughout the computation,
. activity coefficients have been assumed to be unity and unchanging.
The activity coefficient of the metal ion in aqueous solution,
although not absolutely known, will have remained sensibly constant
throughout these experiments, except for some small change with
temperature, as the total metal ion concentration has not varied
significantly. However, little is known about the actitivity
coefficients of metal solutes in organic solvents.

.1.2 The effect of 2-e@y]'.hexy1 alcohol (capryl alcchol)

Some kinetic runs have been carried out in the presence
of capryl alcchol and equilibrium studies were also carried out in
the presence of this reagent, to see if it produces any significant
change in the nature of the complexes.

At the concentrations of capryl alcohol used, i.e. 0.25 M
to 1.0 M, the D.E.H.P, is almost entirely monomerised and hydrogen
bonded ‘bo the capryl alcchol; Blake, Baes, Brown, Coleman and
Whitel01,  The equilibrium equa'b:.on therefore becomes: -

MRy.p(HR). q(Cp0H) + ZH*ZEN** 4 (p + 2) HR.CpOH + (q-p-2)CpoH
Therefore: - '
logm+ {p+2) 1og[hﬂ+ (g-p-2) 1og[cporﬂ =log H - 2iH + log A. 104
vihere A is the activity term. |

By studying the effect of variation of D.E.H.P. concen-
tration and capryl alcohol concentration on the value of m,the

coefficients p & g can be evaluated. The conditions used and
the results obtained for these tests were as follows:~-
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FiG. VI.

e

Graphs:of Ln H'v 1/Ty for the
equilibrium distribution-studies.
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A Copper.
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TABLE V., Equilibrium distributions at 20 C in the presence of
capryl alcchol, as a function of D E.H.P. concentration;

with total metal concentration (1) 4 1073 mole/litre, and
capryl alechol concentration (CpOH) 0.5 mole/litre.

(a) Copper - equilibrium pH 3.00

D.E.H.P. Conc. | Aqueous Conc.'| Organic Conc. m =
mole/litre M, mole/litre M, mole/litre M1y log m
0.4 “4.30 x 10~& 7.60 x 10~ 0.174 -0.775
0.2 L35 x 10~k 5.40 x 10=k 0.805 -0.095
0.4 7.70 x 10-k 2.20 x 10~k 3.50 0.540
0.05 8.4,5 x 10°% | 9.70 x 10°0 | 8.74 0.942
(b) Cobalt - equilibrium pH 3.30
D.E.H.P. Conc. | Aqueous Cone. | Organic Conc. m = log m
mole/litre | M, mole/litre| My mole/litre | M,/M,
0.4 1.70 x 10~k 8.30 x 104+ | 0.204 -0.690
0.2 5.60 x 10~&+ | 3,60 x 107% | 1,56 0.193
0.1 9.00 x 107 | 4.05 x 107 | 8.56 0.932
0.05 9.65 x 107% | 2.70 x 1073 | 35.7 1.553
(¢) Nickel - equilibrium pH 3.75
D.E.H.P. Cone.} Agqueous Conc. | Organic Conc. m = log m
mole/litre | M, mole/litre| M, mole/litre| M /M g
0.l 6.80 x 10=9 | 10.10 x 10~% | 0.067 -3 17L
0.2 2.45 x 10°% | 7.30 x 107% | 0.324 | -0.489
0.4 6.55 x 10~% | 3,90 x 10°% | 1.68 0.225
0.05 9.70 x 10~% | 1.23 x 10~%+ | 7.95 0.900

R
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Bquilibrium distributions at 20% » in the presence of
capryl alcohol, as a function of capryl alcchol
congentration with total metal concentration (M)

10™> mole/litre and D.E.H.P. concentration 0.1 mole/litre.

TABLE VI.

(a) Copper ~ equilibrium fH 3.00

Capryl alcchol Conec. f Agqueous Conc. Organic Cone., m =
mole/litre M, mole/litre M mole/litre | Mg/M,

0 6.20 x 10"F 3.85 x 107% 1.61

0.25 6.25 x 107% | 3.15 x 107k 1.98

0.50 7.70 x 107% | 2,20 x 107% | 3.50

0.75 7.40 x 10™% 2.40 x 107% 3,08

1.00 7.40 x 107% 2.40 x 107% 3.08

(b) Cobalt ~ equilibrium @ 3.50

T ey o

Capryl alcchol Conc. | Aqueous Cone. | Organic Conc. m =
mole/litre M, mole/litre | M_ mole/litre | M a/Mo

0 6.00 x 1074 4.00x 107¢  |1.50

0.25 6.00x 10°% | 3.80 x 10°% |1.58

0.50 6.45 x 107k 3.30 x 1074  [1.95

0.75 6.35 x 107 | 3.30x 1074 |1.91

1.00 6.45 x 10~ 3.30x 1074 [1.95

(c) Nickel - equilibrium g = 3.85
Capryl alcchol Conc. | Aqueous Conc. | Organic Conc. | n =
mole/litre M, mole/litre | M_ mole litre M A,
-4 ~4

0 5.35 x 10 L.L5% 10 1.20

0.25 5.90 x 1572 4.60x 1074 |1.28

0.50 6.00 x 10 . " 4.55x 1074 1.32

0.75 6.00 x 10~ L.55% 10 1.32

1.00 6.15 x 10~4 L.65% 10~4 1.32
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In Figure VII the results in Table V have been plotted
as graphs of logm against log| HR | and the slopes of these
graphs, gé‘ log o/ § log [HR]} pH> have been found to be =2.06, =2.30
and -.24/, respectively for Copper, ¢obalt and viickel. These
results give values of p in equation 104 (page 61) of O for each
metal. :

From the results in Table VI it can been seen that value:
of the distribution coefficient reaches a constant value for '
capryl alcochol concentrations above 0.5 mole/litre.. Hence, the
value of g-p-2 in equation 104 is zero and thus q = 2. _For lower
concentrations than 0.5 mole/litre, Slog m/§ log [Cp OH) . is positive
hence g-p-2<0 and q<2. Above 0.5 mole/litre capryl alcchol
the equilibrium equations for the three complexes are 3 =

(a) Copper
CwR,.2[Cp ) o+ & ——= cu™ + ZR.Cp oH
22 |Cp —_— Cp
(b) Cobalt 4
CaR,.2[CpH| 4+ & —— Co"™ + ZRCp
\ i
(¢) Nickel ' o

. . L S N o
N1R2.2[C,p OH] + Z " Ni + ZR.Cp 0H

That a considerable change in structure takes place is
particularly evident in the case of the cobalt complex, in view
of the marked colour change of the complex; deep blue in the
absence of capryl alcchol, to pale purple when it is present.

This is comparable to the change in colowr of agueous
cobaltous solutions

o+ —
€.8. - Co'” mH,0 7 COClL,. (in cone. hydrochloric acid)
pale pink dark blue

' Thus it appears that the capryl alechol acts as a
pseudo gguating agent. :

e
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" FIG. VII

Graphs of Log(HR) v Log m for the

equilibrium distribution studies,in
the presence of capryl alcohol. '

® Nickel.
x Copper.
" © Cobalt.

1.07

0.0
Log m.

-1.0

"l‘3 ¢ . j-l.O
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3.2 KINETIC RGSULTS

This section is divided into three main parts. part ‘oney’s
the results of the experiments carried out to determine the
characteristics of the cell; wvart -tvo, & survey of metal
extraction and stripping reactions; part three,the results from
the detailed study of three of those systems.

53.2.1 Determination of Cell Characteristics

In this part of the work, a transfer system was chosen
in which mass ‘transfer occurred without chemical reaction. A4
suitable system is the transfer of 8-hydroxyquinoline from a
buffer solution irnto. paraffin. In aqueous solution the 8-hydroxy-
quinoline exists in three forms, two ionized and one un-ionized,
the proportion of each form present being dependent on the pH of
the solution. The structural formulae of the three forms are
shown below:- (b) and (c) being the ionized forms.

(a) DVAVAN (c) /\/\\
}/\)/\‘ l l/\; B

A o= * oE
Conditions: neu't;ral alkaline acid

Thes_e three forms will be represented by the symbols EHO;] ’ EO;C-.i
and. LI~IZO;] for (a), (b) and (c) respectively. The chemical
equations for the equilibria between these three forms are given
below: -

Hy0i—>Ho, + HY, [HO};WH"']/[HOX 7] = 1.0 = 107

HO,—03 + I, [0, /EiO}:J = thx107®

From these equations, it follows that the fraction P of the reagent
in the un-ionized form. is given by:

P.= 1/(1‘+!:H+]/1.o X 1072 + 1.4 x 10‘1%':%1’“]) 105. -

Since only the un-ionized form is exbracted into paraffin, the
concentration in the paraffin is proportional to P. The maximum
value of P is at pH 7.4 when it is equal to 0.992. TUnder these
conditions 8-hydroxyquinoline has two important characteristics:
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(a) It has a high distribution coefficient between paraffin -
and water, i.e. greater than 100

(b) Extraction takes place without chemical reaction (unless
there is dimerisation of the reagent in paraffin)

The phases used in the kinebtic experiments were ;-
a saturated aqueous solubtion of 8-hydroxygquingline in water,
" the concentration being approximately L x 10" M and purified
paraffin. The aqueous phase was buffered at @l 7.4 by adding
A.R. di-sodium hydrogen phosphate (85%) and A.R. sodium
di-hydrogen phosphate (15%) to a total molar concentration of 0.03 M.

It was both more accurate, and convenient, to follow the
" kinetics of the extraction by amlyslng for 8-hydroxyau1nol:.ne in
the organic phase. Since the transfer of the solute was in the
direction agueous to organic the concentration of solute in the
organic rhase was a direct and more accurate measure of the progress
of the reaction in the early stages. The method of determination
of the concentration in the organic phase has already been described
(page 50. ). The effects of the following variables on the kinetics
of the reaction were determined:

(a) Aqueous phase concentration (hence giving the order of the
reaction)

(v) Interfacial area
(¢) Stirrer speed
(d) Temperature

3.2.1(1) Analysis of results

The organic phase concentration Cg wes determined as a
function of time. From the results, the value of the agueous phase
concen‘cra'blon,q,,,as a function of time ig easily determined, knowing
the volumes of the two phasgs, i.e.

Cy =Cy = (G5 V I/ V.
o) , '
where Cy is the initial aqueous phase concentration.

E::

If C_ is the aqueous rhase concentration in equilibrium
with the organic phase concentration, C4, then the simplest
equations, which could describe the rafe of extraction ds: :

ac/as = -kt Cy-c* " 106
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k]
=

where C, = Cs/m 106a.

Since the experiments were conducted under conditions in which
n3>1 and C K Cyy, then C>>C ® and equation 106 can be written

w
as .

{0 :
& /at = - k' C 107.

Por a first order reaction, as is usually found in diffusion
processes, n is unity and integration of 107 gives

k! = 2.303(410g,, C,/At) 108.1

where lc_‘ is related to the mass transfer coefficient K, by :

=x'v /4 1082,

where A is the interfacial area. TFrom eguation 108 a graph of !
Logso C,. against t should be a straight line of constant slope, i
1ndga’§eigen‘c of the initial aqueous phase concentration. \
Measured values of Cg against time together with calculated r
values of C.. and logig C,, are given in Appendix II for all
kinetic experiments on The 8-hydroxyquinoline sys‘cem.

i -

3.2.1(ii) Results

(a) Variation of initial 8-hydroxyquinoline concentration.
Experiment conditions used were:-

Stirring speed 60 r.pom.
Temperature 22,5 295 8K)
Interfacial Area 8.88 cm?

Graphs of logqn Cy against time are shown in Fig. VIII and
these are linear and parallel as expected. The values of
kl, the rate constant, at varying levels of initial
8~hydroxyquinoline concentration are given below in Table VII.

TABLE VII.
Run Cod x 107 Kl x 40P
No. mol/lrbre sec™l
1 1.88 27.9
2 1.88 28.9
L 0.82 29,2
5 3.2l 26,9
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FIG. VIIY

3.24M, 1.88M.| 0.82M. Graphs of Log C, v Time for the transfer of

8—hydroxyqu1nol:.ne. (Results from table I )

Cp(int) X 10° 1.83 molar. 6—1 (puplicate
1.83 molar ——x - runs )
3.24 molar —_——
0.82 molar —_——

-2 700 "'3- 00"3- 3'0

"'2. 60_:___

-2.40. -2-70. -3'00.

o

l100. N le00. 300.1
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e

Runs 1 and 2 have identical conditions and give rate constants
identical to within t 2%, which is adequate.

Over a four-fold change in aqueous phase 8-hydroxy-
quinoline concentration k! remains constant to within * 3%,
which establishes that the rate of mass transfer is first order
with respect to aqueous phase 8-hydroxyquinoline concentration.

(b) Variation of temperature

The system variables which will change with temperature
are viscosity and diffusion coefficients. Both these solution
constants vary exponentially with temperature and hence it is
expected that the rate of mass transfer will obey the Arrhenius.
equation

k! = 4 exp (-E4/RT)
where Ej is the activation energy.

Table VIII shows values of k! at varying temperatures.
Experimental conditions used were:- -~

Stirring rate ~ 60 r.p.m. 3
Initial 8-hydroxyquinoline conc. (Cw) 3.2k x 10 “rmole/litre.
Interfacial ATea vevee sassa 8.88 cm®

TABLE VIII.
6 1
Run Temp. (T k! x 1 /T
No. POK( ) sec_? Logyo k! x 107
5 295.8 26.9 -L..570 3.39
6 307-3 3&-'5 —l{-oll-éz 3-26
7 . 320,8 3.3 ~l.. 363 3.12

If these results fit the Arrhenius equation then a plot of log k'
against 1/T should be linear with a slope of -Ep/R x 2.303 (viere
R_is the gas constant). Fig. IX shows a graph of logyg k' against
1/T and the slope gives an activation energy of 3.5 kilocalories
per mole, which is a value of the order expected for a diffusion
controlled reaction.

(¢) Variation of stirring rate

The effect of stirring rate was studied for a twofold
purpose: first, so that a comparison could be made with the
empirical equations of Lew_iséé and Mclanamey l4and the theoretical
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FIG., IX

Graph of log k' versus 1/T for the extraction

of 8-hydroxyquinoline. (Arrhenius plot).’

[3.10 3. 20 ' 3. %0 5. 40
1/7 x10°°%C
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equation of Olander””; secondly, to find a method of distinguishing
between a process which is controlled by the rate of transfer to or
from the interface and a process vhich is controlled by some inter-
facial resistance, since it is expected that the latter will be
independent of stirring rate.

Speed variations were obtained by changing the reduction
gear on the synchronous motor, and a table showing rate constant as
a function of stirring rate is given in Table IX.

The experimental conditions used were:-
0
Temperature 22.5 C. 2
Interfacial Area 8.88 cm
Initial 8-hydroxyguinoline conc. = 3.2k x 41073 mole/litre.

TABLE IX.
Run Stirrs d 3
irring Speed ¥ x 10
No. r.p.m. sec™
10 27 17.5
1 3l 19.6
5 60 . 26.9
12 79 31.8
9 140 49.1

A graph of rate constant against stirring rate ié shovm in Fig. X.

<o

The range of rate of stirring could not be increased,
since at higher rates turbulence occurred at the interface and
at lower rates incomplete mixing of the bulk phases occurred.

As can be seen from Fig. X, the results can be fitted
to an equation of the type

! =4+ 1S 109.

where S 1s the stirring rate in revolutions per second. Values
of a and b for the results in Table IX are 9,97 x 18'6 sec™ ang
15.06 x 10-6 respectively. The equations of Lewis 6, I-Id-Ianamey9L“
and 0lander?? » Wos. 85, 86 and 88 respectively, all reduced to
their simplest forms with two stirrers of the same dimensions and
rotating at the same rate, are:

k! = cs1'65 110.
Kt = as0? 111
k! = es 0.5 112.
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FIG. X

Graph of k' versus Stirring Rate for the

extraction of &-hydroxyquinoline using..
the first cell.

40_|

k*x10

sec

ho . . " 8o 120
Stirring Rate R.P.M.
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where ¢, d and e are constants; The eguation fitting the above
results most closely is that of ldlanamey.

(&) variation of Interfacial Area

According to Olander95, the rate of mass transfer per
unit area depends on the position of this interfacial area
relative to the stirrer (see page 35 ). The rate of transfer
per unit area in different parts of the interface in cells of
this type has not been studied, results always being quoted in
the form of overall rates of transfer divided by total area.
Olander's theory indicates that this may be erroneous.

The overall rates of transfer were determined at four
different interfacial areas in positions varying with respect
to the cell walls and the stirrers. The values of these areas
and their relative positions are given on page 39. The kinetic
results for these four interfacial areas are given in Table X.

Experimental conditions used were:-

Initial 8-hydroxyquinoline conc. 3.2L x 10_3ﬁble/litre.

Stirring rate 79 Trope.m.
Temperature 22.5%.
TABLE X.
{
Run Interfacial k! k /A ¢
No. Area (A) em? | sec™! x 10 | en2 sec™! x 10
12 8.9 31.8 3.58
22 20. 1 73.5 3.65
21 51.3 179.8 3.51
23 62.6 226.3 3.62

Fig., XTI shows a graph of x* against interfacial area which is linear
and passes through the origin,

It should be noted,that the interfacial area in Runs 12
and 22 was completely within the compass of the stirring discs, i.e.
the results of these runs refute Olander's’d contention that no
transfer takes place under the stirrers. In fact, the results
show that rate of mass transfer per unit area is constant right
across the interface and also that there are no significant end
effects.
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As there are no significant end effects at the cell
wall or stirring shafts, the cell was redesigned, incorporating
the same stirring unit, to make it simpler to assemble. This
cell is of the form described on page 39 and showm in Fig. II.
The effectgof stirring rate and interfacial area were again
studied in this cell. However, since no baffle was used, the
interfacial area was varied by blanking off parts of the
interface with discs of varying diameters fixed to the central
gtationary shaft. The results of these runs are shown below
in Table XI.

The experimental conditions used were:-

‘Temperature: 22.500. -3
Initial 8-hydroxyquinoline conc. 3.24 x 10 “mole/litre.
TABIE XT.

Run | Stirring Rate | Int. Area k! xY/a

No. T.Pels 4. cm? -sec™! x 106 sec™ crn"2x106
6l 27 62.6 98.5 1.58
68 33 ' 50.4 86.7 1.72
69 33 38.3 66.1 1.7%
66 52 62.6 130.0 2.08
62 Th 62.6 182.0 2.9
71 78( co-rotated) 62.6 170.0 2.72
65 - o8 62.6 218.0 3.48
63 118 62.6 238.0 3.81
70 128 50.4 217.0 31
67 128 38.3 167.0 L.35

Fig. XIT1 shows a graph of k‘gA againt stirring rate for these
results, It is noteworthy that the results obtained with

38.3 cm? and 50. L an® interfacial area are as good a fit to the
best straight line as those obtained with 62.(; cm”. The result
with co-rotating stirring discs lies within the divergence of
the other points from this straight %jne. Thig result is in
agreement with the findings of Lewis 6 who concluded that the
relative direction of rotation of the discs is not significant.

In later work, involving corrosive solutions, the metal
shafts and discs were replaced by glass shafts and P.T.F.E. discs.
The cell was therefore again tested by determining the rate of
transfer as a function of stirring rate. The results of these
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runs are shown below in Table XII.
The experimental conditions used were:-
T enperature ... eoe 22.500.

Interfacial Area ... 62.6 om2
Initial 8-hydroxyguinoline conc. = 3.2k x 10"3mole/litre.

TABLE XII.
Run | Stirring Rate | k! = 10°| x&/a x 10°
No. r.p.m. sec™! sec~! em™
72 (a; 2l 93.2 1.49
72 (b L7 124..0 1.97
72 %c) 69 155.0 2.47
72 (4d) 9L 211.0 3.36
72 (e) 118 235.0 3.77

Pig, XIII shows a graph of kqu agadinst stirring rate for the
results in Table XII and, like the results of Tables IX and
XI, a good straight line fit is obtained. '

3.2.1 (iii) Conclusion from kinetic studies with 8~-hydroxyquinoline

From the kinetic studies with 8-hydroxygquinoline the
following conclusions for the rate of mass transfer in the absence
of chemical reaction can be dravm:-

(a) That the rate of mass transfer follows a first order.law.

(b) That the rate of mass transfer follows the Arrhenius
exponential law for variation with temperature.

(c) That the rate of mass transfer per unit interfacial area
is independent of the relative position of the area between
the cell walls and the centre of rotation of the discs.

(d) That the rate of mass transfer is linearly related to the
stirring rate within the range of stirring rates investigated.
This law held for both cell designs used and both the metal
and P.T.F.E. stirrer units.

This result is considered important since it is the
basis of a method of distinguishing between systems controlled by
"an interfacial resistance and those controlled by transfer to or
from the interface and provides a means of calculating the

interfacial resistance in systems controlled partly by both
mechanisms.
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In the absence of an interfacial resistance, k! is
related to stirring rate by the equation (see page 73)

k! =a+Db8s 109.

k' is related to the mass transfer coefficient Ky by the equation
‘(see page 69) -

K, =K'V, /A . 108a.

Elimination of k' leads to the following relationship between Ky
and stirring speed § _

Ky = (V;/ 4)(a + b8) 11L.

which gives Ky = a' + b'S . 115.

For 8-hydroxyquinoline, the values of a', b’ and. Kw(a:b S = 1 rev.sec™V are,
for the three cell modifications, given in 1 Table XLITI.

TABIT XTTT. . N
] & b \ Ly
v a' x 10 b' x 107K (60 rpm) x10
Cell Type em sec™! cm T en sec-
First cell, metal stirrers 2.66 L.00 6.66
Modified cell, metal stirrers 1.79 L.L0 6.19
Modified cell, P.T.F.E. stirrers 1.97 L.22 6.19

In the presence of an interfacial resistance, the concept of
additivity of resistances (pagei3 )leads to:-

/& /K, + /K-i- : 116.

vhere Ky is the coefficient of mass transfer in the absence of
interfacial resistance and&_the coefficient of interfacial
mass transfer. Substitution of 11k in 116 gives, for a system
having interfacial resistance,

18 = V(ar + v's) « 1y ' 117.
Providing b'> a', at the higher values of S used,then
Ve = /ot 1K 148.
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Thus there is a linear relation between 1/K and 1/S, with an
intercept at 1/5 = 0(8 ==0) of 1/kj. This analysis will be
used later in this thesis for interpreting the results for
systems believed to have interfacial resistances.

3.2.2 Burvey of Extraction System

A survey of a series of mebtal-organic systems was
carried out in order to make a selection of systems whose rates
of transfer were significantly slower than that of 8-hydroxy-
gquinoline.

During this survey four different organic extractants .
were used, viz:- naphthenic acid, di-2-ethylhexyl-phosphoric
acid, tri-butyl phosphate and tri-iso-octylamine. The metal

3 . . ,, et
ions studied were:= Ccutt, wit+, zn*t, Cott, Fettt, Al and

U0, .

Some *© rate of transfer in both directionswere determined,
and conditions from one system to another were kept constant to
as great a degree as possible. In all cases the concentration
of extractant in the organic phase and bulffer in the aqueous phase
were kept high compared with the metal ion concentrations present.
Conditions were chosen so that the extraction under study went
almost to completion at equilibrium. Under these conditions,

providing ky . kg
VK, = /%, 119.

One run on each system was conducted and it was continued to at
least 605 of completion. Experimentally determined values of
X (the overall mass transfer coefficient) were cobtained by

plotting log C,, against time (log Cgq against time for stripping

reactions).

. In the case of tri-iso-octylamine, 10% capryl alcchol
was added to the organic vhase to prevent third phase formation.
For the extraction of Co Cl) =~ into tri-iso-octylamine and

U0y (NO3)2 into tri-butyl phosphate, the.agueous buffer was
replaced by &1 HC1 and 5.5 Hli0z respectively in order to obtain
high distribution coefficients.

The 0.2M ammonium acetate/ammonia solutions giving
pH's of 7.0 and 8.2 for extractions of copper and nickel res-
pectively into D.E.H.P. and naphthenic acid were not strictly
buffer solutions, but were used, firstly, to prevent metal hydroxide
precipitation and, secondly, to provide aqueous solutions of the same



total ionic strength as those using buffer solutions.
Table XIV shows the results of these runs; the value

of X.. for oxine (8-hydroxyquinoline) at the same stirring speed
and temperature is included for comparison.

Experimental conditionsg used for these runs were:-

Temperature 22° 5%,
Stirrer Speed 79 r.p.nm.
Extractant Concentration 0.21
Buffer Concentration 0.211

Initial metal ion concentration 0,02 approx.
(this varied from 0.035 to 0.010)

TABLE XIV.

Motal Direction Cone of Cone of K. x 19:
of Transport Aqueous Buffor Organic Reagent em sec
Oxine Aq =3 Par 0.02M Phosphate pH 7.4 - 7.60
Cut+ Aq => Nap/Par 0.2M Acetate pH 8.2 0.2M Nap 15.20
Nt Aq wi Nap/Par 0.2M Acetate pH 8.2 0.2M Nap 32.1
Np*T Nap/Par <3 Aq 0.2 CH,CICB0H pH 2.0 0.2M Nap 1.35
Cot* Nap/Par -3 Ag 0.2M CHpCICEOH pH 2,0 C.2M Nap 2,00
Zntt Nap/Par «>.Aq 0.2M CH,CICBOH pH 2.0 0.2M Nap 1.39
UQ2'H Aq = DEHP/Par | 0.2M CH2C1060H pH 2.0 0.2M D.E.H.P, 4.75
Fe*t** Aq ~p DEHP/Par | O.2M CH2CICGOH pH 2.0 0.2 D,E.H.P, 2.04
Cu** Aq = DEHP/Par | 0.2M Acetate pH 7.0 0.2M D.ELH.P.  [29.6
Nitt Aq —> DEHP/Par | 0.2M Acetate pH 7.0 0.2M D.E.H.P. 17.8
cut* DEHP/Par = Aq | 0.2M CH,CICHOH pH 2.0 0,24 D.E.H.P. 1.71
NitY DEHP/Par —> Aq | 0.2M CH,CICE0H pH 2,0 0,2M D.E.H.P. 2,14
Co™™ Aq = T.1.0/Par 6M HCI 0.2M T.1,0.+ 10% CpOH{34.3
U0,(NO3), | Aq =3 T.B.P/Par 5.5M HNO4 10.2M T.B.P, 2.35

(The abbreviations used above were Aq = aqueous phase; Par =
paraffin phase; Nap = naphthenic acid; D.E.H.P. = di-2-ethylhexyl
phosphoric acid; CplH = capryl alcohol; T.I.0. = tri-iso-octylamine;
and T.B.P. = tri-butyl-phosphate.)

From Table XIV two main groups of reactions appeared to
have appreciably slower mass transfer rates than that for the
transfer of 8-hydroxyquinoline from agueous solution into paraffin;
the stripping of cobalt, nickel and zinc from naphthenic acid, and
the stripping of copper and nickel from D.E.H.P. Other slow
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reactions were the extraction of uranium nitrate into T.B.P.
and the extraction of ferric iron and aluminium into D.E.H.P.
An attempt was also made to measure the rate of stripping of
beryllium from D E.H.P. but this was found to be so slow that
no value could be put to it., The order of the rate was

. approximately 0.1% in six hours. Because of this extreme
slowness it was decided that further study of this system would
be too time-~consuming. The same applied to the stripping of
aluminium from D.E.H.P.

Beflore choosing systems for mere detailed study it
is necessary to ascertain whether the slowness, compared with
8-hydroxyquinoline, is due to the difference in diffusion
coefficient between that for 8-hydroxyquinoline in buffer
solution and that for the metal ions in naphthenic acid and
D.E.H.P., or duve to the effect of scme interfacial resistance.
This was determined by calculating an approxinate mass transfer
coefficient based on the mass transfer coefficient for 8-hydroxy-
guinoline, and lidlananmey's correlation. Assuming Mdianamey's
correlation, i,e.

K =o<1£(ScOQ)’O'37 (Reoc>o.9‘(1 . %R%/’QOCR%C) 121.

vhere & andBrefer to the phases from which and into which
transfer takes place respectively.

When both discs rotate at the same speed, and the same
stirring speed is considered for 8-hydroxyquinoline and the
system to be compared, then:-

.9 . =0, 1.9 "o,
K = Kox('\yl 9 Sc 39/’));{ - Segy © 39) for X agueocus—>paraffin

K =K, Q}’ 9 0.3 ]%; s, .39)6{%/0/1) ar) for K paraffin«?a%:;;ls

where the subscript 'ox' refers to 8-hydroxygquinoline,

The values of X calculated above and the values of X_
found experimentally are given in Table XV for the two main
groups of apparently slow systems.
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TABLE XV.
Systen K{exp)(table * IV)X 101’“ K (cale) x_'lOb“

Metal Transfer ‘ cm. sec” cm. sec
Oxine Aq -»> Par 7.60 © 7.60
Nitt Nap/Par —>Aq 1.35 5.75
Co*+ Nap/Par —> Aq 2.00 5.82
cu'™ |D.B,H.P/Par — Aq 1.7 %.98
Ni** DEH.PPar — Aq 2.1k 5.05

As can be seen from this table, the values calculated are not as
low as those measured experimentally, and it would appear that
some interfacial resistance is present.

D.E.H.P.

(a)

()

()

(@)

Of the two groups the systems involving stripping from
appeared to have certain advantages for detailed study:-

D.E.H.P. can be more easily ~o‘b‘l;a.:i.neéi. in a pure state
than naxhthenic acid.

During stripping of a metal from naphthenic acid,a small
quantity of the organic phase was dispersed in the
agueous phase. As the run progressed, bubbles of the
agqueous phase became trapped in thin skins of organic
vhase near the interface. The metal ions which were
transferred to these bubbles did not appear in the main
body of the solution which was analysed; consequently,
the rate could not be determined. During stripping
from D.E.H.P., much smaller quantities of the organic
phase were dispersed and there was no trapping of the
solute.

It has ® en established that D.E.H.P. ig dimerised in
paraffln It is expected that naphthenic acid, like
other car'bozyl:.c acids, will also be dimerised, but no
experimental evidence has been obtained.

There is some doubt as to whether the metal naphthenate
is in true solution in paraffin. If it is not, it may
prove difficult to obtain reproducible results, also the
interpretation of results would be complicated.

Por these reasons it was decided to study the stripping

of copper, nickel and cobalt from D.E.H.P., and the feature of
primary interest was to be the interfacial residtance.




86

3.2.3 Xinetics of stripping of copper, nickel and ccbhalt
from di-(2-ethylhexyl)-phosphoric acid '

3.2.3(i) Solution Preparation and Experimental Techniques

The method of preparation of the metal organic solutions
and the basic experimental Yechniques used in rate determinations
have already been described on pages 44 and45 respectively.
However, for this part of the work certain modifications of the '
experimental technigues, used in the 8-hydroxyquinoline studies
and general systems’ survey, were made.

The determination of the variation of transfer rate with
stirring rate has already been showvm to be the key to this part of
thework (page 81 ). To prevent the work being too time-consuming,
the rate of stripping at five different stirring rates was deter-
mined during each run. Rapid speed changes were made by the
technique described on page 4l. The time of stripping at each
stirring rate was kept short, as a result of which the driving
force for stripping remained sensibly constant throughout each
constant stirring rate period. The concentration of organic
reagent was maintained approximately constant by using a ten-fold
excess. As described on page 45, the @l of the aqueous phase
was continually monitored and adjusted to a constant value by the
addition of small quantities of concentrated sulphuric acid from a
syringe. This was necessary as buffered solutions were not used
for the stripping and the ftransfer of metal ions from the organic
to the agueous phase involves the counter-current transfer of H¥
from the agueous to the organic phase, i.e. ’

MRy + 2HY —> H'™ + (HR),

3.2.3(ii) Analysis of Results

(a) Determination of the Mass Transfer Coefficient, K.
The rate of stripping, R, is defined by the equation

R = & /at , 123.
(where Cy is the organic phase concgntration). |
A mass balance for ‘l:.ﬁe metal lead to
Cq =00 = CVy/ Vg 12%.

(whe;‘e Cy is the agueous phase concentration).

Differentiating equation 124 and substituting in 123
gives

R = (aC/at) Vu/Vg 125.



87

and since equal phase volumes were used in the experiments,
equation 125 simplifies %o

R = 4C,/dt 126.

The value of d.(_lﬂ/d‘c was determined from the measured values
of C_ obtained during each twenty-minute sampling period.
Five samples were taken for each stirrer speed at five-minute
intervals. From the analyses of the five samples the value
of A0, /dt was determined using the technigue of linear
regression by least squares.

The general expression for the regression coefficient & for
the best straight line (y-¥) = oz(x~%) through a series of
values of a dependent variable, Y, for values of an independent
variable, x, is given by the equation:-

A =[n[(,y*< -3x Zy]/[nfx - (5:{)2] 127.

(¥ & x) are the mean values of y and. x,and n the nunber of
terms.

The accuracy of the regression coefficient is defined by the
standard error of the coefficient, which is tne square root

of the varilance of the regressi on82 This variance is given
by the eguation

2 =[ (é(y—i)z/é(x-i)z)- o’.«ZJ/n-Z 128.

The 95% confidence limits of the regression coefficient,
as a percentage of the regression coefficient, are given by

£ 200 {[(é(y-i)z/a@é(x-z)z) ~ 1]/ - 2)}1/2 129.

If we designate y by the five analyses C.., Cyr5s Cvw10s Cvi1s
and. Cypg at values of x of 0, 5, 10, 15 and 20 minutes and
substitute these in equation 127, we obtain the following
relationship for the slope R:-

R ={[2(cw20-c\,,0) + (0‘71’5-0\,,5)3/3} % 107 mol/litre sec. 130.

Although the value of Cqg does notappear in the equation for
R, it does affect its statistical accuracy.

The driving force for the mass transfer is given by (C . C./m)
where m is the distribution coefficient. A mass bal@nce ror

for the solute ledds to

Cg = Cg = Cy -£VC/V 131.
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for equal vhase volumes V,
=3

WhereZ v Cy represents the molar quantity of the metal

removed as samples and replaced by distilled water.
the mass transfer coefficient, X, is defined by

x =[v.al/[ (o0 /m)] 132.
Substitubtion of equations 126 and 131 in equation 132 gives:-
X =|vac_/ at] /[A(CSO-CW% RV ASES (N /7Y ] ) 133.

This equation assumes that the value of the ériving force
remained constant over a single defermination of (& /at),
i.e. at any one particular speed. This assumption 1s valid
since the greatest change in the driving force encountered
was £ 25% of its mean value during that rate determination.

The values of the distribution coefficient, m, used for
calculation of the mass transfer coefficients, were defermined
from the equations on page 59; the walues of log} (metal ions)
being calculated from the eq_ua:l:ionJlOLF

L 1 '
1og‘6=-2.o16(ucw + 1.5H%)? /L1 + (L Cy + 1.51{*){[ 134

The accuracy of determination of the mass transfer coefficient
is dependent on the accuracy of determination of dCy/dt.

The statistical Tormula for the confidence limits of a
regression coefficient has been given on page 87. Prom this
formula,these limits could be calculated for each and every
one of the rates determined. However, this was considered
to be too time-consuming and an approximation for the average
percentage error in the rate determinations has been derived
in the following manner.

Por P rate determinations, the mean % error is given by
(1/P);Swn of the percentage errors] as given by equation 131.
However, a good approximation is to find the mean veriance
of regression § “ and the mean regression coefficient & and
from them to Salculate the mean fractional 95% confidence
limit ¢ from the equation ‘

c = -2/§:ZA— 135.

Ifflis the sum of a number of factors from P rate detezmjmétions,
then

=2 | —\2 - .

82=g(l‘£(y—y) }/Z(x-x)z -2 fo(n-2) 136.

. -2 . .
1f2(x—x) is the same for each rate determination.
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In terms of the rate determinations, n =5, y =0, x = tine
(in seconds) and ¢C = R, substituting theqe mto equa'clon 137
and then combining 137 and 135 glves:

5 <[{ae, 507 /lo x 109 -0/ %‘zp//,da 138

From all the rate determination data collected, which are to
be found in Appendix II1 (a-c), the average error of the rate
determinations, &, was calculated to be *o. 10, 0.06 and *0.10
respectively for the stripping of copper, nlckel and cobalt.

(b) Variation of Mass Transfer Coefficient wlth Stirring Rate

On page 8l it was proposed that the concept of additivity of
resistances be used in studying the mass transfer of a speciles
in the presence of an interfacial resistance.

This concept gives the equation:

Ve = 1Ky + VK, 150,

%

where X is the overall mass transfer coeff 1c1ent Ky the mass
transfer coefficient in the absence of any 1n1:erfac1al resistance
and Ke the mass transfer coefficient for the interfacial
resistance. It has been shown for 8-hydroxyquinoline that the
relationship between Kw and stirring rate, S, is of the linear
form:

Ky =a+ b3 141,
Substituting this equation into equation 140 gives
1/ = 1/(a + v8) + /K, 142,

At high stirring rates, 3, and if b and K, are constant, this
approximates to '

1 1 -
/K = 1/bs + VK, . . 143,
which gives a linear relationship between 1/X and 1/s.

However, while the influence of § on X was Dbeing determined .
experimentally, the metal concentrations in the two phases
were changing. It has already been shown (pages26 -8 ) that,
vhen diffusion of several specles 1s involved, the coefficient
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of mass transfer through the two solutions, bS, is dependent
on the concentrations of all the species. Thus b was not
constant during an experiment in which K as a function of S
wags determined. Also, one purpose of this research was to
study how the concentrations of the species influenced the
coefficient for mass transfer across the interface, K..
Therefore it would be inconsistent to assume that g is not
also concentration dependent. Thus Ko may not be assumed to
remain constant during a series of values of S.

Although there is, therefore, not an exact linear relationship
between 1/X and 1/S, the changes in concentration were

- sufficiently small,in most experiments,to give only slight

changes in D and probably Ke. On this basis the data for K

can be treated as follows:- ° -

A linear relation is assumed between 1/X and 1/S and first
approximations are found for values of—uKQ and 1/b. Corrections

to 1/Kg from the theoretical relation between 1/b and the solution
concerirations can then be made and these corrected values of K¢

are then interpreted in terms of the mean concentrations of

species existing during the run. Vhen this analysis was carried
out on a few resulbs it became apparent that, in general, when

‘_l_/lb was large,the correction was too large to give a determination
of i/K ¢ with sufficient precision, and when 1/b. was small,the
correction to X, was negligible anyway.

As little improvement in the value of the results was obbtained
for a lengthy numerical calculation,the procedure was not
continued. However, it was possible to account gualitatively
for a few results vhich at first appeared to be ancmalous.

The detalls of the methed used to obbtain the more accurate values

of 1/K¢ and an estimate of the accuracy of these values are as
follows: =

The best straight line through the results plotted as l[_Ig versus
1/S gives the values of 1/x¢ and 1/b; the final corrected value
required is 1/K.. Consider the results for the maximum and
minimum stirring speeds S4 and So respectively. The corresponding
values of X experimentally determined, are Ky and_If_a_and the
corresponding values of b are b4 and bp, then

1!

kg = /&Y + /88, = VRe + 1/op8y 137.

gy = 188+ Vo sy = VRe + 1/048 137(a)
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i

Therefore, 1/KQC - 1/Kc + 1/b So
/&Y, - V& + /v Sy

/6,5, 139.
/0454 139a.

If the fractional change in the value of 'D' from 5S4 %o 5p is &,
then by =D, (1 + E).

Substituting 139 and 13%a and rearra.noring gives
1/K = 1t ot F(V'b)LS B +1) - s] 10y,

Therefore the fractional correction to k' /8 s ! E/K C) (E +1)]
is given by

. (1/1))/@/1{0’[.3?;(,@ v 1) - s]) 1hha.

The value of E in this equation can be determined in the folloving
manner:

The general form of the relationship between X, and the concen-
trations of species present was given on page 27. Putting this
equation in more specific terms, for the stripping of metal ions
from D.E.H.P. with sulphuric acid, gives the equations (145-147)
vhere Kyw = b, if individual mass 'transfer coefficients at unit
stirring rate (rev/sec.) are used.

For copper
; T 5/2
\/K;%u.ﬁ[(cs-cw/m) 1/l + CW/K.\,:MC /2K, +(Cq —Cw/m)S/ZkC] / =3.16 x10°
- 145,
[CS/K.‘I - (Cs_cw/m> 1/ks:[LCD/Kw '2(0 Cw/m) /ijz
For cobald

. = 2
¥ o el (G0 /) Vi Co /K J[00/28, + (OgmCy/m) 2 | = 1,10 x 10‘1F

[Cs/Kw— (CS-CW/m) 1/kS]‘:CD/I{\v"(Cs'CW/m) 2/1{]32 146.
For nickel
\/_\:f' N1 ++L(C —Cw/m) 1/kw+ C\I/Y\]{ /21 +(CS—Cwﬁn>5/2k35/2=1,26x101+
147,

[Cs /Kw - (Cs'cw/m) VkSJ[CD/KW_Z(CS'CW/m)/ké) 2
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Legend

Xis the agueous mebtal ion activity coefficient, as given
by equation 13l (page 88).

C g 1s the organic metal concentration.

w is the agqueous metal concentration,

CC is the D.E.H.P, concentration, in terms of the monomer,

CD is the hydrogen ion concentration.
kos ke kC and kD the respective individual phase mass transfer

s? e
coefficients,

K, the overall mass transfer coefficient (in the absence of
interfacial resistance),

m, the distribution coefficient for the metal between the
aqueous and organic phase; values of m are given on page 59,
Using these equations the overall mass transfer in the absence
of interfacial resistance can be calculated, provided that
values of individual coefficients for the species can be
determined. '

Values of the individual mass transfer coefficients of the
individual species can be calculated using Mdlanamey's
correlation and the value of the mass transfer coefficient
for 8-hydroxyquinoline given on pageSls

The eguation for these calculations using Mdianamey's correlation,
simplified for a system with stirrers rotating at equal speeds,

is given by equation 122 (page 84). To use this formula for

the determination of mass transfer coefficients, values of
viscosities and diffusions coefficients are required.

The viscosities have been determined experimentally and the
results are given on pages 132433, The diffusion coefficients
have been calculated using BEinstein's formula (90a), page4? ,
for organic solutions and equation 90 (page 47) for agueous
solutions. Some values of diffusion coefficients in organic
solution have been determined experimentally (page 134) using
the method described on page 48; these experimental values
serve as a check on the application of FEinstein's formula.
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In Tables XVI and XVIT below, calculated values of individual
mass transfer coefficients at unit stirring rate (sec ‘) are
shovm for the species used in equations 145-147 (page 91).

It will be seen that, for the organic solutions, the variatvion
of viscosity with both metal and extractant concentration
gives variations in mass transfer coefficients.

TABLL XVT, Mass transfer coefficients in vmater

Individual mass transfer
Species coefficient, k, @ 1 ”?v/sec = 10t
C. Sec
HZSOL;_ 11.40
CuSOli_ 7.69
NiSOl!_ : 7.62
CoSOA_ 7.62
TABLE XVIT, Mass transfer coefficiénts in D.E.H.P. solutions
N D.E.H.P. |k(metal complex)® 1rev/sec k(DEHP)@ 1 rev/sec. x10*
Metal ; -1y -
conc M x 10+ (cm. sec™1) cm. sec”
Copper 0.k 3.81 4.28
b 0.2 L.k Lo bl
" 0.1 ' L.bb 5.01
" 0.05 L.55 5.08
" 10.1(0.5 Cp CH) 3.68 .06
Nickel O.h 3.77 L.2h
" 0.2 3.95 oy
H 0.1 5.18 L. 68
" 0.05 L.26 5.8
* 10.1(0.5CpOH) 3.66 4. 06
Cobalt 0. 2.86 3.13
" 0.2 3.19 3.50
" 0.1 3.29 3.59
" 0.05 34l 3.73
" 10.1(0.5 CpOH) 3.88 4.23

These calculated values of individunal mass transfer coefficients
can be used to determine overall mass transfer coefficients in the
gbsence of interfacial resistance (b in egquation 143 since Kw at
60 r.p.m. = b) and the fractional change in b, E (equation 1LL),
due to variation of Cg and Cy (equations 11;.5—111.7) doring a kinetic
run. The absolute values of b determined will not have a high
degree of accuracy, since Mcdlanamey's correlation is only an
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average empirical relationship for a number of transfer systenms.
However, the accuracy of determination of the change in b, viz.E,
should be higher.

The a ccuracy of the experimental determinations of the
uncorrected values of the interfacial resistence )‘i_l/Kc; is
determined by the experimental accuracy of the determination of
values of overall mass transfer coefficient, 1/K. ,and the relative
levels of 1/b and /K¢ (equation 143).

Ir é is the average fractional error in X (95% confidence
limits 2§), then the variance §2 is given by '

~ 2 - 2
g' = (_QI\_/Z) 11!-8
- 2 ) 2 . .
If 'g—l is the variance of X, then the variance of 1/X, 3 , is given
by L 2 4N C2 )
¥ = @AHE
Therefore
2 - 2 -2 2
S =(/ZK) = (c /) (¥/K) 149

For a best straight line, y = ox +/5’, for experimental values of.‘&c,'
the variance of a value of y taken from the graprh is given by 105

2 2 .c2
Sy =82 X 87 150
) 2 . ) ) . 32 .
Where %u is the variance of the regression coefficient,s%, 3= is the

variance of the mean value of y, and X the distance, in units of
X, from the mean of x, X ,to the value of x corresponding to y .

2
g;a is given 'by:lo5
2 2 -2
R =Ss§, /4(x - %) | 151
After substituting 151 in 150
.2 - -
Sy =%; (1 +2/{(x - %) , 152

For straight line plots of _}_/_S_ versus 1/K, to determine the intercept
at /s =0, I/Kc, (151) becomes

2 ~ = N2
Shg =Sty Lo+ @V -9 ] 153

Therefore substituting equation 149 in equation 153 gives

< -— . .- - . - - -— 2
éC%/Kc) = (s /v (/=P El v (/SYL(1/s - 1/8) A 15%
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Since the mean value, _1&, lies on the regression line,
18 = (YD) (375) + /%)
‘ 2 '2/4[(1/b) (178) + 1/ko| “J1 = sKss - 175)2 ]
. - (3/%) (equation 155)

Hence, the 95% confidence limits+d as a fraction of /K., are
given by

a-5]1+ ) sy [1+ v/ s - sy
(equation 156)

The values of 1/S used in kinetic determinations were approximately
1.18, 0.77, 0.59, 0.L46. :

Substituting these values in equation 156 gives

a =260 51+ 0.75 (/o) (VKo 157

The value of the fractional change B in the value of 'b'
(equation 144) was found to be between 0.15 and 0.05 for the
kinetic runs and this gives a maximum fractional correction of

EL = 0.090 (l/b)/(l/K%) 158

The values of ¢ in equation 157 were given as 0.10 for copper and
cobalt and 0.06 for nickel (page 89 ).

Hence, equation 157 becones 159
d = 0.18 [l + 0.75 (1/v)/1/%c| for copper and cobalt

and Q= 0.11[ 1+ 0.75 (J/b)/l/Kc] Tor nickel 160

Examination of equations 158-160 shows that the fractional
correction is always less than the limits of accuracy of the

neasurenent of 1/K¢, therefore there is little point in applying
the correction,E+

The accuracy of determination of 1/b° can also be
evaluated in a similar manner.

2 .
For a regressign, =L X% +/2 if 85,-. is the residual
variance of y, thengy__ /i x - ¥)2 is the residual variance of X

For the equation, 1/K = (1/b) (1/s) + /K., the residual
variance of 1_/_1_3 is given by
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2 .2 -2
Sty '6<1/"1<)/€E]’/S - 376} 16

Substituting equation 149 in equation 161 gives

-2 2/ 12
S?be (57 (17K)/£\j(_1/s - 1]:,}1 162

Since the regression passes through the mean, equation 162 can
be written _ . ‘
-2 2L g
5% L(l/b) (3/s) + (1/Ko):) A (/s - 1795

"(equation .l62a)'

2
g(l/'b) =

Hence, the 95% confidence limits, (d' for the accuracy of 1/D
_are given by ‘ -

@ =5 [s + ey m) /s - 752?263

Substituting values of 1/S given on page 95 gives

ar = 1.35 ¢ [1 + 1.33 (1/I<o)/(1/b):] 16l
For copper and cobalt that gives o

a' = 0.135 [1 + 1.33 (1/Ko)/(1,/bﬂ 165
and for nickel

a' = 0.081 [1 + 1.33 (J,/Ko)/J,/bﬂ 165a.

Summarising these formulae for accuracy of determination, expressed
as percentages.

Accuracy of 1/K,

(a) Copper and Cobalt .
d= 18 [1 + 0.75 (J,/b)/(l/Koﬂ < 166

(p) ‘Nickel

-

a= 11 @ + 0.75 (1/'b)/(1/KO)] % 166a
Accuracy of 1/D

(a) Copper and Cobalt

ar = 13.5 [1 + 1.33 (1/KO)/(1/b)] 4 167

(b) Nickel
a = 8.1 Ll + 1.33 (1/Ko)/(]/b):{ % 167a.
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Statistical Sipnificance

The statistical significance of the values of 1/Kc and 1/
can be tested by using Students 't' test.

The value of 't' for some experimental value x, with standard
deviation &x, is given by

t = X/éx 168.

A regression from four experimental points hns two degrees of
freedom and the significance at various levels of 't' is
given below:

Significance level 0.1 0,05 0.02 0.01 0.001
Tt 2.92 4,30 6.97 9.93 31.6

The value of 't' is related to the percentage errors (4 and &')
of 1/Ks and 1/b respectively by the equation

"t = 200/a for 1/¥¢
and ‘%' = 200/a' for 1/p

N.B. Examination of equation 1l (‘oage 9‘1) shows that it is
poss:.ble for the apparent value of 1/K'c to be negative, i.e.

B (Vo) > (Vo) [s2 8+ 1) - 54

putting S, = 2.15, 54 = 0.83 and E = 0.10

gives  (1/p) >15(1/%,).

In these circumstences, the value of 't' for 1/Kc would be

less than 1.0 for copper and cobalt, ema less Than 1.6 for

nickel, i.e. not significant at the 10% level. Hence,for any
graph of 1/K versus 1/S which shows an a.pparently negative

value of 1/Kc it can be assumed that the recult is not signif Picant.

3.2.3(ii) Byperimental Results

Complete tables of values of all measured concentrations are
found in Appendix ITII.

(2) For each metal a single initial run was carried out at
constant stirring speed, to check that the rate of reaction
is described by a simple first order law.
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The mass transfer coefficient was caleulated from the
slopc.a 9f a plot of log C. against time, t. Experimental
conditions were chosen, such that m was large and

log (Cg - Cy/mwas approximately log Cs.

The results of the runs are shown below in Table XVII.

TABLE XVIT
The conditions under which these runs were conducted

were as follows:-

D.E.H.P. concentration: 0.05! (copper), 0.1H (nickel,
0.1 (cobalt).

pH 2.75 (copper), 2.70 (nickel),
2.65 (cobalt).
Temperature 20.5%.
Stirring Speed 77 rep.me
Interfacial Area 62.6 cm®.
Copper: Nickel Cobalt’
Time | Cw Cs log Csl Cw Cs |log Cgl Cvw Cs |log Cg
Min. Iy 1021 | x 103 % 1091 x 10°M . 1011 |% 1071
0 0.08 8.85 1-2,053] 0.23| 6.21(-2.207| 0.09| 6.63 |-2.178
15 | 0.43 8.50 |-2.071] 0.67] 5.77{-2.239| 0.52] 6.20 |-2.208
30 | 0.70 | 8.23 [-2.085| 1.14| 5.30{-2.276] 1.05| 5.68 |-2.245
L5 | 1.11 7.82 |-2.107| 1.47| L.96{-2.305| 1.42| 5.30 |-2.276
60 | 1.47 7.6 [-2.127| 1.76| L.68(-2.330] 1.74| L.98 |-2.303
75 1 1.86 7.07 |-2.150| 2.02| L.42|-2.355| 2.0L| L.68 |-2.330
90 | 2.22 6.71 1-2.1731 2.26| 4.18]-2.380| 2.26| L.L6 |-2.350

Graphs of log Cg against time are shovm in Figure XIV.

From these the mass transfer coefficients, X, were cal-
culated using the equetion:

K = (Vw/Aa) .0384 Alog C /At ' 169.

The values of X, together with theirstandard deviations;&ﬂ,
and percentage errors, are shown in Table XVIII.

TABLE XVIII.
Mebal X cm/sec. S %
Copper | 2.09 x 10~ 0.069 x 107k
Wickel | 3.02 x 107%| 0.106 x 10~%
Cobalt | 3.06 % 107%| 0,412 x 1074

rror

wy:w =3
~J v W
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These results, together with the other results to follow,
will be discussed later (pages151 -157).

A1l further runs were carried out with step~wise increases
in stirring sveed. Five stirring speeds were used, but the
reciprocal of the value of the lowest stirring speed was more
than twice that of the next higher value. It was therefore
omitted from the graphs of 1[_13 versus _1[_8_ to prevent it unduly
weighting ‘the valuesof the slope and intercept. Also, the
approximation of eguation 142 to eguation 143 (page 89) does not
hold at low stirring speeds.

The varisbles examined in these kinetic runs were:-
organic phase metal concentration, D.E.H.P. concentration, piH,
temperature and the effect of the presence of capryl alcochol.

The experimental conditions used and the results obtained are
as follows:~

(In all the runs the interfacial area was 62.6 en?. )
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TABLE XIX. The kinetics of the extraction of copper at 20.5 C
as a function of organic metal concentration, with

pH 2.50, and D.E.H.P. concentration 0.2 mole/litre.

Stirrer| R x 107 ‘C X 103 é, x 10° ‘ ~ 31 % L
Speed |mole/litre/| 5 /4. W n [CsCy/nx 107X x 10
mole/litre | mole/litre mole/litre cn/sec.
rev/sec. sec.

(a) Ix No. 49 C.° = 8.81 x 1073 mole/litre

H

0.45 1.80 . 8.68 0.10  (1.00 8.58 . 0.87
0.83 2.57 8.L7 0.38 |1.05 8.11 1.32
1.23 3.57 8.09 0.76 1.07 7.38 2.01
1.63 L.23 7.60 1.20  |1.12 6.53 2,69
2.03 L. 02 7.15 1.70 | 1.16 5,69 2,93
(b) Ex Wo. 50 C.° = 17.41 x 107> mole/litre

0.45 2,70 16.61 0.76 | 1.01[  15.93 0.72
0.8l 1. 90 17.12 0.29 | 1.03 16. 8L 1,21
1,23 5.87 16.0L 1.3 | 1.42 11, Bl 1.6l
1.63 747 15.21 2,15 | 1.18 13,39 2,32
2.01 7.17 14.28 3,02 | 1.26 11.88 2,52

(c) Ex No. 51 Cg° = 12,64 x 107> mole/litre

Ou45 2.19 12.45 0.19 1.01 12.26 0.7k
0.8l 3.17 12.10 0.53 1,06 11.60 1.14
1.23 L.83 11,67 0.95 1.09 10.80 1.86
1.63 L. 33 11.09 1.51 114 9.76 1.85
2.03 416 10.53 2.0L 1.17 8.78 1.97

(&) Ex No. 52 C.° = 3.88 x 107 mole/litre

O.45 0.80 3.81 0.07 1.00 3¢ 7k 0.89
0.8l 1.09 3.70 0.16 | 1.0 3.52 1.29
1.23 1.56 3.53 0.3L | 1.03 3.20 2.03
1.63 1.57 3.33 0.53 | 1.06 2.83 2.31
2.03 1.67 3,15 0.72  |.1.07 2.7 2.81
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TABLE X{. The kinetics of the extraction of cobalt at 20.5%
as a function of organic metal concentration, with
oH 2.90 and D.B.H.P. concentration 0.1 mole/litre.
stirrer | Rz 107 | ¢  x 107 | ¢y x 10° Co=Cp/m x 107 [ K x 10%
Speed. | mole/litre/ nole/litre | mole/litre R | mole/litre |cm/sec.
rev/sec. sec.
Ex No. 79  ¢.° = 115 x 407> mole/litre
0.1:3 1.0 13.96 0.19 6.5 13.93 0.L2
0.87 3.90 13.55 0.59 6.8 13.146 1.20
1.30 5.77 13,06 1.07 7.2 12.91 1.86
1.73 7.66 12.18 1.92 7.8 11.93 2.67
2.17 7.52 11.48 2.86 8.3 10.83 2.88
Bx Wo. 80 ¢ = 9.40 x 1077 mole/litre
0.1y 1.25 , 9.30 0.10 6.3] 9.29 0.56
0.8l 3,02 9,02 0.38 6.6 8.96 1,10
1.27 3.81 8.59 0.79 6.9 8.18 1.87
1.73 5.48 8.02 1.35 7ok 7.8 2.91
2.17 5.73 7.37 1,96 7.8 7.12 3.3k
Ex No. 76  Cq = 6.6L x 107> mole/litre
0.52 1.19 6.18 0.16 6.1 6.15 0.78
0.87 2.99 6.27 0.37 6.6 6.22 2.00
1.30 5.86 5.83 0.80 6.9 5.72 2.80
1.73 L.L0 5.27 1.33 Toly 5.09 3.60
2.17 3.96 L.75 1.83 7.7 L.51 3, 6l
Ex No. 81 ¢.° = 3.54 x 1072 nmole/litre
Oy 0.81 3,46 0.08 6.3 3.L5 0.98
0.86 1.33 3.35 0.19 6.5 3.32 1.67
1,30 2.23 3.1 0.13 6.6 3.0l 3.05
1.73 2.32 2.82 0.70 - | 6.9 2.72 3.5k
2,17 2,1k 2.56 0.95 7.2 2.43 3.67
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The kinetics of the extraction of nickel at 20.5C
s a function of organic mebal concentration, with
2.90 and D.E.H.P. concentration 0.2 mole/litre.

TABLE XXT.

a

pi
Stirrer R x ‘107 Cq x ’103 Cy % 103 Cs—Cw/m % 107 ¥ x '101*‘
Speed |mole/litre/ mole/litre |mole/litre mole/litre cn/sec.
rev/sec. sec.
Ex No. 103  CL = 12.36 x 107 mole/litre
0.57 Jre OO 11.77 0.59 5.3 11.66 1.3
0.87 3.69 11,35 1,00 |5.6 11,11 1.38
1.28 ba 63 10.83 1,50 5.8 10.59 1.83
1.72 6.93 10.10 2.20 [6.2 9.75 2,96
2.15 7.22 9,22 3.0 |64 8.75 3.13
Bx Wo. 104 | G2 = 10.40 x 1072 mole/litre
0.58 3,47 10.08 0.32  |5.0 10,02 1o hdy
0.87 3,82 9.6, 0.75 5.4 9.50 1.68
1.30 5.26 9.07 1.30 5.7 8.8l 2.6
1.72 6.28 8.33 2,01 |6.1 8.00 3.27
2.15 6.6l 7.49 2.80 |6.3 7.05 3.92
Ex no. 105 ¢ = b8 x 1072 mole/litre
0.58 1,11 L.72 0.09 |4e8 %, 70 0.98
0.87 2.02 .52 0.29  [5.0 NN 1.89
1.30 2.60 123 0.57 |5.3 .12 2.63
1.72 3,08 3.88 0.90 |5.5 3,72 3.5
2.15 2.95 3.50 1.27 5.7 3.28 3.74




TABLE XXIT.

1

Oly.

The kinetics of the extraction of copper at 20.

as a function of D.E.H.P. concentration, with pl

5
5t

O
v
2.50.

Stirrer| R x 10/ | C.x 10° | ©, x 10° 5
Speed | mole/litre/| . . | PaSu/h x 109K x 0¥
rev/sec. soo. mole/litre| mole/litre nole/litre |cn/sec.
Ex No. 53 Conc. of D,EH.P. = 0.4 mole/litre.Cy = 7.35 x 10 mole/litre
0.45 0.97 7.25 0.10  ;0.18 6.69 0.58
0.85 1.56 7.10 0.25 |0.19 5.79 1,12
4.25 2,07 6.85 0.49 10.19 1. 27 2.02
1.63 2.2) 6.6l 0.73 0.20 2.99 3.12
2.03 2.02 6.35 0.97 lo.22 2.00 | 4,20
Ex No.49 Cone. of D.E.H.P. = 0.2 mole/litre. CQ2=8.81x10"0 mole/litre
0.45 1.70 8.78 0.101 ,1.00 8.68 0.82
0.83 2.57 8.47 0.383 |1.05 8.11 1,32
1.23 3,57 8.09 0.760 11.03 7.38 2.01
1,63 4.23 7.60 1,20  |1.12 6.53 2,69
2.0% 1,02 7.15 1,70 11.16 5. 69 2.9%
Ex No,54 Conc.of D.EH.P. = 01 mole/litre, Gy = 7.32 x 10  mole/litre
0.45 3.18 7.05 0.27 5.9 7.00 1.88
0.85 N 6.55 0.77 6.2 6.3 2.68
1.23 5.17 6.01 1.29  |6.5 5.81 3.70
1,65 La75 5.36 1.91  |6.8 5,08 3.89
2,03 ). 22 1. 82 2,41 |6.9 Lo )7 3,92
Bx No.55 Conc.of D.E.H.P. = 0,05 mole/litre. CC=7.16x 107 mole/litre
0.47 L.62 6.7 0.42 3l 6.73 2,86
0.87 14,88 6412 1.03 35 6.09 3.33
1.23 L. 39 5,60 1.53 37 5.56 3,28
1.63 L.25 5.0L 2.06 39 4. 99 3.5
2.05 3,80 )iy 50 2,57 10 beolidy 3,56
Ex No.56 Conc.of D.E.H.P.= 0.025mole¢/litre. C°=6.99x10 7 mole/litre
0.47 4.92 6.57 0.42 (190 6.57 3.12
0.85 5.77 5.92 1,06 |200 5.91 1405
1,23 5.61 5.33 1,63 |210 L. 32 4. 39
1.63 5.1l L. 58 2,35  |220 L 57 14,68
2,05 4.7 3.97 2.92 230 3.96 L.97
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TABLE XXITI, The kinetics of the extraction of cobalt at 20.5C
as a function of D.EB.H.P. concentration,with pi 2.90.

Stirrer | R x 107 | Cg4 x 103 | Cy x 107 CoeCop/m x103(% % 10%
Speed | mole/1itre/| 1516 /1 s4re| mole/Litre| | | mole/litre | ca/sec.
rev/sec. SeCe. )

Bx No.82. Conc.of D.E.H.P. = O.Lmole/lim—re‘. cSOL 6.6L,x10"5mole/litre
0.48 0.39 £.59 0.05 0. 31 6.03 0.25
0.87 1430 6.49 0.15 0.32 8,02 0.87
1.30 1.52 6. 31 0.32 0.32 5.31 1.19
1.75 2.08 6.05 0.57 0.33 k.33 2,00
2.17 2.30 5.79 0.82 0. 314 3.39 2.82

Ex No0.83. Conc.of D.BE.H.P. =0.2 mole/‘.itre. ‘SO = 6.&1;.:{10-'3 mole/litre
0,47 0, 7L 6439 0.05 1,38 6.35 0.49
0.87 1.79 6.23 0.21 1.0 6.08 1.22
1,30 2.81 6,00 0.43 1o 4y 5.70 2.05
1.77 3.75 5.52 0.89 1.51 493 | 3.16
2.17 L, 3% L..99 1.40 1.62 413 | k42

Ex No.76. Conc.of D.E.H.P. =0.1 mole/litre. CSO =6.6L x 10_3mole/litre
0.52 1.19 648 0.16 6olk 6.45 0.78
0.87 2.99 6.27 0.37 6.6 6.22 2.00
1.30 3.86 5.83 0.80 6.9 5.72 2.80
1.73 4. L0 5.27 1.33 Tl 5.09 3.60
2.17 3.96 k.75 1.83 77 = - k.51 3.6k

ix No.8L. Conc.of D.B.H,P. = 0.05 mole/litre. cS°= Loi8x 10"3m01e/11tre
0.45 0. 81 L 1O 0.08 27 4,50 0.77
0.85 2.65 14.18 0.29 28 k.17 2.6L
1.30 3.83 3.78 0.68 30 3.76 Lo 2L
1.77 3.80 3.30 1.15 31 3.26 .85
2.17 3.59 2.8L 1.59 32 2.79 5.35
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The kinetice of the extraction of nickel at 20.5C
as a function of D.E.H.P. concen’cra.tion/\-vith

pH 2.90.
Stirrer R x 107 Cy x 103 Sy x 105 CyCy /mx10‘3K x 10%
Speed | mole/litre/ mole/litre | mole/litre| ™ mole/litre |on/=ec.
rev/sec. sec.

Ex No.106. Conc.of D.E.H.P.= 0.4 mole/litre. C=6.6k x10™ mole/litre
0.85 1439 6.19 0.15 0.71 6,28 0.92
’].30 ‘1-9’] 6.38 O. 36 O. 71-1— 5. 89 1035
1.73 2.29 6.01 0.6’] 0-7)-{- 5119 1.8[[—
2.17 2,32 5.73 0.88 0.78 .61 2.09

, . o -3 .

Ex No.105. Conc.of D.E.H.P. =0.2 mole/litre. Cq = L.81 x 1077 mole/litre
0.58 1.11 472 0.09 4.8 he T 0.98
1.30 2.60 4. 23 0.57 5.3 L.12 2,63
1.72 3.08 3.88 0.90 5.5 3.72 3045
2.15 2.95 3.50 1.27 5.7 3,28 3.7

|

Ex N0.99. Conc.of D.E.H.P. = 0.1 mole/litre. CsO

6.44:c1o“5 mole/litre

0.58 2.67 6.17 0.27 23 6.16 1,80
0.87 3461, 5.76 0.66 2L 5.73 2.65
1,28 476 5.26 1.15 25 5.22 3.80
1.72 b 1O .68 1,72 26 .61 3.98
2.15 .38 Lok ( 2.22 28 1. 06 443
Ex No.107. Conc,of D.B.H.P.= 0.05 nole/litre. Cso =3.87x10_3mole/li'i:re |
0.82 2,83 3.59 l 0.28 |130 3.59 3.28
1,30 3.33 3.17\ | 0.69 1L0 3.16 L. 38
1.73 | 2.81 2.76 | 1.09 [ 140 2.75 4a 25
2.15 | 2.90 2.4 ] 1.38 | 150 2.43 596
) i
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The kinetics of the extraction of copper at 20. 5%

as a funcbion of pH, with initial ocrganic metal
concentration 8.90 x 1075 mole/litre and D.E.H.P.
concentration 0.05 mole/litre.

T

S

1

Stirrer | R x 107 Cg x 107 Gy x 10° o |Cs=Cu/m | K x 10+
- Speed mole/Litre/ mole/litre |mole/litrel =~ | mole cn/sec.
rev/sce. sec. 1isre
Ex No. 57 pH 3.00
0.45 1.7k 8.77 0.13 3.9 8.7 0.83 -
0.85 2.1 8.53 0.36 4.0} 8.hk 1.05
1.27 2.79 8.20 0.68 L.2| 8.0k 1eddy
1.65 3.20 7.87 1.01 L. L) 7.6hL 1.7
2.05 3.58 7.46 141 L.5 7.15 2.08
Ex No. 58 i 2.70
0.43 2.18 8.7k 0.16 3.5 8.73 1.0L
0.83 3.49 8.39 0.50 15L..0 8.36 1.75
1.25 L.78 7.93 0.95 [5.0{ 7.87 2.53
1.65 5.3 7.21 1.65 [16.0f 7.1 3.12
2.05 5.18 6.59 2.23 M6.5| 6.46 334
Ex No. 59 pH 2.40
0.L3 6.48 8.40 0.50 52| 8.39 3.21
0.82 6.87 7.51 1.38 56| 7.48 3,82
1.25 Taldy 6.70 2.16 591 6.66 L.66
1.65 6.62 5.78 3.03 62 5.73 L.80
2.05 6.18 L.97 3.79 6l 491 5.22
Ex No. 60 pH 2.10
0.43 9.37 8.19 0.71 200| 8.19 L.77
0.82 8.75 7.05 1.83 210 7.0L 5.16
1.23 7.72 5.98 2,86 2207 5.97 5.39
1.65 6.15 5.13 3.67 230 5.11 5.02
2.07 5.33 L..38 L.36 2L0{ L.36 5.08
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o o)
The kinetics of the extraction of cobalt at 20.5C

TABLE XUVI.
as a function of pH, with initial orgenic metal
concentration 6.64 x 1073 mole/litre and D.E.H.P.
concentration 0.1 mole/litre.
Stirrer| R = 107 Cqy x 109 | G, x 107 Cy-Cor/mx102|K % 104
Speed | mole/Litre mole/litre mole/litre " mole/litre |cn/sec.
rev/sec. sec,
Bx No. 77 pH 3,20
0.50 0.67 6.56 0.08 1.85 6.52 0.4h3
0.87 1.20 6.01 0.22 1.90 6.29 0.79
1.30 2.12 6.2L 0.39 2.0 6.0L 1.67
1.73 3.17 5.88 0.7h 2.1 5.53 2.39
2.17 3. 7L 5.46 1014 2.2 L.9kL 3.15
Ex No. 76 pH 2.90
0.52 1.19 6.8 0.16 6.0 6.45 0.78
0.87 2.99 6.27 0.37 6.6 6.22 2.00
1.30 3.86 5.83 0.80 6.9 5.72 2.80
1.73 L.00 5.27 1.33 Tl 5.09 3.60
2.17 3.96 L.75 1.83 7.7 L.51 30 6L
Ex No. 75 pH 2,60
0.52 3.35 6.33 0. 31 21.5 6.32 2.21
0.87 5.35 5.79 0.8 22.5 5.75 3.87
1.27 5.06 5.08 1.53 2k 5.02 L.18
1.72 L. 67 L.55 2.0L 25 Loy 4.35
2.17 L, L1 3.94 2.60 26 3.8L L.78
Ex No. 78 pH 2,30
0.50 5.10 6.2L 0.40 75 6.23 3.0
0.88 3.77 5.76 0.87 78 5.75 2.73
1.32 3.97 5.25 1.37 79 5.23 3.16
1.75 3.22 1.86 1.73 82 L, 8L 2.77
2.17 3.59 L. 35 2.22 83 L.32 3,16
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as a function of pH, with initial organic metal
concentration 6.4 x 103 mole/litre and D.E.H.P.

concentration 0.1 mole/litre.

The kinetics of the extrasction of nickel at 20.500

Stirrer | R x 10/ Cq x 103 | Cy x 107 Cg=C,,/mx103[x x 10t
Speed imole/litre/|nq16/1i4re |mole/litre | © | mole/litre |om/sec.
reV/SeC. SeC.
Ex No, 100 rH 3.20
0.50 0.80 6.35 0.09 6.6 6.3 0.53
0.85 1.06 6.21 0.23 6.8 6.18 0.98
1.28 1.87 6.01 0.42 7.1 5.95 1.31
1.72 2.09 5.76 0.66 7.3 5.67 1.53
2.15 2.60 5.45 0.95 7.6 5.32 2.03
Ex No. 99 pH 2.90
0.58 2.67 6.17 0.27 23 6.16 1.80
0.87 3.6k 5.76 0.66 2L 5.73 2.65
1.28 k.76 5.26 1.15 25 5.22 3.80
1.72 L L0 L.68 1.72 26 Lo 61 3.98
2.15 L. 38 Lol 2.22 28 1..06 L.28B
BEx No. 101 pH 2,60
0.57 3.7k 6.13 0. 31 76 6.13 2.bL
0.88 L.35 5.6k 0.79 79 5.63 3.26
1.28 L. 66 5.07 1.35 8L 5.05 3.83
1.72 1. O L. Bl 1.85 87 L.b2 3. 71
2.15 3.28 4. 09 2.25 89 4. 06 3.37
Ex No. 102 pH 2.30 ‘
0.51 5.18 5.91 0.53 270 5.91 3.65
0.85 5.80 5.19 1.23 280 5.19 L. 65
1.28 4.68 L. 60 1.8 290 4.59 4.2
1.72 5.05 L.06 2.31 300 L.05 L.16
2.15 3.66 3.56 2.78 310 3.bb 4. 30
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TABLE XXVIII. The kinebics of the extraction of copper as a
function of temperature, with initial organic
metal concentration 8.90 x 1077 mole/litre,
vH 2.60 and D.E.H.P. concentration 0.05 mole/

litre.
— - 1
Stirrer| R x 107 Cg x 107 | Cy x 107 C <, fnx 107 ¢ « 10t |
523?:20. moleéizfre/ mole/litre|molie/litre " mole/litre | cn/sec. !
Ex Wo. 88 7°%C.
0.38 2.0 8.65 0.25 129 8. 6L 1,15
0.81 2.86 8. 31 0.58 {30 8.29 1,03
1.22 410 7.85 0.99 |31 7.86 2.17
1.67 .81 7032 1.5, |32 7.25 2.76
2.08. 5,44 6.65 2.18 |3 6.59 3.2L
Ex No. 92 1.5,
0.143 2.87 8.65 0.25 |25 8.6L 1,38
0.82 433 8.2 0.66 |26 8.22 2.19
1.22 5.88 7.61 1.26 27 7.56 3.23
1.67 6.90 6.76 2,09 |28 6469 1429
2.10 7.36 5.87 2.92 |33 5.78 5.29
Ex No. 9L 20.5%.
0.61 3.78 8.56 0.34 |22 8.55 1.8
0.86 5. 81 7.97 0.92 |23 7.93 3,04
1.29 5,78 7.27 1.60  |2n 7.20 3.3k
1.72 7.94 §.52 2,32 |25 6,13 5.10
2.16 6.80 5.72 3.08 28 5.61 5.0
Ex No. 93 26.5%.
0.60 3,84 8.5 0. 36 19 8.52 1.87
0.87 yynn 8.03 0.87 20 7.99 2.83
1.29 6.06 7.2L 1.63 |21 7.46 3,52
1,73 6.48 6.47 2.35 |22 6.36 - b2l
2.15 7.92 5.L9 3.30 2 5.55 6.15
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TABLE XAIX. The kinetics of the extraction of cobali as a -
function of temperature, with initial organic
metal concentration 6.64 x 107”2 mole/litre,

pH 2.90 and D.E.H.P. concentration 0.1 mole/

litre.

. 7 i ] f
Stirrer | R x 10 3 s 3 oo 41‘ b
e ot/ re/ | G % 10 Cor % 1? o s _o‘_,,ﬁ-luog.‘c_mo
rev/sec. . mole/litre |mole/litre nole/litre lcn/sec.

Ex No. 87 7%.
0.3 0.68 6.58 0.06 8.5 6.57 0.L3
0.82 1,36 . 6.49 0.17 8.6 6.1,7 0.87
1.23 2,46 £.25 0.39 8.9 6.21 1.65
1.65 2.87 5.86 0.75 9.3 5.78 2,07
2,08 3.26 5.51 1.10 9.6 5.40 2,51
Ex No. 91 1L.°C.
0.4 0.76 6.58 0.06 7.3 6.57 0,48
0.82 1.62 6.03 0.21 7.5 6.0 1.05
1.22 2,13 6.17 0.46 7.7 6.1 1,45
1.67 3.38 5.83 0.79 8.0 5.73 2.45
2.10 L.95 5.38 1.22 8.6 5.2k 3.92
Ex No. 76 20.5%.
0.52 1.19 6.18 0.16 6ol 6,45 0.78
0.87 2.99 6.27 0.37 6.6 6.22 2.00
1.30 3.86 5.83 0.80 6.9 5.72 2.80
1.73 LoL0 5.27 1.33 7.6 5.09 3.60
2.17 3.96 4o 75 1.83 Te7 L.59 3.6l
Ex No. 86 26.5%C.
0.47 0.95 6.55 0.09 5. 6.53 0.60
0.87 2.50 6.3k 0. 5350 5.7 6.29 1.65
1.31 L, 21 5.5 0.68 5.9 5.83 3.00
173 .57 5.42 1.19 6.3 5.23 3.63
2.17 ' L. 37 L83 1.75 6.6 e 56 3.90
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TABIE XXX. The kinetics of the extraction of nickel as a
function of temperature, with initial organic
metal concentration 6.4 x 1072 mole/litre,
pH 2.90 and D.E.H.P. concentration 0.1 mole/

litre.
Stirrer| R x 107 Cq x 10 Cy x 107 Caly/m x 102 g}: x 10%
Speed | mole/litre/ mole/1litre| mole/Llitre %1 mole/litre |cm/sec.
rev/sec. sec.
Bx Ho. 89 7%.
0.42 1,23 6.22 0.22 |18 6.24 0.82
0.82 2.55 5.98 0.46 |19 5.96 1.78
1.22 3,04 5,65 0.77 |21 5.61 2.25
1.65 3.67 5.2l 1.17 22 5.49 2.9l
2,08 3,91 L.79 1.59 23 L.72 3,05
Ex o. 90 11,5 .
0.13 1.82 6.1l 0.30 |24 6.13 1,23
0.82 2.92 5.83 0.61 22 5.80 2.09
1,22 3,52 5.1y 0.98 |23 5,40 2,71
1.67 3,90 4. 97 1.43 |25 L. 91 3.3%0
2.08 L. L8 L. L9 1.89 |25 Lo L2 Lo21
Ex o. 99 20.5%.
0.58 2.67 6.17 0.27 |23 6.16 1.80
0.87 3.6l 5.76 0.66 2L 5.73 2,65
1.28 .76 5,26 1.45 |25 5,22 3.80
1,72 Lo 1O 1. 68 1.72 | 26 L..61 3.93
2,15 L4.38 b Al 2.22 | 28 4. 06 Lo kB
Ex Wo. 98 26.5%.
0. 51 2,82 6.19 0.25 | 2L 6.18 1.90
0.86 L.12 5.71 0.72 | 25 5.68 3.01
1,28 L. OL. 5.21 1,20 | 27 5.16 - 3.26
1.72 L.L8 L. 63 1,76 | 28 L.57 1..08
2,17 1e20 Lo O7 2.29 | 30 3.97 Lo 1O
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the presence of capryl alcochol
netal concentration 8.02 x 10

-5

The kinetics of the extraction of copper

P
v

20.5

¢ in

with initial organic
nole/litre, pH 2.70

Ex Yo. 96 and D.E.H.P. concentration 0.1 mole/litre.

Stirrer | R x 107 o o403 3 U1 "
Speed.  |mole/litre/ vs *. 10 Oy x 10 il CS—UW/m.“ 107K x 107
rev/sec. seo. mole/litre |mole/litre mole/litre |cm/sec.
0.46 2. 39 7.69 0.33 L.7 7.62 1.30
0.86 3.3 7.27 0.74 4.9 7.42 1.93
1.30 L. 35 6.86 1e1k 5.1 6.6l 2.73
1.72 5,36 6.11 1.86 5.5 5.77 3.87
2.15 7.10 5.38 2.56 5.7 L.93 6.00

TABLE XXXIT.

o
The kinetics of the extraction of cobalt at 20.5 C in

the presence of capryl alcohol, with initial organic
metal concenbration 7.32 x 1075

mole/litre, pH 2.90

and D.E.H.P. concentration 0.1 mole/litre.
EX No. 85
Stirrer | R x 107 C. x 107 | Gy x 103 CoCrp/m x 109K = 10k
Speed |mole/litre/ mole/lrtre mole/litre m | mole/litre |cm/sec.
rev/sec. sec. '
0.46 1.5k 7.21 0.11 13.5 7.20 0.98
0.88 3.16 6.89 0.3 14..0 6,86 1.91
1032 5.86 6.3 0.96 15.0 6.28 3.88
1o 7 7.03 5.5l 1.73 16.0 5.L3 5.39
2.15 8.81 . 52 2.70  |17.5|  L.37 8.40 |

TABLE XXXITII. The kinetics of the extraction of nickel at 20.5 % in

the presence of capryl alcohol, with initial organic
metal concon‘t*‘a‘tlon 81 x 1073

mole/litre, PH 2.90

and. D.E.H.P, concentration 0.1 mole/litre.
Ex No. 108
Stirrer | R x 10/ Cg x 107 | Gy x 102 Co/m % 103 K % 10k
Speed |mole/litre/ nole/litre jmole/litre B mole/ litre |cm/sec.
rev/sec. sec.
0.50 1.35 L.58 0.23 16.5 L.57 1,23
0.87 3.1 L.33 0.L7 17.0 L 30 3.0
1.30 3.82 3.87 0.92 18.0 3.82 L,27
1.72 L.05 3.33 1.4 19.0 3.25 5.18
2.15 L Ly 2.80 1.94L 20.0 2.70 £.88

In all cases the capryl alcchol concentration was 0.5 mole/litre.




1154

, The data, in Tables XIX to XTI, for the kinetics of
extraction as a function of organic metal concenbration are
shovm graphically as 1/X versus 1/S in Figures XV to XVII.
Values of 1/K¢ and 1/b have been obbained from these graphs
and are shown in Table XXXIV (a—o) together with their sig-
nificance and degree of error. Thecrctical values of 1/b
have also been calculated,using equations 145-1L7 (page 91y,
and inserted in the teble for comparison (the values of /Ky
derived from equations 145-147 are the same as 1/b if values
of individual species' mass transfer coefficients at one
revolution per second are used).

The data in Tables XTI to XXIV for the kinetice of
extraction as a function of D.E.H.P. concentration are showmn
graphically as 1/K versus 1/S in Figures XVIII ‘o XX and values
of 1/Ke¢ and 1/b obtained from these grarhs are shown in
Table XXXV (a-c). Similar graphs of /X versus 1/5 are showm
in Figures XXI to XXIII for the kinetics of extraction as a
function of pH, and in Figures XXIV to XAVI for the kinebtics as
a function of temperature; values of 1/Kc and 1/b obtained from
these graphs are shown in Table XXXVI (a-c) and JXXVII (a-c)
respectively for piH and temperature. Graphs of »1/_K versus _1/_8_
for the kinetics of extraction in the presence of capryl alcchol
are shown in Figure XXVII, and the values of 1/%o and 1/b obtained
are in Table XXVIIT.

Discussion of these kinetic results and related graphs
can be found later on pages 151 -155.
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Values of 1/K, and 1/b for the kinetics of
the extraction of copper, cobalt and nickel
as a function of mean driving force.

Mean . -
3 1/Ke x 10 . 1/b x 10 Cntficance | Wb x 107
(ngfgjﬁzt:e1o sgc/bm. Signifleance c;'1 Significa em™! {cale.)
(a) Copper
6.90 0.05(5)}16072 None 0,57 T15%| >0.01 0.80
1436 0.09  =110% "o10.61 =16k  ¥0.01 1032
10.19 0.10  =110% " ]0.65(5)=16% »0.01 1,01
3.00 0.08(5) =110% t0.54(5) =180 »0.07 G.56(5) 1
' i
(b) Cobalt
12.14 0.02 }380% None 0.68(5)3:-14% >0.01 1.99
8.04 0.03 ;-280% " 0.58 ;14% »>0.01 1.36
5437 0.10 = 65% 0.1 [0.35 =19%| >0.01 0.93
2.88 0.05 Z130% None [0.43 =16%| >0.01 0.58
(e¢) Nickel
10.25 0.04(5) 5:-120% None [0.57 = 9%| »0.01 1.67
8.20 0.03 ;130% " 0.48(5) = 9% |  >0.01 1.42
3.84 0.06 ~ 67% 0.1 10.41 ~10%}| =»0.01 0.71
}
i
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TABIE XXXV. Values of 1/X, and 1/b for the kinetics of
the extraction of copper, cobzalt and nickel
as a function of D.E.H.P. concentration.
| D.E.H.P.. Cone. 1K x 1074 Significance| 1/b x 16~ Significance | /b (eale,) x 1074
mole/lltre sec/em, cn” en~1
(a) Copper
1 +
0.4 ;Negamve None |0.89 ;-14% >0.01 1.25
0.2 ?.05(5) 160"5 " 0,57 =16%1 »0,01 0.80
C.1 0,16 = 32% 0.02 0.16(5);31% 0.02 0.48
0.05  {0.24 = 214!  0.01 [0.06 3:90% £0.1 0.38
0.025 10,18 = 21%] 0.01 10.05(5)=75%i <C.1 0.32
(b) Cobalt
O.4 Negative None 1.15 }14% >C.01 1.59
0.2 Negative " 0.83 3:14% >0.01 1.13
0.1 0.10 3} 5% 0.1 [0.35 Jr-19%3 >0.01 0.93
0.05 0.07 —\762% 0.1 0.23 Z19%! 0.0t 0.58
(c) Nickel
0.4 0.05 }16070 None [0.88 ;Ji of | >0.01 1.20
0.2 0.06 ~ 67% C.1  [0.41 ;—10% >0.01 C. 71
0.1 .11 = 28% 0.02/0.01} C.22 = 13% | >0.01 0.77
0.05 0.13 = 20%! >0.1 .14 I 18%] >0.01 0.40
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TABLE XXXVI. Values of 1/K, and i/b for the kinetics of
the extraction of copper, cobalt and nickel
as a function of piH. T B
- -4 . -4
pH 1/KC x 10 Significance 1/6 % 40 Significanee 1/0(03]0)1)( 10
sec/cn, em1 cn
(a) Copper
3.0 0.16 = T4% | <0.1 0.67 T 18% > 0.01 1.74
2.7 10,10 = 70% 0.1 0.39 - 18% > 0.01 0.80
2.4} 0.15 = 25% |0.02/0.01| 0.07(5) = 48% 0.05 0.34
2.1 10.48 < 11% | >0.01 | Not signlflcant None 0.22
(b) Cobalt
3.2 | Negapive None | 1.10 =~ 11% > 0.01 2,02
2.9 10.10 = 65% | 0.1 0.35 = 19% >0.01 | 0.93
2.6 | 0,18 - 24% | 0.02/0.01| 0.07(5) = 57% 0.1/0.05 .0.42
2.3 10.22 = 25% | 0.02/0.01] 0.12 = 47% 0.05 0. 31
(¢) Nickel
3.2 | 0,15 £ 56% 10.1/0.05 | 0.77 T 10% >0.01 1.84
2.9 | 0.11 = 28% |0.02/0.01| 0.22 = 13% > 0,01 0.77
2.6 | 0.22 = 11% >0.01 0.07(5) = 34% 0.02 0.37
2.3 | 0.21(5)<11% >0.01 Not significant - None 0.24
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Values of 1/X, and 1/b for the kinetics of

the extraction of copper, cobalt and nickel
as a function of tempersture.

4 -4
ngp Vigc;c:no Significance 1/:‘;. 10 , Significange
a) Copner ‘
7 0.09% 87% None 0.46 } 17% | >0.01
14 0. O3+180% " 0.35 = 16/0 50.01
20.5 0.05— 96% " 0.29 = 17% 0,01
26.5 | 0.06% 799 " 0.28 £ 18% | >0.01
b) Cobalt
+
7  |Not significant None 1,02 = 14% >0.01
14 | " " 0.94 = 14% | >0.01
20.5 | O. 10— 65% 0.1 0.35 = 19% >0.01
2645 0.01 < 670% None 0.50 = 14% >0.01"
c) Nickel
7 | 0.4 1% o0.05/0.02 | 0.35% 12% | v0.01
14 0.11% 34% ) 0.05/0.02 0.30 = 12% >0.01
20.5 | 0.11= 28% 0.02 0.22 = 13% 0.0
26.5 | 0.15% 20% | 0.02/0.01 0.17 £ 18% |  >0.01
TABLE XXXVIII. Values of 1/K. and 1/b for the kinetics of
the extraction of copper, cobalt and nickel
in the presence of capryl alcchol. In the
last two columns, values of 1[Kc in the
absence of capryl alcohol are given for
comparison.
-
i No capryl alcchol
-4 - % ~4
Metal 1/§:c>c;? Significance 1/bc; 10 Signiﬁcancet 1/Egc>b;? Significance
£, + .
Copper| . Mot None |0.50 £ 14%| »0.01 | 0.10 T 75%[ 0.1
Cobelt | significant " 0.54 % 14%|  >0.01 L 0.11 T 655 0.1
NiCkel 0001 y " Oo29 -— 9/0 >Ouo1 é 0011 - 28% 0002/0.01
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FIG XV

Graphs of 1/K versus 1/S for the stripping of

copper from D,E.H.P, Variation of* organict:.i

- metal concentration.

——O—=17.41 x 10 mole/litre.
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FIG XVI
Graphs of 1/K versus 1/S for the stripping of

cobalt from D.E.H.P. Variation of organic

metal concentration.

—— ©— —14.15 x 10 mle/litre.
—(—— 9.40 x 10" mole/litre. ,
----- “@-enee 6.64 x 10-3mole/litre. o/
e 23054 X 10" mole/litre.
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0.50.

1/ x 1074
sec Cm-l
0.25

l 0.5 . 1.0

1/ =~ sec
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FIG XVIT

Graphs of 1/K versus 1/S-for the stripping of
nickel from D.E.H.P. Variation of organic

metal concentration.

—— —O—=12.36 x 10 " mole/litre.
— [ ——10.40 x ‘10-3mole/1itm.
b =481 x 10" mole/litre.

0.5 11,0
1/5 - sec
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FIG XVIIT

Grephs of 1/K versus 1/S ,as a function of

D.E.H.P. concentration,for the stripping of

copper from D.E,H.P.

D.E.H.P. cdncentration.

— — —O—— — 0.40 mole/litre.
Q! 0.20 mole/litre.

------- =@- -----0.10 mole/litre. .
—— =t = —0,05 mole/litre.
—ou-—-ov-%f—"— e 0. 25 mole/litmh
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EIG XIX

D.E.H.P. concentration, for the
cobalt from D.E.H.P.

D.E.H. P. concentration.
—— =) — —- 0.40 mole/litre.

r~\

B 0.20 mole/litre.
ceemeee@ena=--0,10 mole/litre.
- == gem.=.=0.05 mole/litre,

Graphs of 1/K versus 1/S, as a function of

stripping of /

1/S ~ sec
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FIG XX

Graphs of 1/K versus 1/S , as a function of
 D.E.H.P. concentration, for the stripping of '/

nickel from D.E.H.P. /
. D.E.H.P. concentration. /
— — — —®—— — -0.40 mole/litre. /
£ 0.20 mole/litre. /
""""" ®----=-+0.10 mole/litre. /
LT e 0.05 mole/litre. o/

0.50]

1/K x 10™4

sec cm

0,25

0.5
1/8 - sec
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EIG XXI1
Graphs of 1/K versus 1/S , as‘a function of 'pH', 7
for the stripping of copper from D.E.H.P. /@/
- == — — pH 3.0 /.
D) pH 2.7 ‘ /
....... - -----pH 2.4 ‘ /
e P——— . : -5 | /
/
/
/
.
/
- /

-

/"‘ -

-
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FIG XXII

1.25] o
Grephs of 1/K versus 1/S, as a function of !pH',
for the stripping of cobalt from D.E.H.P. -
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_FIG XXIII_

Graphs of 1/K versus 1/S, as:a function of [/

‘pH', for the siripping of nickel from //
D.E.H.P. o | /
~———o—— - 3.2 | /.
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FIG XXIV

Graphs of 1/K versus 1/S , as a function of
temperature, for the stripping of copper from
D.E.H.P. ’
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FIC XXV -/
/
l.O?_ // ,
Graphs of 1/K versus 1/S, as a function /
of temperature, for the stripping of / =
cobalt from D.E.H.Ps = ' /
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FI1G6 XXVI

Graphs of 1/X versus 1/S, as a function of

temperature, for the stripping of nickel from
D.E.H.P. ‘
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FIG XXVIT

Graphs of 1/K versus 1/S for the stripping
of copper cobalt and nickel from D.E.H.P.
With capryl alcohol present.
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3.3 RESUIDS COF VISCOSITY DUTHERMTHATICNS

The reasons for these measursments and details of
the experimental method used have already been given on
page 46 . In Teble IXL velues of the viscosity ia.nd the
kinematic viscosityAl ere given for the organo-metallic complex
solutions used; the effect of metal concentration, D.E.H.P.
concentration and capryl alcchol were investigated.

TABLE TXL

(a) C opper
D.E.H.P. Cr0H Copper ? oY 1
Conc.k Conec.ll Conc.x 107M Centipoise cm sec x 10
0.2 - 20.0 1.39 1.75
0.2 - 15.0 1.40 1.76
0.2 - 8.0 1.51 1.78
. 0.2 - 5.0 1.0 1.76
0.4 - 9.0 1.57 1.97
C.1 ~ 9.0 1.27 1.61
0.05 - 8.0 1.25 1.58
0.1 0.5 3.0 1.80 2.28
[ CpCH = capryl alcohol]
(b) Cobalt
D.E.H.P. | Cp0H Cobalt = AT
Cone.li Conc.l Conc.x 107 Centipoise em“sec % 10
0.1 - 18.0 1.97 2.19
0.1 - 12.0 1.96 2.5
0.1 - 7.0 1.99 2.51
0.1 - 5.0 1.98 2.50
0.4 - 8.0 2.39 3.00
0.2 ~ 8.0 2.06 2.60
0.05 ~- L.0 1.88 2.36
0.1 . 0.5 7.0 1.68 2.153
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(c) Wickel
D.E.H.P.| Co0Hd Wiclel 7 ' 5
Conc.li Conc.ll Conc.x 1071 Centipoisc cm®sec Tz 10
0.2 - 12.0 1.2 1.79
0.2 - 10.0 1.38 R
0.2 - 6.0 1.39 1.75
0.2 - 3.0 1.39 1.75
0.4 - 7.0 1.59 2.00
0.1 - 6.0 1.39 1.75
0.05 - L.0 1.35 1.71
0.1 0.5 5.0 179 | 2.27
i
(d) Without Metal
D.EH.P.| CpoH Vo o
Conc.l Conc.l Centipoise em sec x 10
0. - 1.x2 1.79
0.2 ~ 1.27 1.60
0.1 - 1.18 1.9
0.05 - 1.15 1.46
0.1 0.5 1.55 1.97
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3.4 RESULES OF DIrTFUSICON COEFPICIERT :IRASURICIENIS

IIT ORGANIC SOLULIONS

The reasons for these measurenents and the
experimental techniques used are given on pageq7/&. In Table
AL the experimental resulis are given and compared with values
calculated from Einsteins formula (page 47 ) using the viscosity
data of pages

D.E.HE.? lietal U, &xy _ | D.cBinsTeiny |

Cone Conc.l |omZsec tx 10° | cnsec™x 10° |

J

bo0.2 0.012 Wi 2.0l 1.45 |
‘ 0.2 0.003 Ni 2.11 1.5
' 0.05 0.00L. Wi 2.13 1.63
0.2 0.020 Cu 1.80 1.56
0.2 0.006 Cu 0.92 1.56
0.05 0.008 Cu 2.33 1.76
0.1 0.007 Co .50 1.18
0.2 0.008 Co 1,2 1.1

3.5 RuSULLS OF MEASURIBIENTS OF IINIERFACIAL TENSION BEIWERI
AQUECUS SOLUTTIONS AND PARAFPFIN 30LUTIONS CONTAINING D.L.H.P.
AND METAL CGPLEKES

The details of the experimental method used for these
determinations was given on page46 . The results obtained are
given in Table XLI (a - e).

TABLE XLT
(a) D.E.H.P. alone

D.E.H.P. | HpS0, X

Conc.M | Conc.l B dynes cm —L.
0 0 | 5 approx 19.7
0.05 0 P 25,k
0.1 0 " 23.9
0.2 0 i 20,1
0.4 o L 20. 1
0.1 Lx 107+ | 3,10 21..0
0.1 1073 | 2.70 2.7
0.1 3% 1072 | 2.25 25.0
0.1 1072 | 1.90 25.2
0.05 |xx 107" | 3.10 26.5
0.05 10-3 | 2.70 26.6
0.05 |3 x 10*2 2.25 26.9
0.05 10~ 1.90 57.1
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(&) D.E.H.P. + cobalt complex

D.E.H.P. Metal H,S0 -

Conc. M Conc. M.x 10"3 cor%;.hm pH dyneb; em™1
0.1 18.0 1072 2,70 11.5
0.1 12.0 1073 2,70 13.1
0.1 7.0 10-2 2.70 1.6
0.1 4.5 10-3 2.70 16.6
0.05 8.0 1072 2,70 12.8
0.2 8.0 10-3 2.70 16.6
0.k 8.0 10" 2.70 18.3
0.1 8.0 0 5 approx. 13.9
0.1 8.0 L x 107k 3.10 - 13.9
0.1 8.0 3 x 10 2,25 16.7
0.1 8.0 10-2 1.90 23.5

(e) 1In the presence of capryl alcohol

..CPOH 0.5 M; D.E.H.P. 0.1 M; HpS0) 1071; pH 2.70

Metal 1 ¥(Seme Conditions
Cdnc. x 103 M dynes cm“1 ngyﬁ(;lsay(g;l%
0 ‘ 171 2L.7
7.0 (Cu 15,8 19.8
7.0 (Ni 12.9 11.9
7.0 CO 12.1{- 11*_.6
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The data of Table XLI are illustrated by figures

XXVIITI - XXX and are summarised as follows:-

(a)

(b)

(e)

(a)

In the absence of any metal complex, an increase of
D.E.H.P. concentration causes a decrease in inter-
facial tension. This can be expressed in terms of
the Gibbs adsorption isotherm

" = (~o/ART)(a¥/a) |
ice. [* = (-1/£.303 RT)(d¥/a log C)

where_E is the surface excess. in moles/cm2

1}

The results in Table XLIa are plotted in Figure XXXI

as Y versus log C. From the limiting slope at high
values of log C_and equation 171,1" was calculated %o

be 1.0 x 10-10 moles/cm2. This value of (* may also

be expressed as one molecule per 160 (°)2.  The
D.E.H.P. molecule has two branched chain hydrocarbon
groups, so its minimum cross-sectional area is 0.2
expected to be approximately 50 (4°)2, i.e. some 100(4")
of the surface is available for adsorption of the metal
canplex into the interface.

With all three metals, an increase in metal concentration
causes .a further decrease in interfacial tension, i.e.

the metal complex is more surface active than the D.E.H.P.
The three metals increase in surface activity in the order
Cu< Co<Ni. 2

At constant metal concentration, an increase in D.E.H.P.
concentration causes a rise in interfacial tension,
though the value is still lower than that in the absence
of metal complex, i.e. the area available for metal
complex adsorption is reduced.

With a decrease in pH, the interfacial tension increases
in the presence of the metal complex and approaches that
in' the absence of a mebtal complex, showing that at least
some of the adsorbed metal complex is converted immediately
to D.E.H.P. However, even at pH 1.9, when the equilibrium
is more than 30:1 in favour of the agueous phase for all

170.

171.
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FIG XXVIII

Graphs of ¥ _versus Metal Concentration

at pH 2.7 .

X Copper- 0.2 mole/litre D.E.H.P.
© Cobalt- 0.2 mole/litre D.E.H.P.

s

5 |16 l1s
" ]
Metal Concentration x 107 mole/litre

29
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FIG. XX IX

Grapbsof ¥ versus pH .
+ 0.05 mole/litre D.E.H.P. No metal.
X 0.10 mole/litre D.E.H.P. No metal.
@ 0.10 mole/litre D.E.H.P.  Copper-0.008 mole/litre.
£ 0.10 mole/litre D.E.H.P.  Cobalt-0.008 mole/litre.
30 B8 0.05 mole/litre D.E.H.P.  Nickel-0.008 mole/lifre.
<+
20
e
¥
u|
10
-] B\
.0 '2.0 '3.0 V4.0 5.0 '6.0




140
FIG. XXX
X —_—

Graphs of a/ versus D.E.H.P. Concentration at pH 2.7 .
(pH 5.0 approx for D.E.H.P. alone.)

% No metal

® Copper-0.003 mole/litre.
@ Cobalt-0.008 mole/litre.
| @ Nickel-0.008 mole/litre.
40 ,

10

Fo.1 “To.2 fo.3

lo.4
D.E.H.P. Concentration mole/litre.
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FIC. XXXI

Graph of X versus log(D.E.H.P.Concentration), pH 5(approx).
(in the absence of metallic species) .,

Tz

-17.0‘1 "Oob 1 R O-Ol
log(D.E.H.P. Concentration)
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three metals, the interfacial tension is still lower than
that for D.E.H.P. alone, i.e. not all of the adsorbed
metal complex is immediately converbted. The interfacial
tension,with D.E.H.P. alone,changes little with pH. This
is to be expected since, over the pH range investigated,
the D.E.H.P. is unionized.

In the presence of capryl alcohol, with no metal complex,
there is a considerable lowering in the interfacial tension
due to the adsorption of this reagent. With the metal
complex present, there is a smaller change in the interfacial
tension than in the absence of capryl alcohol. This result
is similar to that found with high concentrations of D.E.H.F.
and is caused by swamping the effect of the metal complex.

In none of the interfacial tension measurements was there
any evidence of drop oscillation as might be expected if
'excessive' or 'marked' spontaneous interfacial turbulence

was present.
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DISCUSSION OF RESULTS AND CONCLUSIONS

The kinetic aspects of this thesis can be divided into
two broad sections. In the first section, in which the
hydrodynamic characteristics of the cell design have been
evaluated, the rate of transfer of 8-hydroxyquinoline from

‘aqueous buffer solutions into paraffin has been studied under

varying conditions of stirring rate, interfacial area,
temperature and aqueous concentration of 8-hydroxyguinoline.
By Jjudicious choice of the pH of the aqueous solutions, such
that the 8-hydroxyquinoline was in the unionized state in
both the aqueous and organic phases, it is felt to be a fair
assumption that, for this system,no interfacial chemical
reaction is involved and the overall rate of transfer is
wholly governed by the rate of transfer to and from the
interface. ' ‘

EXTRACTION OF 8-HYDROXYQUINOLINE

A precise theoretical derivation of the rate of mass
transfer in the system studied, by solution of the Navier-Stokes

‘equationsi05, is extremely difficult in view of the boundary

conditions prevailing. Simplification of the problem to that
of infinite rotating discs in a gemi-infinite medium is not
sound, as can easily be seen by examining Figures XXXII (a & b)
which show the two velocity profiles. In the case of the finite .
cell, comparing the flow patterns near to the axis and near to
the cylindrical walls, there is a reversal in the direction of
the axial velocity (the velocity perpendicular to the interface),
the direction of the axial velocity being away from the inter-
face near to the axis of the cell and towards the interface

near to the cell walls.

The variation of the tangential velocigy from one disc
to the other has heen deduced by Stewardson1®® to be of the
form shown in Fig. XXXIII(a), for two infinite discs rotating
in opposite directions. Although Stewardson tesfed his
theoretical results by experiments involving discs rotating

~in air, it is reasonable to assume that,for discs rotating in

liquids, having Reynolds mumbers of the same order as he used,
the boundary layers near the discs will be of the same order
as he found, i.e. approximately 0.5 cm.

[Solution of the Navier-Stokes equations for a single infinite
disc, rotating in water at 1 rev/sec., gives a boundary layer
of approximately 0.5 cm] '
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FPIG XXXIT.
Radial and Axial flow patterns in a disc stirred,fixed interfa_»ce,cell.

:(A) Cell with infinate dimensions.

Ui
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>

(A) Axis of Rotation.
(B) Interface.
(C) stirzer Discs.

(B) Cell with finite dimensions.
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FIG XXXITL.
Tangential Velocity profiles between two rotating discs.
(A) Contra~rotating. (after Stewardsonlo6)
. ’ ] .
"Disc 1 Interface Disc 2
t .
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(B) Co=rotating.
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The effect of having two liquids of different viscosity,
with the interface between the two discs, will be to move the
position of zero tangential velocity away fram the mid. point
between the discs (the position if the discs rotate at the same
speed in a single medium).

The displacement of this point will depend on the relative
kinematic viscosities of the two fluids. The tangential velocity 106
profile for two co-rotating discs has also been studied by Stewarison
and is shown in Fig. XXXIII(b). The ratio of the tangential vel%crby
at the disc surface to ‘that at the interfacial 'plane " -~ will depehid
on the nature of the ligquids and the distance separating the discsl,
Olander?? reported this to be of the order of10/1 for a cell of
similar design to that used in this work.

There is no reason to suppose that the finite boundary
limits imposed by the confines of the cell will seriously alter the
tangential velocity profiles shown in Fig. XXXIII. However, the:
variation of the radial and axial velocities from the centre of =
rotation to the cell walls will no longer follow the relationshiyp,
found for infinite discs, i.e. radial velocity proportional to the,
radial distance and axial velocity independent of radial distance.
In fact, the relationship will become far more complex.

If | | )
Vg = Tangential velocity cm. sec 1
V. = Radial velocity cm. sec"1¢
V. = Axial velocity cm. sec™!

8, x & r being the corresponding co-ordinates
. R is the radius of the disc om.

R' " n un 1" " Cell cnt.

S is the rate of rotation of the.discs rev./sec
- d is the distance of the discs from the interface

-1

'bhen the boundary conditions imposed by the cell can be expressed
"by the following rela-blonshlps .

r—0,; Vy—0, Vs —> 0,
r—-)R‘ Vyp, Vy and Vg — 0.
x =0 (a'b the mterface) Vg —> 0.
aVy/dx — O.
Vp —0.
| Ve — O
x =4 Vp — 0
' Vy — 0.

x=d Fromr=0tor =R
: Vo =27 Sr -
Fromr =R tor =R

r. . . Yo reduces %o zero again and the relationshin
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between Vg and r will have the same form as the variation of
tangential velocity between the fixed and rotating cylinders
of a rotating cylinder viscometer.

—

The eq_ua:blons and velocity profiles glve; a’bove assume
laminar flow, which is reasona'ble for discs with Reynolds number
below 10%.

(The Reynolds number is defined by Re = stof/’]' g -

No method has been found for solving the Navier-Stokes.-
equations analytically with the above boundary conditions. The i+
only possible way of solving this problem would appear to be to
produce actual mumerical velocity profiles, by use of an analogue
computer, and to fit algebraic eguations to these over a narrow
range of system parameters. Once obtained, the velocity profiles
nmay be used to solve the steady state diffusion equation 107:-

Vydo/dx + Vp a0/dr = D[(G?C/dxz) + (a?.dar2)+ (f/r)(dC:/dr)] 172.

Since a precise mathematical model for mass transfer in this cell
could not be derived, relationships of an empirical nature have
had to be found and compared with the results of other workers
using similar cells.
4.1.1. Kinetic Results for 8-hydroxygquinoline

The kinetic results for 8-hydroxyguinoline can be ex-
pressed by the following relationship: - '

K = (2, + byS) exp (-E/RT) 173.

vhere K is the mass transfer coefficient, S the stirring rate,

E the activation energy and ay and by are ‘constants. It was also
Found that the rate of mass Transfeér per unit area was independent

of the position of the area with reference to the stirrer shaft

and cell boundaries. This relationship concerning the interfacial
area does not appear to have been determined experimentally by

other workers. Olander”” attempted to obtain a theoretical

model of a similar cell by making a large number of assumptions

and solving the Navier-Stokes equations with these assumptions.

One of these assumptions was that all the liguid under the stirrers
was moving in solid body rotation. This appears to be unjustified,
since the tangen‘blal velocity between the interface and the discs 1is
very small,” ~, except in the boundary layer near the discs (page 143).
Olander's model showed that, underneath the stirrers,the concentration
gradient at the interface was zero and hence no transfer could take
placey transfer being confined to the interfacial area outside the
compass of the stirrers. / . .
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This result has been disproved by the above experimental data,
at least in the case of the cell used in these experiments.
Ancther assumption Olander made was that radial movement of
the fluid played no¢ part in mass transfer, i.e. he reduced
equation 172 to a single dimension.

The relationship between stirrer speed and mass transfer
can be compared with other experimental work, %l‘t:hough , here again
no precise parallel is available. Both Lewis®2,66 and Md\Ianamé‘y?["
have attempted to obtain a general empirical relationship for a =
number of extractant systems in terms of dimensionless groups.
These relationships were: L

60 kA/\[‘A=q.(ReA + Reg 75/ 7y ) 1 o 17k
and 60 Ky A s =oc_(ScA)_0'37 (ReA)°'9 (1 +/g Reg/P4 Re,) ' 175.

respectively.

1.65
+

These equations were obtained by log/log plots of the dimensionless
groups against mass transfer rate and the powers found from the
best straight lines. Reducing the above equations to the simple
form of a single system with both stirrers rotating at the same
speed, the relationships between masgs transfer coefficient 'and
stirrer speed (S) became '

Ky =3 [(27758/D,)(05 +o’B)] 1465 47, /60 | , 176.

iee. Xy o0 s1+65 for Lewis's equation

and k, =/3(é]TSR/§);)O'9 (1 +0p/67) : 177.’/

9

ice. Xy 11807 for MdManamey's equation.

Neither of these equations has' a true constant part (the constant

V4 in Lewis's equation being part of an approximation), _
i.e. [kA = A + BSn], and such a factor could not have been found
by use of log/log plots. '

For comparison a log/log plot of mass transfer coefficient
against stirring speed for 8-hydroxyquinoline, using the results of
Tables XI and XII Epages 77 & 78), has been drawn in Fig., XXXIV.

Neither of the graphs shows a good straight line it and the
relationship '
K = a+ bS 178.

is a much more accurate way of expressing the variation of mass
transfer with stirring speed than an equation of the type

kirs® 179.
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FPIG XXXIV

. Graph of loz K., versus log(Stirrer Speed)

for the extraction of 8-hydroxyquinoline.(2nd cell).

4 Stainless Steel Discs.
& P.T.F.E. Disecs. ‘

1.0 _
K
></
A
e
>/
yd
-
e o]
e
P e
o b4
logl Kyx10% -
cn s; -1 < e
c Ve
x//
0.6, _
o.
.5 12,0

log(Stirrer Speed=-R.P.M. )
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It is expected that the application of hydrodynamic
and diffusion theory,as outlined on pages 143~147, would lead to
relations similar to those found experimentally between stirring
speed, interfacial area and mass transfer rate. However, this
theory does not include the possibility of an interfacial
resistance. The simplest way to include this possibility is ®o
assume that the presence of an interfacial resistance does not
alter the resistance to mass transfer, by diffusion in the two
phases. The effective resistance is then simply the sum of the
interfacial and diffusion resistances which leads to the relationiwm

1K = &, + /R, ’ - 180.

where 1/K is the overall resistance, 1/K, the interfacial resistance
and 1/Ky the diffusion resistance, which, &s has been shown above,
can be represented by 1/(8. + bS).

. Assuming that any interfacial resistance is independent.
of stirring speed (an assumption commonly made in chemical klne'tles,
i.e. the rate of a chemical reaction or adsorption is independent :
of agitation), a simple straight line relationship between 1/K and
1/S can be made assuming that a is small compared with bS. (This
would appear to be a fair assumption except at low stirring speeds. )
For this reason, the lowest stirring speed used in measuring the
rate of the stirring reactions was not used in plotting graphs of
A/K against 1/S. (Other reasons were given on page 100.%1-

L.2 THE STRIFPING OF COFPER, NICKEL AND COBAIL FROM
DI —( 2-FETHYIHEXYL ) -FHO3 PHORIC ACID

4.2.1 Equilibrium Studies

Before discussing the kinetic results obtained on these
systems some consideration should be given to the results of the
equilibrium studies and also to the limitations of the method of
the analys:!.s used for the kinetic measurements.

The equilibrium studies served a two-fold purpose:
firstly, to give values of the distribution coefficients-for use
in the interpretation of the kinetic measurements (see page 88):
secondly, the results of the studies have also been used to obtain.
an insight into the nature of the metal-organic complexes. In
view of the lack of knowledge of the activity coefficients of
organic species, this method obviously has cons:Lderable limitations

- and the formulae obtained, viz. (page56 )

CuRp.3HR, NiRp.3HR, CcRp.2HR

must be used with caution.
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These.» formulae will certainly only apply at low metal
concentrations and low metal to phosphate ratios in the organic
phase, -and the number of neutral :molecules. that are ' bonded
to the complex in the case of copper or nickel, seems unrealistic;
three' neutral acid molecules bonded to the complex give a co-
ordination number of five which is difficult to reconcile to
the known chemistry of these two metals. A co-ordination number -
of four, such as that of the cobalt complex, is more likely,
although three or six are also possibilities. It should be
remembered, however, that these molecular formulae have been
determined by reducing the slopes of log/log plots to their
nearest whole numbers and hence their accuracy is very limited.
It is not justifiable to make any further conclusions, based on
the equilibrium results, as to the bonding and structure of the
complex. :

Although the equilibrium studies produced no evidence
of polymerisation, it is almost certain that, at higher metal
to phosphate ratios, the organic species will change to a polymer-
like substance. Baes et allr have shown, from viscosity measurements
and maximum possible loadings, that the uranium complex with D.E.H.P,,
at high loadings, has a structure of the type {:(UOQ RZ]nZHR , with
values of n from six upwards. Similar results have been obtained
for the beryllium complex by Cattralll®® and further confirmation
was obtained by infra-red examination of the pure complex. '19‘he
pure complex of copper butyl phosphate was found by Baldwin1®’ to
melt between 118%C and 119gc and cryoscopic determinations in
diphenyl showed a molecular weight in excess of 10,000. This is
equivalent to a polymer containing more than twenty organo-metallic

groups.
4.2. 2. Xinetic Results

The method used for the analysis of_the kinetic results,
although preferzble to that used by MoManamey75 in analysing his
results for the extraction of copper, nickel and cobalt nitrates,
is still subject to severe limitationms. In the groups of experiments
in'which variation of pH and D.E.H.P. concentration was~ studied,
the kinetics of transfer changed from being dominated by the
diffusional resistance to being dominated by the interfacial resistance.
From the study of the statistical accuracy involved in the measurement
of 1/Ko and 1/b (pages 93-97), it can be seen that only over very
narrow limits can the values of both 1/Ke and 1/b be determined
accurately and the range of values over which they are both statis-
tically significant is only a little greater. (It should be borme
in mind that 1/b and 1/K, are related to a second differential of
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the experimental, concentration versus time, data.) For this
reason it is difficult to be certain of the precise effect of
many of the variables on the value of the interfacial resistance
over a wide range of values of the variables. However; some
tentative conclusions can be drawn and these will now be
discussed.

14..2.2.‘,(8)- Bxperimental .Results ’
(Pables of results and graphs can be found between pages 97-118.)

(a)

()

Influence of total metal concentration

The results and graphs for these runs are shown in
Tables XIX-XXI and XXXIV and Figures XV to XVII. For

"all three metals the values of 1/, were found to be

statistically insignificant. The relation between

1/b_ and metal concentration is of the same form as

that deduced from the results for 8~hydroxyquinoline

and equations 145-147 (page 91), i.e. 1/b increases with
increase in metal concentration. However, the experimental
values of 1/b are smaller than the theoretical values in all
cases. Although significant determinations of 1/K, were not
possible for this set of runs, it is possible to conclude
whether or not there is a marked trend of variation: of

1/K, with metal concentration. If 1/Kc were either
Proportional to or inversely proportional to the metal
complex concentration, then with a L=-fold change of the
latter, any change of 1/Xo should be quite apparent from

the graphs of 1/K versus 7/S. Inspection of Figures XX

to XXII shows that there is not a four-fold change in the
intercept 1/Ke. Thus it is concluded that, within the
range of metal concentrations studied and at the appropriate
level of the other variables, no significant change of
interfacial resistance occurs.

Influence of D.E.H.P. concentration

The results and graphs for these runs are shown in

Tables XXII-XXVI and XXXV and Figures XVIII-XX. -For

all three metals the variation of 1/b with D.E.H.P.
concentration follows that predicted theoretically.

Once again the experimental values are smaller than the
theoretical values. The decrease in 1/b as the con-
centration of D.E.H.P. is reduced is sufficient to change

the importance of 1/Kc from statistically insignificant

to significant at The 1% level, whereas the significance

of 1/b drops from significant at the 1% level to statistically
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insignificant. With the concentration of D.E.H.P.
equal to 0.4M for copper and 0.2M and 0.4M for cobalt
the apparent value of _1/K. is negative. The possibility
of this happening has already been discussed on page 97.

At concentrations of D.E.H.P. of 0.1M and below, the

value of 1/Ke becomes significant for all three metals

and the values found which are significant show no
definite trend of variation, although there is a rather
high random scatter on the results., Sufficient evidence
is available, however, to show that 1/K¢ cannot be '
proportional to D.E.H.P. concentration to a first or
higher power since, if this were the case, the value of
1/Ke at high D.E.H.P. concentrations would be sufficiently
great to be significant. However, the results do not
preclude the possibility that 1/Kc is inversely proportional
to D.E.H.P. concentration to a first or higher power.

, The influence of pH

The results and graphs for these runs are shown in
Tables XXV-XXVII and XXXVI and Figures XXI-XXIII.

The results of these runs follow an opposite patterm
%o those shown by D.E.H.P., i.e. increasing hydrogen
ion concentration reduces the value of .‘_lé_ The
variation of 1/b once again shows the same trend as
that predicted theoretically and only at high values
of pH is the value of 1/K, statistically significant.
The statistically significant values of 1/K; do not show
any definite trend of variation, but again there is
considerable scatter in the results. By a similar
argument to that used for variation of D.E.H.P. it is

 concluded that it is not possible for 1/Ke to be inversely

proportional to the hydrogen ion concenfration to a first
or higher power, although a straight proportionality is
possible. The results at high pH and low D.E.H.P. con-
centrations also lend extra weight to the finding that

' 1/Kc is independent of metal complex concentration.

During runs at these concentration levels, the changes

in (Cg-Cw/m) are considerable (in some cases up to LO%

of the metal being extracted by the end of each run).

If 1/K¢ is proportional to (Cs-Cy/m)*, then the relation-

ship between 1/K and 1/S would cease to be linear.and would
follow the trends shown in Fig. XXXV. Some small variation
from linearity is to be expected due to the variation in 1/b
with metal concentration. However, at high pH and low D.E.H.P.
concentrations the values of 1/b are not statistically

significant. o - -
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FIG XXXV

Graphs of _1/K versus 1/S ,showing the shape

of the curves for various orders of reaction,

1/s.
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- No consistent deviation from linearity can be observed as

would be expected if n were greater than or less than O.
Although the evidence is not conclusive, a tentative
relationship between 1/K. and the three variables studied

can be given as
1K, = [Cg = Cy/m] ()" " PR]" ~ 181.

where p and g are20. .

The evidence in the case of cobalt is the least conclusive
because of the lesser mumber of statistically significant
values of 1/Kc. This is a direct consequence of the larger
diffusional Tresistances of the cobalt complex.

The influence of temperature

The results and graphs for these runs are shown in Tables

CKXVITI-XXX and XXXVII and Pigures XXIV-XXVI,

The variation of 1/b with temperature is not sufficient, when
compared with the accuracy of the values,to give an accurate
measure of the activation energy. However, this activation
energy must be small, as is to be expected for diffusional
resistance. Little can be said of the variation of 1/Kc
with temperature, since only in the case of nickel were
statistically significant figures obtained, and even here
the level of significance was low. As examination of the

graphs does not show large variations in ‘l/Kc, a hlgh value

of activation energy is not likely.

The influence of capryl alchohol

The results and graphs for these runs are shown in Tables
XXXT-XKXIIT and XXXVIII and Figure XXVII, Values of 1/b and /K., \
in the absence of capryl alcohol,are given, in Table XXXVIII, for comparison.
With all three metals the values of 1/Kc were found to be
statistically insignificant and were apparently negative for
copper and cobalt. Runs for all three metals at similar
values of D.E.H.P. concentration:. and pH,Capryl alcohol absent,
showed significant values of 1/Kc although in the case of .
copper . the significance level was low. However, it would
appear that the evidence is sufficient to show that there is

a significant reduction in the value of 1/Kc in the presence

of capryl alcohol. :
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L.2.3 Mechanism of Interfacial Resistance

In this section a tentative mechanism, based on the
phenomena of steric hindrance, will be put forward for the
interfacial  resistance. - This mechanism is based on the
following experimental evidence:-

(1) The organic-metallic compiex contains both organo-
phosphate anions and neutral organo-phosphoric acid
molecules in its structure. ‘

(ii) - The rate of interfacial reaction is proportional to the
driving force (C4-Cy/m), i.e. the interfacial resistance
1/K¢e is indepenﬁ_e—fﬂ_f—n of the driving force.

(1iii) The rate of the interfacial reaction increases in the
presence of capryl alcchol which replaces the neutral
D.E.H.P. molecules in the metal complex structure.

(iv) The activation energy for the interfacial reaction is
small.

(v) Both D.E.H.P. and some organo-metallic species are
adsorbed at the oil-water interface. This has been
clearly shown in the interfacial tension measurements.

The hypothegis to be put forward assumes an organo-
metallic complex of the form lMRo .2HR. (Bxperimental evidence
in the case of copper and nickel shows the form MR2. 3R, However on

" theoretical grounds the .former : has been shown to be more
likely, although the argument to be put forward is applicable
in either case.) Since each R group has two branched hydro-
carbon chains the metal complex has eight branched chains
radiating from the central metal atom; such a molecule will
be spherical and rigid. It is unlikely that it will be.
adsorbed in the oil-water interface because it has a completely
non-polar shell. : .

Some metal species is adsorbed, however, and this could
be a molecule such as MR2.HR.H20, which is part way to the final
species transferred to the aqueous solution.

The reaction is then:-

MRy.2HR + Hy0 = MRo.HR.H20 + HR

The removal of IR is more likely than R because it is less .
strongly held. This new molecule is nearer to hemispherical in .
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shape and the 'flat' face containing the M-H,0 group is polar;
hence, it can anchor the molecule to the aqueous phase. Thus
adsorptlon is poss:.ble. Stripping of the remaining HR and R~
groups by Ho0 and H is relatively simple.

This first stage of the overall reaction is likely to
be slow for steric reasons - the Ho0 must penetrate into the

paraffin phase and through the shell of the metal complex for
reaction to occur.

The influences of pH and D,E.H.P. concentration on the
interfacial resistance have not been sufficiently well evaluated
to tell whether they provide supporting evidence. However, the
presence of capryl alcohol changes the structure of the molecule
in such a way as to reduce the number of hydrocarbon chains
radiating from the cenbtral metal atoms from eight Yo six. This
will reduce the steric hindrance to penetration and hence reduce ‘
the interfacial resistance. This has been found to occur. 5

It is well known that the branching of the hydrocarbon
groups has a marked influence on the properties of the organo- .
metallic complex, including the kinetics of reaction. This is '
more likely to arise from steric hindrance than some chemical shift.

‘4.3 CONCLUSIONS

For the cell described, the mass transfer of 8-hydroxy- ;
quinoline (0x) was governed by the following relationship: - L

Rate = [0x] A(ay + b S)exp (-E/RT). | 182. !

The rate was independent of the position of the area A across
. the cell and E was approximately 3.5 Kcal/mol. At stirring
speeds above 50 r.p.m. this equation could be simplified to

Rate = [0x ) A(v'S)exp (-B/RT) e - 183,

The rate of stripping of metal-organophosphate complexes was studied
using thie equation:
/K = 1/BS + 1K, . . 18L.

and it was found that the relative significance of 1/b and /K¢
was dependent on the D.E.H.P. and pH levels.

The evidence for a relationship between 1/Kc, pH and
D.E.H.P. was not conclusive in view of the limited ranges of both
variables over which 1/K, was statistically significant,



158

To increase the range of 1/K. significance by lowering the value
of the diffusional resistance would have necessitated using
higher stirring rates. With the cell design used this was not
possible, as increase of stirring speed above 120 r.p.m. caused -
the interface to become unstable.

In the presence of capryl alcohol there is a significant
lowering in the value of 1/Kq. : '

From these experimental results, a tentative suggestion
has been made that the rate determining step of the mechanism is
the replacement of some of the neutral organo-phosphate molecules
by water to allow adsorption of the molecule into the' interface -
and that this step is accompanied by steric hindrance. :
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APPENDIX I,

Calibrations for Spectrophotometric Analysis

(a) 8-hydroxyquinoline (oxine)

The experimental technigque used has been described
in Section 2.4.1. The calibration is given in Table 4
and the calibration graph Figure 4. These are for a 1 cm
optical cell (silica). .

TABIE A,

Conc. of oxine Optical
X 109 M. Density

5 0.093

10 0,188

20 0.375

30 0.560

40 0.750

(b) Copper

The calibration figures for the rubeanic acid analysis
for copper are given in Table B below and the calibration
graph in Figure B. The concentrations of copper quoted are
on the basis of a 1 cc original sample before dilution.

TABLE 3.
Conc. of_copper Optical Density
b'd 103 Is 4 cm cell

0.2 0.115
0.5 . 0.278
1.0 0,558
2.0 1.058
3.0 1.610
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APPENDIX I (cont'd)

(¢) Nickel

The calibration figures and graph are given in
Table C and Figure C respectively for the quinoxaline-
2,3-dithiol analysis for nickel. The figures are again
on the basis of a 1 cc original sample.

TABLE C.

Conec. of nickel Optical Density
x 103 T4, 1 cm cell

0.1 0.088
0.2 0.172
0.5 0.432
1.0 0.868
2.0 1.750
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Optical APPENDIX FIG A
Density ' '
1.00

Calibration graph of Joncentration versus

Optical Density foxr 8=hydroxyquinoline.
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APPENDIX FIG B

Calibration graph of _Concentration versus

Optical Density for the copper complex.

l.o

l
\ 2.0
Copper Concentration x 10° mole/litre.
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APPENDIX FIG C

2.0}

Calibration greph of Concentration versus

Opti|cal Optical Density for the nickel complex.
Dens ity
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0.5
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* 3

Nickel Concentration x 10”"mole/litre



164

APPEND

1X 1t {a)

KINETIC RESULTS FOR THE TRANSFER OF 8-HYDROXYGUINOLINE INTO PARAFFIN

Time | Orgapic Cone.C_ quueous Conc.C,, / Time {Organic Conc.C_ quue us Cone., C
{ mins, Ux 10” mole/litre' x 10° mole/litre Log €, mins, ix 10° mole/litrel x 1 mole/l!trg Log €,
Ex No.1| § Ex No,5
i
0 0 ! 1.88 -2.726 0 0 3.24 -2.490
30 | 0.070 ; 1.80 -2.745 20 . 0.070 3.16 -2.501
60 | 0.185 | 1.67 2,777 40 0.145 3.08 2,572
90 0.285 ! 1.56 -2.807 60 0.230 2.98 -2.526
120 | 0.350- 1.49 -2.826 80 0.320 2.683 -2.541
150 ! 0.405 1.42 -2, 847 100 0.400 2.79 -2.555
180 | 0.490 1,33 -2.876 120 0,480 2,70 ~2.569
220 | 0.555 1.26 -2.899 140 0,560 2,67 -2,584
246 i 0,600 1.20 -2.921 '
270 ! 0,640 1,16 -2.936 |
300 0.690 1.10 -2.958 | b
330 | 0.745 1.04 -2.983 |
Ex No,2 Ex No.6
0 0 1.88 ~2,726 0 0 3.24 -2.,490
30 6.110 1.76 -2,755 20 0,120 3.10 -2,508
60 0.191 1.67 -2,772 40 0,210 3.00 -2,523
92 0.270 1.58 -2.801 62 0.340 2.86 -2.543
120 0.345 1,49 -2.827 80 0.445 2.74 -2.562 |
150 0.420 1.41 ~2.851 ] 100 0.545 2.63 -2.581
180 0.475 1.34 -2,873 120 0.630 2.53 -2.597 |
220 0.535 1.28 -2.892 140 0.715 2.43 -2.615 |
250 0.575 1,22 -2.914 ;
275 0.650 1.15 -2.939
300 0.685 1.1 -2.955 |
330 0.735 1,05 -2,979 '
! ‘ !
Ex No.4 Ex No.7 i
0 0 0.82 {3,085 0 ] 3.24 -2.490
21 0.065 0.75 1~3,125 20 0.160 3.06 ~2.514
42 0,085 0,72 [~3.142 40 0320~ 2.88 -2.541
60 0.105 0.70 {-3.156 60 0.465 2.72 -2.565 |
80 0.120 0.68 i=3.168 82 0.615 2,55 -2,593
100 0,140 0.66 {-3.189 100 0,740 2,41 -2.617
123 0,160 0.64 §—3.194 120 0.825 2.31 -2.637
140 0.190 0,61 i-3.215 140 0,915 2.21 -2,656 i
I 2
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| ; i
Time | Organic Conc.Cg |Aquegus Cone.C, ! I Time [Orgapic Conc,C, |Aquegus Cone.C,
mins. [ x 10° male/ITtre|x 10° mole/Iitre! 9 Su'l mins. 1y 10° mole/Iitre x 10° nole/]itue | 299 Cu
Ex No.B ) i{Ex No,21
0 0 3.24 {-2.490 11 0 0 3.2 -2.490
20 0,265 2,97 -2.527 1 5 0,120 3.10 ~2.509
40 0.445 2.74 }-2.562 §010 0.255 2.95 ~2.530 §
60 0.600 2,56 1-2.592 1| 16 0.445 2.74 -2.562 ]
80 0.730 2,42 i=2.617 31 20 0.550 2,62 -2,562
110 0.830 2.25 j=2.648 i 25 0.640 2.52 -2,599 i
125 0.955 2.17 j-2.664 1 30 0.765 2,38 -2.623 *
140 1,030 2.08 E-z.ssz g ;
. i :
Ex No.9 HEx No.22
0 0 3.24 -2.490 0 0 3.24 ~2.490 |
22 0.165 3,05 -2,516 || 11 T 0,145 3.08 ~2.511 |
40 0.320 2.88 -2.541 20 0.270 2.94 -2,532 !
63 0.470 2.71 -2,568 || 30 0.390 2.80 -2,553 |
81 0.610 2.55 -2.594 || 42.5 0.515 2,66 -2,575 |
104 0.755 2.38 ~2.623 || 51 0.600 2.56 -2,592 |
123 0.865 2,27 -2.645 || 60 0.680 2.47 -2,607 |
140 0.960 2.16 -2.666
Ex No.10 Ex No.23 {
0 -0 3.24 {-2.490 0 0 3.24 -2.490 |
20 0.106 3.12 2,506 Il 5 0.200 3,01 -2.522 |
40 0,175 3.04 -2.517 1 10 0.380 2.81 -2.552 |
68 0.255 2.95 -2.530 [| 15 0,555 2.61 ~2.584 !
86 0.300 2,90 -2.538 {| 20 0.710 2.44 ~2.613 |
105 0,250 2.85 -2.546 || 25 0.845 2,29 -2,640 !
122 0,390 2.80 -2,553 1 30 0.970 2,15 -2.668 |
140 0.435 2.75 -2,561 i
: ' 1
Ex No.11 | Ex No.62
0 0 3.24 -2.490 0 0.045 2,95 ~2,530 ;
20 0.140 3.08 -2,511 5 0.195 2.80 ~2,553 |
44 0.195 3.02 12,520 [| 10 0.355 2,64 -2.578 |
64 0.240 2,97 }-2,528 15 0.480 2.52 -2.599 ;
82 0.320 2.88 =2,541 1] 20 0.605 2,39 -2.622
108 0.380 2.82 i-2,550 || 25 0.750 2.25 ~2,648 |
126 0.420 2.78 {=2,557 : ) :
140 0.450 2.73 1-2.564 : Ea -
! | '
Ex No.12 § |Ex No,63 . :
0 0 3.04 l-2.490 0 0.050 2,94 ~2.532 ¢
20 0, 165 3.05 -2.516 5 0.270 2,73 -2.568 *
40 0.255 2,95 =2,531 | 10,5 0.465 2,53 -2,597 |
60 0,350 . 2.84 1w2,547 15 0,640 ) 2.36 -2.628 !
80 0.440 2.74 {=2.562 20 0.810 i 2.19 ~2.660 ;
102 0.535 2.64 1-2.578 || 25 0.965 2,03 -2.693 .
120 0.620 2.54 2,504 || =
140 0,705 ] 2.45 -2.611 !’ i
N \ . i H
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Time ‘.Orgagic Cone. Cgf Aqueous Cone.C, I Time Organic Cone.C; [Aqueous Conc.C,
mins, fx 10% mole/11tre| x 103 mole/1]tre Log CW mins. |x 1 mole/Iitre |x 107 mole/11tre Log Cy
Ex No.64 i£x No,70 |
o 0.045 2.95 -2.5301} O 0.485 2.51 -2.595
5 0.140 2,86 ~2,544 5 0.655 2,34 ~2.630
10 0.215 2.78 -2.556] 10 0.810 2.19 -2,660
15,2 0.290 2.7 ~2,570]] 15 0.945 2.05 -2,687
20 0.360 . 2.64 -2,579} 20 . 1.070 1.93 -2.715
25 0.445 2.55 -2.593]] 25.5 1.200 1.80 ~2,745
Ex No,65 Ex No,71
o 0.055 2,94 ~2,531 0 0.035 2.94 ~2,531
5.3 0.260 2,74 -2.562|] 6 0.200 2.80 | =2,553
10 0.425 2.57 -2.590{} 10 © 0,300 2,70 i 2,569
15 0.590 2.41 ~2.618]1 15 0.425 2.57 | =2.590
20 0.740 2,26 ~2.64611 21 0,550 2.45 | ~2.611
26 0,885 2,11 ~2.671|] 25 0.640 2.36 | ~2.628 |
¢ ! !
i
Ex No.66 ' Ex No.,72 ‘ :
o . 0.050 2.95 -2.5301la} 0 0.040 2.95 ~2.529 |
5 0.175 2.82 ~2.549 5.5 0,105 2,89 | =2,538 {
10 0.270 2.73 -2,58411 10 0,165 2,83 { =2.547 |
15 - 0,380 2,62 -2,582H 47 0.270 2,73 | ~2,564 |
20 0.485 2.52 -2,5981| 21 0.340 2,66 -2.575 |
25 0,570 2,43 -2.614 25 0.415 2.58 ~2.567 |
5) 0 0.500 2.50 -2,602 |
5.1 0.605 2,29 ~2.621
Ex No.67 } o 10.2 0,700 2.30 -2.63g |
o 0.080 2,92 -2.535) 15.0 0,785 2,21 . —2.656 |
5 0.240 2.76 -~2,5591{ 21.5 Q.865 2,13 -2,671,
10,5 0.405 2.59 ~2,566f 25 0.920 2,08 ~2.682 |
15 0.530 2.47 -2,603 1,005__ . ~2.705 |
21 0,645 2,35 e N e S b 1o
25 0.730 2.27 ~2.644 10 1.190 1.81 | 2,742 |
15 1,265 1,73 {-2,762
g 20 : 1.340 1.66 i=2,780
Ex No.68 25 1 1,420 1.58 | ~2.801
o 0.055 2,94 ~2.531 : ; 1
10 0.175 2,82 ~2.550|Ex No.73 | |
20 0.305 2.69 -2,589 (L) ¢ 0.035 2.96 -2.528
30 0.410 2.50Q, ~2,587 6 0.240 2,76 -2,559
40.2 0,540 2,46 -2,609{ 0.2 0.385 2.61 ~2,583
51,1 0.655 2.38 -2,622 15 0.550 2.45 -2.611
20 0.765 2.29 -2,639 |
1 25,0 0.815 2.18 ~2.560
Ex No.69 b) 0 0.975 2.02 f-2.693
0 0.055 2.94 -2.531 5 1,100 1.90 | =2.722
5 0.135 2.86 ~2.543 10 1.240 1.7 [ =2.754
10 0.200 2.80 ~2.553 15.5 1,365 1.63 -2.787
15 0,270 2.73 ~2,564 20 1.450 1.55 -2.810
20.1 0,340 2,66 -2,575 25 1.560 1.44 -2,842
26 0,420 2.58 -2.588
i
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APPENDIX {1 (b}

COPPER FROM D.E.H.P.

o Stirrer |Aquesus Conc. C, {Orgznic Conc. Cg |[Stirrer jAquegus Cone. C, Orraglc Cone. Cg
m;:f Speed  |x 10° mole/litre |x 1 moloe/litre || Speed  |x 10° mole/litre |x 10° mole/litre
P repom, {mean) repelia (mean)
Ex No.49 Ex No.51
0 27 0.004 27 0.051
5 27 0.052 27 0,133
10 27 0.101 s 27 0.186 12.45
15 27 0.188 27 0.263
20 27/50 0,206 27/51 0.324
25 50 0.275 51 0.414
30 50 0.383 8.47 51 0.526 12.10
35 50 0.445 51 0.613
40 50/74 0,506 51/74 0.700
45 %4 0.669 74 0.850
50 74 .0.758 8.09 7% 0.952 11.67
55 74 0.656 4 1.148
80 74/98 0.948 74 /98 1.276
65 98 1.064 98 1.380
70 98 1.198 7.60 98 1,512 11.09
75 98 1,324 98 1.630
£0 98/122 1.452 98/122 1,800
85 122 1.568 122 1.893
90 122 1,697 7.15 122 2.040 10.53
95 122 1,819 122 2.158
1C0 122 1.930 122 2,292
Ex No,50 Ex No,52
0 51 0.079 27 0.016
5 51 0.174 27 0.043
10 51 0.285 17.12 27 0.058 3.81
15 51 0.533 27 0.0e8
20 51/27 0,609 27/51 0.114
25 27 0.699 51 0.144
30 27 0.756 16,64 51 0.180 3,70
35 27 0.854 51 0.212
40 27/74 0.942 51/74 0.243
45 74 - 1,139 74 0.293
50 % 1.339 16.04 74 0.340 3.53
55 74 1,461 74 0.390
60 74/98 1,662 74/98 0.429
65 98 1.882 %8 0.478
70 98 2,145 15,21 98 0.533 3.33
75 S8 2.372 98 0.560
80 98/121 2,538 98/122 0.624
85 121 2,771 122 0.671
90 121 3,021 14,28 122 0,718 3.14
95 121 3.205 122 0,757 -
100 121 3.397 122 0.826
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. Stirrer iAqucous Conc, C, 10 tc Conc, C_1i} Sti {4 s C o
Time quegus Lon w (organ o Gg rrer 1Aqueous Conc. G, | Organic Conc, ©
mins. Speed |x 10° mole/litre |x 10° mole/1ltrel] Speed {x 10° mole/litre |x 10° mo]e/litri
r.p,mM, rean r.p.h. mean i
4 "
Ex No,53 Ex No.SS‘
0 27 0.024 28 0,137
5 27 0.066 28 0.279
10 27 0,402 7.5 28 0.415 6.74
15 27 0,124 28 0.531
20 27/51 0.150 28/52 0.704
25 51 0.204 52 0.858
30 51 0.245 7.10 52 1,032 6,12
35 59 0.299 52 1.175
40 51/75 0.336 52/7% 1,282
45 75 0.415 7% 1,268
50 75 0,488 6.85 74 1.534 5,60
S5 75 0,544 74 1.6%6
60 75/98 0.582 74/98 1.806
65 98 0.645 a3 1,881
70 98 0,734 6,64 98 2,063 5.04
75 g8 0.800 98 2.119
80 98/122 0.840 98/123 2.325
85 122 0.917 123 2,459
a0 122 0.965 6,35 123 2.570 4,50
95 122 1,019 123 2.704
160 122 1.091 123 2,773
!
Ex No.54 Ex No,.56
0 27 0,082 28 0.125
5 27 0.186 28 - 0.286
10 27 0.272 7.05 23 0.421 6.57
15 27 0,368 28 0.589
20 27/51 0.468 28/51 0.712
25 51 0.604 51 0.886
30 51 0.765 6.55 51 1.059 5.92
35 51 0.851 51 1,268
40 51/74 0,965 51/7a 1,378
45 74 1,109 74 1.546
50 74 1,285 6.01 74 1.622 5.33
55 74 1,407 74 1,933
60 74/98 1,592 74/99 2.026
65 98 1,744 ‘99 2,200
70 98 | 1,905 5,36 99 2,352 4,58
75 58 ! 2.034 99 2.509
80 98/122 ! 2,159 99/123 2,643
85 122} 2,293 123 2,788
90 122 2,410 4.82 123 2,924 3,97
95 122 2,549 123 3,081
100 122 2,664 123 3,207
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Ti Stirrer {Aquegus Conc. C, ! Crganie Cone. C, iiStirrer jAquegus Conc. C, 1 Organic Conc. Cg
_;me “Speed  |x 10° mole/iltre | x 10° mole/litre || Speed |x 10° mole/litre | x 10° mole/litre
mins. Fop.f. ' {mean) roplTi. {mean)
}
Ex.No.57 Ex No.59

0 27 0.027 26 0.141

5 27 0.031 26 0.231

10 27 0.133 8.77 25 0.501 8.40
15 27 0.181 26 0.671

20 27/51 0,238 26/49 0,893

25 51 0,303 49 1,135

30 51 0,262 8.53 50 1,375 7.51
35 51 0,438 50 1.584

40 51/75 0.491 50/75 1,699

45 76 0,565 75 1,93

50 76 0.683 8,20 75 2,155 6,70
55 76 0,740 75 2,397

&0 76/99 0.822 75/99 2.594

&5 99 0.603 99 2.800

70 99 1.0C5 7.87 99 3,033 5.78
75 99 1.119 99 3,210

80 99/123 1,194 99/123 3.382

85 123 1.3C3 123 3.507

90 123 1.411 7.46 123 3.790 4,97
95 123 1.518 123 3.928
100 123 1.624 123 4,058

Ex No,58 Ex No.60

0 26 0,026 26 0.193

5 256 0.104 26 0,438

10 26 0.161 8.74 26 0.709 8.19
15 26 0.224 26 . 1,003

20 26/50 0.303 25/49 1.316

25 50 0.380 49 1.504

30 50 0.500 8.39 49 1,834 7,05
35 50 0.600 49 2.019

40 50/75 0,717 49/74 2.371

45 75 0,857 74 2.615

50 75 0.951 7.93 74 2.855 5.98
55 75 i.139 74 3,088

60 75/99 1.293 74/99 3.292

&5 99 1.451 99 3,483

70 99 1,651 7.21 99 3,673 5.13
75 99 1,776 99 3. 659

80 99/123 1,932 99/124 4,027

85 123 2.082 104 4,201

90 123 2.231 6.59 124 4,360 4,38
95 123 2.421 124 4,513
100 123 ‘ 2.535 104 4.671




{ Ttoe | S’f:irror EAqueous Conc. §)10rganic Cone. €, fiStirrer ;Aquegus Come. Gy iOrganic Cene. .
! oiins.i Seeed |y 10% mole/litre!x 107 mole/titre | Specd x 16° nolo/litre ix 10° mole/tlirs
i o Pepar, {moan) rep.m. {mean)
| i { N
x | Ex Ho.88 ! {Ex Ho.93 |
Lo 22 0.124 36 | 0.172 ‘
N 22 0.175 56 0.297
|10 f 22 0.254 8.65 35 0.358 8.54
s o 22 0.329 % 0.534
20 ¢ 22/48 0.4C8 37/52 0.619
25 % 49 0,560 g2 ! 0,759
30 | 49 0,578 8,31 52 0.255 8.05
3/, 49 0.836 52 1.070
40 | 49/73 0.759 52/78 1.280
P45 0.850 78 i 1,368
50 | 73 0.993 7.89 77 1.629 7.24
55§ 73 1.102 { 73 1.700
60 73/100 1.259 77/104 - 2.023
65 i 100 1.373 106 2.184
70 | 100 1.539 7.32 104 2.249 6.47
75 ¢ 100 1,704 103 2,365
80 { 100/125 1.817 103/129 | 2.802 i
85 : 125 1,984 129 3,024 ;
90 125 2.977 5.65 129 3.296 5.49
95 125 2,327 129 | 3.516
100 125 2,416 129 3,744
s ¢
i | B
Ex No.92 Ex No.94) !
0 26 ! 0.048 33 i 0.111
5 2% | 0.170 37 4 0.220
10 26 | 0.245 8.65 37 1 0.344 8.56
15 26 0.311. 36 0.485
20§ 26/49 0.403 37/52 | 0.545
25 49 ! 0.528 51 | 0.686
30 49 i 0.655 8,24 52 0.920 7.97
35 49 0.730 I 1.050
40 40/73 0,931 52/77 1.230
4 74 1,107 77 i 1.375 i
50 4 1,262 7.61 7 1.597 i 7.27
55 73 1,484 7€ 1.797
60 73/400 1.632 77/104 3 1.874
65 101 1,848 104 ¢ 2,074
70 101 2.035 6,76 04 2.315 ; 6.52
75 100 2,225 105 2,570 !
80 | 100/128 2.479 103/129 | 2,813 i
85 125 2,633 130 | 2.959 ;
20 126 2.923 5.87 129 ! 3,079 | 5.72
) 126 3.932 130 | 3.258 i
100 126 3.334 ‘r 130} 5.683 |
h ! i
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) Stirrer l Aquecus Cone. € ; Orgapnle Cone. Cg
Timeo Speed % 10° mole/litre | X 10° mole/1itre
mins. r.p.mi. ! {mean)

Ex No. 96

o 3 0.208

5 38 0.258

1 37 0.329 .

15 38 0.426 7.69

20 37/51 0.483 :

25 : 52 0.61
30 52 0.741 7.27
35 52 0.816
40 52/73 0.677
45 78 . 1,041

50 73 : 1.135 6.86

55 78 1.271
50 78/103 1,415
65 103 1,722
70 103 1,855 6.11
75 103 1,969
80 103/129 2.095

85 129 2,353
90 129 2.557 5,38

95 129 2,761
400 ' 129 2,961




-
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APFENDIX 11 (e)

KINETIC RESULTS FCR THE STRIPPING OF CO2ALT FROM D.E.H.P,

Y 4 T T T
Time | Stirrer Aquegus Cone. Ca‘g Orga%ic Conc. Gy  Stirrer 'E Aqueous Conec. C, [Orgapie Cone. Cg
mins.. opeed lx 10 mole/litre! x 10° mole/litre Speed | x 103 mole/litre|x 10° mole/titre
HE S Y 8 H r.p.m. i
\ I i 7 ¥
gEx No.75 | | ‘Ex No.77
o i 31 0.147 | 30 0.047
5 1 31 | 0.219 i 30 0.071
10 1 31y 0.3C8 i 5,33 30 0.034 6,56
15 1 31 0,435 ! 30 0,101
20 | 31/52 0.542 ; 30/52 0.133
25 | 52 0,685 | 52 0.171
30 ¢ 52 0.839 5.79 52 0.215 6,41
35 ;52 1,049 52 | 0.240
40 | 52/77 1,163 52/78 0.278
45 + 77 1,325 78 0.341
50 | 77 1.533 5.08 8 0.391 6.24
55 + 77 1.655 : 78 ! 0,456
60 | 77/103 1.756 | 78/104 0.564
65 | 103 1.936 : 104 0.676
70 i 103 2,039 4,55 104 0.740 5.68
75 1 103 2.189 104 i 0.833
80 110n/130 2.330 1C4/130 | 0.961
83 130 2,453 30 1.057
90 | 130 2.604 3.94 130 1.142 5.46
95 7 136 2,729 130 1,239
100 | 130 2.855 | 130 1,431
f !
‘Ex No.76 Ex No.78
] .
o i 3 0.072 29 . 0.6
5 31 0.103 30 0.203
10 31 0,159 6,48 35 0,401 5.24
15 31 0.184 30 0.578
20 | 31/52 0,211 - 29/51 0,684
25 52 0,293 53 0,795
30 52 0.359 6.27 53 0,856 5.76
33 52 0.417 53 1,028
4 51/78 0,595 . 53/79 ‘ 1,134
43 78 0.669 79 1.242
50 3 0.796 5.83 C79 1,366 5.25
55 73 0.939 79 1,495
60 | 78/104 1.040 79/106 1,603
65 164 1,205 105 1,661
70 104 1.328 5.27 108 1.730 4.86
75 104 1.397 : 104 1,812
g0 {104/130 1.605 105/130 2.010
85 130 1,734 Co1300 2,148
90 130 1,828 4,75 130 2.217 4.33
g5 | 130 1,923 © 130 2.345
100 130 2.105 . 430 2.450
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N i { 4 . §
} Time | Stir‘r'er'{ hquegus Cone, C, ¢ Organle Cone, G : Sg”_:"de" Aqueous Cone, € Grgagtc Cone. Cg E
! mins.] ip;eg x 10° mole/Iitre! x 103 mole/Iltre ) ,f’;“n x 10% mole/Iitre Ix 10° mole/ITtre §
{ i Fsp.m. : LS :
i ! i i ki
: Ex No,79 : g Ex No,81
H I
L0 25 0,128 | P27 0.034
5 25 0,160 | £ 2 0.055
10 26 0.187 | 13.96 P26 0.0t 3.46
Pis 2% 0,234 : 27 0.105
| 20 26/50 0.301 . - 27/52 0.130
25 52 0.426 | ©52 0.451
20 52 4 0,589 | 13,55 . 52 0.182 3,35
35 52 0,664 | .51 0,237
40 52/78 0.767 : . 51/78 0.285
45 78 . 0,965 i L 78 0.354
50 73 1,058 i 13.06 L8 0,426 3.11
55 78 1.271 ; : .78 0.488 |
60 78/104 1.479 i i 78/104 0.553 ;
65 104 1.663 | ! 0,620 i
70 104 1.921 12,18 S [} 0,695 2.82 i
75 104 2,186 | Tt 0.767 !
80 | 104/130 2.366 | [ 104/130 0.827 |
85 130 2.645 i ;130 0.900
90 130 2,864 | 11,18 ©130 0.950 2.56
95 130 3.072 : N 1) 1.033 !
100 | 130 3.280 | L 130 1.082 |
i b H
;‘ Y
Ex No.80 ! (Ex No.82
0 25 0,045 ! [ " 0,028
5 26 0,075 P29 . 0,087 i
10 27 0.102 i 9.30 P30 0,049 6.59 !
15 27 0.143 | b3 0,066 :
20 27/51 0.199 ‘ i 29/51 0,072 i
25 51 0.295 | P52 0,117
30 50 0.375 i 9.02 : 52 0.146 6.49
35 50 0,479 ! [ 52 0.1e8
40 50/77 0,559 :  52/78 0.237°
45 77 0.636 ‘ 78 ‘ 0.273
50 77 0.792 ! 8.59 78 0.319 6,31
55 77 0.879 | .78 0,352
60 77/104 1.009 ‘; 78/103 04425
65 104 1.168 , 105 0,499 \
70 104 1.346 : 8.02 105 0.572 6.05 !
75 1c4 1.509 ‘ 105 0.604 i
80 | 104/130 1,661 ; b 105/131 0,685
€5 130 1.785 { 131 0.756
90 130 1,955 ! 7.37 4130 0.822 5.79
95 | 130 2.160 | 130 0.900 !
100 ;10 2.3%4 | 130 0.958 i
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' :© Stirrer :
T T . X“Cl‘l . i 14 - T
n§:§ e Specd éAquepuo Conc. Ca": Organic Conc, Cg ;; Stirrer |,
“ rop.a. X 107 mole/litrel x 10° molc/l[tr-z fx, Speed éﬂquegus Cone, C; {Crganic Gonc. Cg
! i l [ ropem, (X 10 mole/litre |x 10° wole/1itre
LEx No.83 ! i i f 3
i i ; i [lEx No.85
§ 9 23 ; 0.014 ,f I
T R 1" O 0.0
10 E 29 0.050 i i 27 0'0‘?§
15 ; ’ ; 6-39 " { * o
I 0.074 oo 27 0.103
201 29/51 0,104 o2 0,162 7.2
20 | 5z 0,153 o27/%2 0.295
300 sz ¢ 0.209 Hooss 0.307
35 52 | 0263 i 6.23 |53 0"a25
40| s52/73 | 0,315 | nos2 0n 575 6.89
g RS 0.399 ! Hos2/79 0.615 '
50179 0.432 ; 79 0.75
S5 78 o 576 6.00 ! 79 0.929
60| 78/10 0.648 79 b 6.34
65 166 0,785 79/105 | 1,309
00 1% 0.890 Lo s
751 105 o 5.52 P | A
80| 105/130 1.102 o104 1053 5.54 !
851 130 1.238 | 1048/130 2.158 i
R 1.403 4.99 110 2,421 '
; 2 1,495 - i 130 i 5 704 : |
100 130 1.632 Poo1zo | 2.54 ! 4.2 !
i 10 3,221 | i
. i | i
Ex No.84 ; ! 7 ‘
LEx No,85 | | i
0 29 0.037 L ? | |
> 28 0.054 - 0,04 ? i
10 27 0.032 i 27 0‘063 | !
15 7 0.169 4,40 { o7 0'094 i !
20 | 26/49 0.135 hooo29 otae 6.55 |
2 5% 0.219 | 30/52 0155 i
30 53 0.29,, !1 53 ! 0. »
35 51 0273 4.18 . 52 | o-222
40| 48/78 0.451 losy 0.3 ] 6.34
as! 78 0.570 - 49/78 | 0453
> 78 0.682 L 0.53 :
55 78 - 252 3,78 i 1 .536 i
0.790 ; 738 ) 0,680 I
60 | 78/105 0.913 79 oz 5.9
654 106 1.037 0 7e/10s | oozo |
70 105 1.145 i 105 i 1.071 '
7B 105 1267 3.30 ETea .o
80| 108/130 1.374 g 10 1,341 | 5.2
gs | 130 1,278 L 105/130 ey
S I 1.587 |10 1650 |
o5 mo | e TR R R
%0 1.808 Pt 1.683 | .
i ° { 2,040 {
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Y

o £ Y }
Time Sg;}:c;r ,Aquegus Cene, C, Orgagic Conc. Cg Ss;jgrc‘;r Aqueous Cone, G, {Organic Conc. Cg
mins.l . pon. % 100 mole/litrei x 10 mofe/litre|l r.p.m. | x 10° mole/Iitre | x 10° mole/litre
Ex No.87 Ex No.91
0 25 0.021 25 0.025
5 26 0.039 26 0.025
10 26 0.035 6.58 25 0,035 6.58
45 25 0.031 27 0.023
20 26/49 0,102 27/49 0.113
25 49 0,139 49 0.162
30 49 0.172 6.49 49 0.207 6.43
35 49 0.223 49 0.244 -
40 | 49/74 0,262 49/73 0.315
45 73 0.316 73 0.370
50 74 0.385 6.25 73 0.463 6.17
55 74 0,272 73 0,538
60| 74/100 0,553 73/100 0,551
65 99 0,694 100 0.649
70 99 0,754 5.85 100 0,737 5.83
5 99 0.842 161 0,844
80 99/125 0.912 101/126 0,961
85 125 1,001 126 1,118
90 125 1,095 5.51 126 1,221 5,38
95 125 1.202 126 1.384
100 125 1,300 126 1.570
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APPENDIX 11 [d)

KINETIC RESULTS FOR THE STRIPPING CF NICKEL FROM D.E.H.P.

{ogys : ] ¢
[ Time Sétgggr' Aqucgus Conc. €4 Organic Cone. Cgil Stirrer gi\qucgus Conc. C;i0rganic Cone. Cg
! mins, r‘?p.m. x 10° mote/litre} x 10° mole/litre t Epscg Yx 10° mole/litre’x 10° mole/Iltre
! [ | i
} Ex No.89 ;:Ex No,98 |
i 1]
© 0 25 0.144 bo29 0.103
i 5 25 0.181 : 31 0.174
©o10 25 0,217 6.22 ' 31 ) 0.254 6.19
L 25 0.254 i 31 0,347
i 207 25/49 | 0.292 i31/51 0.440
Po2s 49 ! 0.358 } 52 i 0.589
¢ 30 49 0.457 5,98 ' 52 0.717 5.71
I35 49 0,526 . ; 52 0.824
C40 49/73 0.591 L52/7 0.941
i 45 73 0.682 77 1,085
£o50 73 | 0.773 5.65 D 77 1,202 5.21
55 73 0.830 77 1,340
{ 601 73/100 0.948 b 77/108 1.469
i 65 99 1,040 f103 1,603
i 76 99 i 1,167 5.24 I103 1,760 4,63
VE 59 | 1.280 P03 1,863
i 801 99/125 ¢ 1.378 | 103/130 2,014
85 125 1,492 i 130 2.155
90 125 1.592 4,79 i 130 2,286 4,07
{95 125 1.728 v 130 2,400
100 125 | 1.646 l 130 2.522
! r
} 1
Ex No,90 : {Ex No0.99
0 25 | 0.201 D3 0.1
5 26 0.242 { ‘ 34 0,191
10 26 i 0.295 i 6.14 i 35 0.258 6.17
15 26 0.353 § ] 35 0.358
20 | 26/49 0.418 L 34/51 0,435 |
25 49 0.5C9 i 52 0.546 |
30 49 1§ 0.605 5.83 ) 52 1 . 0.661 i 5.76
35 49 i 0.6¢3 L 52 0.769 |
40 1 49/73 0,757 ‘{! 52/77 0.869 |
45 73 0.833 1o { 1,016
50 74 0.983 5.44 i 77| 1,151 5.26
55 74 1,036 i 77 1.277
60 | 73/100 1,194 i 77/103 1.453
65 100 1,311 L1038 1.587
70 100 1.43% 4,97 : 103 1.718 i 4.68
75 100 1.565 4 103 1,850
80 | 100/125 1.652 1o103/129 | 1,981
5 125 1,733 i 129 2.075
90 125 1,£37 4,49 i 129 2.222 4,14
95 125 2,024 i 129 2,350
1100 125 2.179 o129 2,500
i t

UV N
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Time § 5;1222" Aquegus Conc. C,1 Organic Conc. CJ: Stirrer %Aqucgus Cone. C,{Organic Conc, Cg
mins.f Toov 1k 10° mole/Iitret x 10° mole/Iltre! ipgeg ix 10° mole/litrelx 10° nole/lltre
{ oilmila i |‘§ «Poflis |
{Ex No.100 . Ex No.,102
{ ! ! i
0¢ 30 0,041 i 30 | 0.217
5 30 0,051 ; ! 31 0.370
10 30 0,035 i 6.38 31 0.525 5.91
g 30 0,108 31 0.6883
20| 30/51 0.138 ; fo31/51 0.835
25 51 0.186 ! 51 7.081
30 51 0.227 | 5,21 51 1.233 5.19
35 51 0.258 { 51 1.392
40| s1/77 0.316 ! 51/77 | 1,525
45 77 0.357 { i 77 1,669
50 77 0.624 | 6.01 77 1.803 4,60
55 77 0.475 1 77 1,953 :
60| 77/103 0.543 E77/103 2,085
65 103 0.600 E P03 2.187
70 103 0,660 | 5.76 f103 2.305 4,06
75 103 0,732 | {03 2.443 -
80 { 103/129 0.791 ; i 103/129 2.565
85 129 0.867 C129 2,683
90 129 0,953 : 5.45 i 129 2.784 3.56
95 129 1.050 ! . 129 2.904
100 129 1,100 | {129 3,003
§Ex No.101 ; P Ex No.103
0 31 0.073 | ! 34 0.312
5 34 0.187 i 34 0,453
10 35 0,305 | 6,13 ] 34 0.587 11.77
1 35 0.414 : 34 0.711
20 35/53 0.520 i ¢ 34/52 0.783
25 53 0.662 ; I 52 0.859
30 53 0,790 5.64 i 52 1,001 $1.35
35 53 0.919 i 52 1.100
40§ 53/77 1.044 i P 52/77 1,221
45 77 1,200 ¢ : 77 1,351
50 77 1.348 5,07 { 77 1.498 10.83
55 77 1,483 ) 1,641
60| 77/103 1.601 L T71/103 1,771
65 103 1,711 i P03 1.958
70 103 t.e48 | 4,54 D403 2,200 10,10
73 103 1.950 L 03 2.395
80 { 103/129 2,037 . 103/129 2,592
s 129 2,154 2 129 2.814
a0 129 2,253 ! 4,09 k 129 3,036 9,22
95 129 2,385 - i 128 3.234
100 129 2.473 P 129 3.485




i f } i .
;Time | Sgégggr g‘AQchus Cone, CgiOrganic Cone, Csij sé;i;gr Aqueous Cone, Cazorgapic Cone. Cg
[eins.i p.m "% 10 mole/litrei.x 109 mole/litrc&} ropm x 10° mole/litrelx 10° mole/tre
! ollalilg H H aMalily
= | i
Ex No.104% . % ;iEx No.105
0 35 ! .128 § Y 0,070
5 3 235 ! i s0 0.116
10 I 303 b 10,09 i 52 0,150 6.49
5] 35 458 5 i 52 0,185
20 ; 35/52 2537 § i 52/78 0,243
25 1 52 : 631 | 78 0.315
30! 52 .750 9.64 1 s 0,361 6.33
35 52 ! 849 i’ 0.423
40 1 52/78 - 1.001 1 76/104 0.475
45 78 1.144 I (e 0.550
50 I 1,302 i 9.07 N [o1. 0,612 6.01
55 78 1.465 | S T% 0.683
60| 78/103 1.630 ! b 104/130 0.752
65 . 1.817 i 130 0.833
70 103 | 2.013 8.33 §130 0.883 5,73
75 108 2,200 I 130 0.942
80 | 103/129 | 2.376 i 130 1.045
85 129 2,581 ;
90 129 2.805 7.49 b
95 129 2.979 i
100 129 i 3.168 f %
; i
Ex No,105 ! §¢Ex Mo, 107
0 35 | 0.033 ;!; 48 0,120
5 35 0,038 i 49 0.204
16 350 0.075 4,72 49 0.284 | 3,59
15 3B 0.134 P49 0,369 1}
20) 35/52 ) 4,156 §oAas/T7 0,462 |
25 52 | 0.245 b 0.599 | )
30 52 ! 0,287 4.52 P79 0.693 i 3.17
35 s2 0,347 i 0,787 {
20| s/ | 0.408 io79/164 1. o.geB
45 78 0.492 . L1048 0.985 i
50 7 0.567 | 4.23 T 1.059 | 2,76
55 7. 0,648 T 1.153
60 | 75/103 ! 0.720 I 102/129 1.203
85 103 | 0.£67 4129 1,267
20| 103 | 0,904 3.68 b2 1380 | 2.44
75 103 | 0,992 §o129 ; 1,48 {
80 | 103/129 | 1,090 35 129 1,555
a3 129 & 1,473 :
90| 129 1,286 3.52 4 ,
95 129 1,348 [ :
1C0 129 g 1.445 r ]
{ B i
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!

i Time Sé:)r;zcd.»r Aquegus Conc. Cg Organic Conc. G4
mins. P x 107 mole/Iitre x 1C° mole/litre
%
i Ex MNo.103
: !
o | 30 0,446
5 30 0.207
10 3 0.230 4,58
15 30 0.293
20 30/52 0.305
25 52 0.410
30 52 0.474 4,33
%5 52 0.596
40 52/78 0.679
25 78 G.201
50 78 0.921 3.87
55 78 1,034
60 78/103 1.150
65 103 1,326
70 104 1.439 3.33
75 104 1.540
g0 104/129 1.651
85 129 1,784
90 129 1,943 2.80
95 129 2,054
100 129 2.186
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