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(i)
ABSTRACT

Nickel/Cobalt separation was achieved in a pulsed sieve-
plate extraction column using di(2-ethyl hexyl) phosphoric acid
as the extractant. The liquid-liquid mass transfer involved
in this process has been studied.

To evaluate the mass transfér characteristics of the
operation, steady-state cbncentration profiles along the co-
lumn were obtained by sampling both phases from each plate.
Droplet size and interfacial area were estimated using a pho-
tographic method. From this information, the overall mass
transfer coefficients in different sections of the column were
calculated, and were found to vary with the concentration dur-
ing the extraction, but remained rather constant during scrub-
bing and stripping.

The value of the coefficients were inthe 0.2 x 102 to
1.8 x 10-3cm/sec. range for cobalt, and 0.5 x 10-3 to 2.4 x
10—3cm/sec. for nickel.

By applyiné the pulsing technique to increase the degree
of mixing between the two phases, the mass transfer rate was
found to be significantly enhanced. The comparision of mass
transfer coefficients with values obtained using different
pulse amplitudes indicated that the coefficient value increas-
ed as the amplitude increased. The coefficient was also observ-
ed to be affected by the direction of mass transfer, such that
the mass transfer coefficients for extraction were found to

be higher than those obtained in stripping.
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Chapter I
INTRODUCTION

Liquid-liquid extraction is usually used when distil-
lation and rectification are difficult or ineffective. Ex-
traction utilizes the differences in solubility or chemical
selectivity rather than relative volatility. Therefore some
close-boiling mixture or physically similar components can
be separated economically by extraction techniques (1) (2).
One of these applications is metallurgical processing.

For example, in the nuclear fuel industry, extraction
is one of the most important operations in refining uranium
fuel as well as in reprocessing the nuclear wastes (3). In
recent years, this technique has been considered as an effec-
tive means of recovering copper (4) and other "3d" type tran-
sition metals, such as nickel and cobalt which we have inves-
tigated in this work.

Nickel and cobalt ores or concentrates can be leached
by sulphuric acid solution, and then the metals separated
from each other by liquid-liquid extraction using di-2-ethyl
hexyl phosphoric acid (D2EHPA) as the extractant. The extrac-
tion process to separate cobalt from nickel is shown in figure 1.
The metal bearing aqueous solution is fed into a contactor
in which the two phases are mixed. In this step both nickel
and cobalt are transfered from the aqueous phase to thé orga-
nic phase. After settling, the aqueous raffinate is separa-
ted,and the loaded organic solvent goesto another contactor

where it is scrubbed with a suitable aqueous solution to re-
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move undesired metal, nickel in this study, or impurities
co-extracted in the extraction step. After scrubbing, the
loaded organic phase, containing essentially the desired
metal— cobalt, passes to a third step in which the metal is
stripped from tHe solvent by the acid solution. The strip
liguor then goes to further processing for cobalt, production,
and the stripped solvenﬁ is recycled back to the extraction
step. Each of the three steps described -~ extraction, scru-
bbing and stripping ~-- may involve several contactors or ex-
traction columns.

Through a laboratory test, Ritcey, Ashbrook and Lucas
(5) proposed that a pulsed sieve-plate extraction column
would be a suitable contactor for this separation process.

A pilogécale column was constructed in the Department of
Chemical Engineering, to further study this proposal.

Ni/Co separation in a pulsed column involves multi-
component mass transfer with chemical reaction between two
phases. The pncertainty of the mass transfer mechanism of
the co-extraction, stripping and scrubbing steps increases
the complexity of the problem. In addition, the mixing
effects and special configuration of the pulsed sieve-plate
extraction column makes the process more complicated. A
better understanding of the mass transfer performance in
the contactor is necessary to help the design and optimiza-

tion of the process. Therefore the purpose of this work was
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to research the overall maés transfer coefficients and

to evaluate extraction efficiencies.
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Chapter 2

Literature Survey

This chapter is a review of the general background and
some previous studies pertinent to this work, and is divided
into four parts. In the first part, a review of the develop-
ment of the process for separation of cobalt from nickel is
presented. In the second part, the available information for
designing and operating a pulséd column are presented. In the
third part, hydrodynamié studies in basic drop phenomena and
its experimental techniques are reported. Finally, basic theo-
ries and correlations in mass transfer studies for liquid-

liquid extraction are briefly reviewed in the fourth section.

Development of Separation Process

Liquid-liquid extraction has long been a powerful sepa-
ration technique for laboratory use. Its application for
large scale industrial separation dates from the early 19305,
when it answered the need for a method of removing aromatic
hydrocarbons from kerosene fraction during oil refining. Since
then it has found ever-increasing application in a wide range
of industries from copper production to the manufacture of
antibiotics.

Its application in hydrometallurgy first came to general
attention when, in 1955, the Atomic Energy Commision in U.S.A.
declassified information concerning the solvent extraction

process for uranium recovery and purification (8). The po-
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tential of this new extractive technique quickly become appa-
rent to those interested in the recovery of other metals such
as vanadium, molybdenum, chromium, nickel, cobalt, zine, and
copper, with the result that research and development on sol-
vent extraction pfocesses in both laboratory and pilot plant
gained phenomenal momentum. Many applications concerning the
solvent extraction of metals are available. Basic theories
and considerations can be found in the standard text by Trey-

bal (2) and Rosenquist (9), and a review of recent develop-

ments by Hanson (10). Much valuable information has been pu-

blished over the past decade in the proceedings of a series

of International Solvent Extraction Conferences (I.S.E.C.
meetings)(11-15), and in the regular reviews published by the
Society of Chemical Industry (16). 1In addition, the notes for
the professional development course in " Purification Techni-
ques in Hydrometallurgy " (19), sponsored by the Chemical En-
gineering Department, University of Ottawa, are also a very
valuable source of information.

In Canada, one of the methods for treating cobalt-nickel
residues, ores, and concentrates is the acid sulphate leaching
process. The leaching liquor containing iron, zinc, copper,
and arsenic etc. is generally neutralized and followed by pre-
cipitation and filtration to remove these undesired metals(17).

The filtrate containing essentially cobalt and nickel as

sulphate, is then suitable for solvent extraction purposes  to
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separate cobalt from nickel. In recent years, this separa-
tion method has become of increasing importance and much re-
search effort has been devoted to the problem. A process has
been developed using di<2 ethyl hexyl) phosphoric acid (D2EHPA)
as the reagent (18). This process decribed here (5) resulted
from a continuing program by Eldorado Nuclear Limited and the
Mines Branch, Department of Energy, Mines and Resources, Ca-
nada, on the application of solvent extraction as a process for
the separation of metals from leach solutions, and it is to be
incorporated in the new International Nickel Company (INCO)
plant in Sudbury, Ontario.

Studies in the selection of extractant, diluent, and mo-
difier by Ashbrook and Ritcey(19) proved the best extractant
to be D2EHPA with Tributyl phosphate (T.B.P.) as modifier and
Shell-140 kerosene as diluent. Bench-scale tests were per- -
formed and indicated that the optimum pH for cobalt extraction
(pH to be from 5 to 6). To maintain this pH value, they sug-
gested that preequilibrating ammonium hydroxide with D2EHPA
will produce in the desired buffer effect. The distribution
isotherms for Ni/Co separation were reported (5), but were
studied intensively by Golding and coworkers(20), as fig. 3.

Previous work also showed that the extraction of cobalt
and nickel by. D2EHPA can be considered to be a liquid ion-
exchange type of reaction in which the metal cations are ex-

changed for hydrogen ions of the solvent. The mechanism was



proposed as follows:
(1) Pre-equilibration of D2EHPA with NHu(OH)=

20 + H.O

-p?0 - Dz
(RO) ,-P + NH,0H->(RO), P“ONH4 2

~NOH

(2) Co-extraction: (Step 1 of figure 1.)
77PH>5

20 0

Z(RO)éP\ONH4 + CoS0,, é—--->?‘RO)2PfO}é-Co+(NH4)2804

-p#0 . : - =0 N3
2 (RO,) P\ONH4 + NiSQ, ¢ ;{kRo)z P\O}z Ni+(NH,,) ,S0,,

(3) Scrubbing: (Step 2 of figure 1.)

40} : - 40} o
(RO) =P, 2-—- Ni + CoS0, ¢--» }(RO)3P<, 2——C0+N1504

(4) Stripping of cobalt: (Step 3 of figure 1.)

R )*P’O} Co + <z R0) 5P’
(r0)5P%, , 00 * Hp80, -=---- > 2(RO)3P{yy *+ CoSO,

Similar equations can be written for the extraction and
stripping of nickel. |

However, Ritcey and coworkers found the representatibn of
the D2EHPA-Co complex in the organic phase in these equations
as a 2:1 organic-metal complex could not be taken as implying
that this is’the actual species presente . Considerable evi-
dence(21) showed that the actual complex in the organic phase
could be a dimerised, or even a polymerized complex, although
the stochiometric rating in the experiments was 2 : 1 for D2EHPA:
Co. This uncertainty increases the complexity of the predic-
tion of mass transfer coefficients.

Several preliminary pilot plant tests carried out by Ritcey



-9 -

and coworkers(5) indicated the feasibility and necessity of
applying a multi-stage contactor in the extraction process
because of the chemical similarity between cobalt and nickel.
A pulsed sieve-plate column was chosen. |

Results obtained from their tests illustrated the capa-
bility of the process to separate cobalt from nickel. This
information initiated our further studies in evalﬁating mass

transfer performance of the pulsed column for Ni/Co separation.

Pulsed Column Design and Operation

The pulsed sieve-plate column (as shown on figure 2) is
an extractor wherein a rapid reciprocating motion of relative-
ly small amplitude is applied to the liquid contents. With
this motion, successive dispersion and coalescence of the li-
quid is accomplished by perforated plates. The agitation so.
produced has been found to give improved rates of extraction.

The principle originated with Van Dijck(21) and perhaps
was first applied to uranium separation by C. Groot. Pulsed
sieve-plate columns have found considerable favor, par-
ticularly in nuclear industry(23), because the device reduced
tower heights by a factor of three to five (22) and consequen-
tly reduced the expense of massive shielding, and because pul-
sing provided a means of agitation not requiring moving parts,
bearings and the like in contact with highly corrosive dan-
gerous radioactive liquid. They have also been shown capable

of handling solids in suspension and have been suggested for
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solvent-in-pulp processing .in the minerals industry (24). The
information concerning the performance of the column is reason-
ably well documented (25). A

Sege and Woodfield (26) provided a general description of
the operational characteristics. Wiegundt and Von Berg (27)
also reviewed the functions and performance of the apparatus.
Refering to figure (4] there are several regions of operation
which can be distinguished, depending on the flowrates and de-
gree of pulsation. In the so-called mixer-settler region, the
two phases separate into discrete layers between the plates dur-
ing each reversal of the pulse cycle as shown on figure, At
higher pulse-volume velocities, little or no coalescence takes
bPlace between the plates, and column then is in the emulsion
region, and behaves as a truly differential contactor. The eff-
ects of operating regions on the extraction efficiency have been
studied by several investigators (22) (26).

The capacity or throughput of the column depends on its
flooding characteristics. McAllister et al (28) have corre-
lated much of:the published data on flooding rate for operation
through the mixer-settler and emulsion regions. Smoot, Mar and
Babb (29) have also published a correlation valid only for the
emulsion region, and a comprehensive nomograph for calculating
flooding velocities in pulsed sieve-plate column has been provid-
ed. Thornton (30) correlated the characteristic velocity, which
can also be used to estimate flooding rates in the emulsion re-

gion.
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Another important factor in designing a pulsed sieve-
plate column is the dispersed phase hold-up, which affects
the total interfacial area and the residenge time distribu-
tion during the extraction. Sehmel and Babb (31) intensively
studied the effects of pulse amplitude, pulse frequency and
phase flow rate on the dispersed phase hold-up, and it was
found to be a minimum gt the transition frequency between
mixer-settler and emulsion type of operation. A simple em-
pirical correlation was provided to predict this frequency for
those systems they studied.

Due to the vigrous agitation and countercurrent contac-
ting between the two phases, the extraction efficiency in the
pulsed column has been found to be strongly affected by axial
mixing. This mixing effect tends to reduce the effectiveness
of mass transfer by flattening the axial concentration gradi-
ents in each phase and thus reducing the overall driving force.
In some large scale columns, as much as 70 to 90 percent of the
height has bgen found necessary to compensate for axial mixing
effects. Thelphenomenon was studied by Babb and coworkers (32)
(33), Miyauchi and Oya (34), and Baird (35) by applying either
the steady-state technique (36) or the delta injection techni-
que (37).

Smoot and Babb ( 7 ) also correlated mass transfer data
in the form of a “true overall height of transfer unit" (the

height corrected for axial mixing) by measuring the concen-
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tration profile along the column. An experimental study,
presented by Kagan et al (38), on the hydrodynamic and mass
transfer problems in a pulsed column for the kerosene-water
system is particularly applicable to hydrometallurgical appli-
cations. |

The pulsed column used in this work was designed, con-
structed and set up according to the general information men-
tioned above and a note provided by Energy, Mines and Resources,
Canada. Unfortunatly, most of the correlations were not quan-
titatively applicable because of insufficient information for

the system we studied.

Drop Phenomena and Two Phases Dispersion

Since the residence time and interfacial area have signi-
ficant effects on mass transfer efficiency, the study of drop
formation, coalescence and redispersion became one of the most
prosperous research topics in extraction studies. A series of
reviews in the area of bubble and drop phenomena were present-
ed by Tavlarides and coworkers (39) (40). Recent developments
in coalescence and dispersion of liquid droplets were reported
by Hanson et al (10).

To estimate the interfacial area in a pulsed column,
special attention must be paid to the drop size distributions
and drop mixing rates. General features of drop size distri-

butions are summaried and several different equations were
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developed to describe size distribution by Mugele et al (41).
For agitated systems, interaction models such as population
balance equations have been applied to predict interfacial
area for batch contactors. Recently, data and correlations
were also presented on both size distributions and droplet
mixing frequency in an agitated flow vessel (42). Unfortu-
natly no such information couid be found for predicting in-
terfacial area of a pulsed column. Therefore, in this work,
the unpredictable drop interactions became a major difficulty
in evaluating the area-free mass transfer coefficients.
Experimental techniques for measuring interfacial area
have been reviewed (43). The comparison of the methods in-
dicate the advantages and disadvantages of the photographic
method used in this work. The basic techniques for photo-
graphing liquid drops are repérted by several investigators .

(44) (45), and can be found in a standard textbook (46).

Theories and Correlations for Liquid-liquid Mass Transfer

Although the mass transfer coefficient reported in this
work is an overall coefficient including drop formation, ris-
ing and coalescence, a basic understanding of mass transfer
theories is necessary for interpreting experimental results.

A review of mass transfer between two phases has been publi-
shed by Harriot (47), and a comprehensive survey for the fun-
damentals of mass transfer in liquid-liquid extraction presen-

ted by Johns, Beckmann and Ellis (48). Basic theories and
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correlations can also be found in textbooks (2) (49).

Recent years, most efforts to investigate the mass trans-
fer mechanism in dispersed liquid drops have used the "Model"
approach. Basic models (48) have been devised which will, it
is hoped, permit a mathematical approach to the interrelating
factors of mass transfer, hydrodynamics, and interfacial phe-
nomena. These models lead to several theoretical.or semi-
empirical solutions for single drop mass transfer, as tabu-
lated briefly in Tableﬁl%(Z)and(Bl(SO) (51). Attention has
also been paid to the development of correlations for ensem-
bles of drops (52) (53), and for mass transfer with chemical
reaction (54) (55).

Because each model usually incorporates certain funda-
mental assumptions and limitations which are then inherent in
the final solution, the utility of the proposed equations in
rationalization of equipment performance is relatively low.
Few applications were found in designing sieve-plate columns
(56) and pulsed packed columns (57) using these theoretical
and semi-empirical equations. For the pulsed sieve-plate co-
lumn, empirical equations have been used for estimating the
overall efficiency in relatively simple extraction systems
(29) (7). No direct application in designing such an appa-
ratus for metal separation process using theoretical équations
was found.

The main difficulties come from the inability of predict-

ing hydrodynamic behavior with which mass transfer occurs. The
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other drawback is the unknqwn mechanism of the chemical reaction
involved in metal separation. Low reproducibility for most ex-
perimental work is another obstacle. Due to the difficulties
mentioned above and the time limitation, no attempt has been
made to develop an "a priori" equation for predicting column
performance in this work. Instead, an experimental measurements.
of overall coefficients for the extractor were carried out to ;

evaluate the performance of the different processing steps.
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Chapter 3

Theoretical Considerations

Two Film Theory

=N S S

To investigate the mass transfer mechanism of Ni/Co
separation, it is necessary to have an equation expressing the
relationship between each individual phase resistance. Referring
to figures(5)and(6) two fictitious films were postulated by
Whitman (58) (59) to account for the total resistance to liquid-
liquid mass transfer. Thus, at steady-state, the rate of transfer

of solute through the interface can be expressed as follows:

dN = k‘ads (Ca - Ci.&
= K,ds(Cy o= Cp) mmmmmmmcmmmmcee e (1)
where Ci,o” mC; 5 mmmmmmmmmmeeeeeeenl (2)

Due to the difficulty in.measuring interfacial concentrations,
"Ci'g and "Ci';. an overall coefficient was defined based on the
assumption that the resistance to transfer can be accounted for
entirely by only one phase (2), and the interfacial concentration
on one side is taken to be in equilibrium with the bulk concen-
tration of the other phase so that the rate of transfer become:

dN = K_ _ ds(Cc. - c_%)
" Mo, aq ( a “a

= Kc’orgds(co* = CO) --------------- <3)

where Co = mCa* ................. (4)
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If the equilibrium-distribution curve is a straight line,
m is a constant for both equations (4) and (2). Therefore the
individual coefficient "k" and the overall coefficient "X" can

be related by eliminating "Ci;or "Ci,a and "C,"» and result in

1

W Wy W)

dS(C % = C_) ==mmmmmmmm (5)

Comparison with equation (3) shows that
1 1 m
s org ) K, ka
When, however, m varies with concentration, a graphical
integration method must be used to obtain the mean value of "K"

relating to successive values of "Co". Also, if we define a new

variable m' (6Q):

A relationship between k and K can be derived by equating

(1), (2) and (7):

1 1 m'

Ko.org () a

This equation is valid whenever m varies or not. It is a
general expression which shows "Ko,org" can be a function of m*
even if "ko“ and "ka" remain constant. The experimental results
obtained from the pulsed column then can be interpretated with

this equation.
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Equation for calculating Ko,org

Axial mixing in the countercurrent extractor makes it
difficult to do a material balance for solutes distributed
between two phases. No experimental meaéurement has been
carried out to determine the axial mixing coefficients. There-
fore, rigorous calculation of overall mass transfer coefficients
in the pulsed column is impossible. For an approximate evaluation,;
an idealized diffusion model (10) (7 ) (61) was applied to the
effective section of the pulsed sieve-plate extraction column.
Both inlet and outlet end effects are not included in this model.
With reference to figure 7, a solute mass balance over the element
"dZ"” for the organic phase yields the following differential |
equation. 2

Mass balance:

dac

455C, lz = UoSCy ’z+Az * (-eo_g§)53lz

dac »
0 _ -
- (- e°_ﬁ_z)s 2 +az* Ko org 8542 (C5 - Co) =0
Limit:
4E—e dzco ac,
e, dz2 - u°§ Ko,org a(Co - Co) Z 0 meccane- (9)
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From experimental observationsand previous study (7 ), the
axial mixing in the orgaﬁic phase is insignificant and can be
neglected under the low pulse frequency and amplitude used in
this work. Therefore, "e " equals zero. Dropping out the axial
mixing term, equation (9) become a first order differential

equation as follows:

2., -
d=c- dC #*
e ‘0o -u._o +K a(C -C =0
° "8z .0, o,org ( o o)
¥ dC
3* - 0
Ko,or‘g a(Co - Co) = Y, T da
u_dc
0 -0
K dz = —/— = e ———————— (10)
0,o0rg * o
’ a(Co o)

An integration over every two sample points was then applied

to obtain the average overall mass transfer coefficient presuming

uo" and "a" are constant and the concentration profiles can be

suitably represented by a continuous smooth curve.

Co)

_ 22 . Co2 "
zl Col( o)

K u oz g0 . (11)
o,0rg =_"0 o}
a(z - Z4) ER Y
2 1 (c *-c¢
C 0 O)
ol

The right hand side of equation (11) can be evaluated by
direct graphical integration over the organic concentration

profiles, and "a" can be calculated from photographic data.
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Estimation of Interfacial Area

From the pictures taken during the experiments, a drop size
distribution diagram can be obtained as shown in figure 8. With
this diagram and the measured total hold-up ratio, one can cal-
culate the interfacial area using the working equation derived as

follows:

Z'n.diz(‘"/é)

= 6< Vorg ) =1
Vt Vorg

Z.nidiz('"'/é)
6 & x(%nidij("/é) )

2
6 & x(%nidi )
;“1%3
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: = = nidl2
Define the Sauter mean diameter d =
32 = n.d.2
i R 1
6 g
a T T oo (12)
d32

When applying equation (12) to the experimental data, an
assumption was made that the‘hold-up ratio in eéch section of
column is the same as the total hold-up ratio. in the column. A
simple computer program (Appendix 1) was set up to calculate
the Sauter mean droplet diameter and the interfacial area.

Substituting equation (12) into (11):

- C
02 dc
Ko org ) d32 e = s (13)
' éd(zz—zl) Col (Co*_ Co)

Where 532, Uy Z, Zl' and Z2 were measured during experiment,

and Col' CoZ’ Co* were determined from the steady-state concen-
tration profile. Hence, the average overall mass transfer

coefficient Ko,org can be evaluated.
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Chapter 4

Experimental

The experimental program involved the measurement of con-~
centration profiles and the evaluation 6f overall mass transfer
coefficients in different sections of the pulsed column under
various operating conditions.

For such an investigatiqn, the organic phase was always
dispersed as droplets in the column and contacted countercurrently
with the continuous phﬁse which was synthetic aqueous solution.
The direction of mass transfer was from the agueous phase to the
organic phase during co-extraction, but the reverse during
stripping.

Varigbles

Temperature, while not controlled exactly, was nearly constant .
at 28 degree Celsius, hence, the effects of temperature were
neglected.

The configuration of column was maintained the samé in all
experiments. The plate spacing, plate thickness, sieve diameter,
and fractional free plate area were also kept constant. In
addition, thé flow rates of both aqueous and organic inlets were
not changed through the course of all experiments. The variables
investigated in this work were the solute concentration and the

pulse amplitude effects in the three different separation steps.
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System

The system studied was D2EHPA-Nickel-Cobalt-Water, while
D2EHPA was dissolved in the kerosene solvent.

In all experimental runs, the organic phase always contained
10% Vol. of D2EHPA, 5% Vol. of T.B.P. modifier, and 85% Vol. of
kerosene diluent. Synthetic aqueous solutions were prepared by
dissolving nickel and cobalt sulphate crystal in distilled water.
The pH value of the aqueous feed was adjusted to 4 before each
experiment by adding dilute sulphuric acid solution.

The important physical properties of these systems are
presented in Table 4. Chemicals used and their purities are shown

in Table 5.
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Table 4

summary Of Chemicals Used

Chemical Supplier Grade
T. B. P, Anachemia Chemicals Ltd. Technical
D2EHPA Denison Co., Ltd. Technical
Kerosene Shell 0il Co., Ltd. #140 Solvent
Sulphuric Reagent
Acid Fisher Scientific Co., Ltd. 98% HZSOH
Amonium Reagent
Hydroxide McArthur Chemical Co., Ltd. 28-30% NH3
Nickel
Sulfate Fisher Scientific Co., Ltd. C. P.
Cobaltous
Sulfate Fisher Scientific Co., Ltd. C. P,




-32-
Table 5

Physical Properties Of The System At 25°C

3* 3¢
P (g/c.c) | U (c.p.) 0¥ (dyne/cm)
Kerosene . 0.793 1.244 38.4
T. B. P. 0.972 3.389
D2EHPA _ 0.974 42,026
10% D2EHPA +
5% T.B.P.+Solvent 0.818 1.611
20% D2EHPA +
5% T.B.P.+Solvent 0.834 2.049
30% D2EHPA +
5% T.B.P.+Solvent 0.855 2.699
++
2 g/ Co .+
5g/¢ Ni'Y |
Aqueous Solution 1.017 0.954

*/?: Measured by "Precision Density Meter DMAO2C",

with the following reference values:
fjnzo = 0.99709

Pn-octane = 0.69882

** d: Measured by "Cannon Viscometer"
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Apparatus

A pilot-scale pulsed sieve-plate extraction column was
designed, constructed, and set up in the Chemical Engineering
Department, University Ottawa. It provided a continuous contact
between two immis¢ible phases. Figure 9 is a schematic diagram
of the experimental set up.

Column

The column was 4 inches I. D. and 6 ft. high. It consisted
of a series of short, cylindrical borosilicate glass sections,
polyethylene gaskets, and twelve stainless steél sieve plates
held by a central steel rod. Each end of the rod was fastened to
flange plates at either end of the column. The sieve plates were
spaced 3 inches apart from each other by stainless steel spacers.
The dimensionsof the column are summarized in Table 6.

Each plate, 1/16 inch thick, was drilled with 253 holes of
3/32 inch diameter on an 1/8 inch equilateral triangular pitch to
give 19.8% free area. The clearance between plate and column wall
was 1/32 inch.

Two 6-inch diameter phase disengaging sections were mounted
at the top and bottom of the column to insure good disengagement

between organic and aqueous phases.
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Table 6

Dimensions Of Pulsed Column

Column 0. D. 11.48 cm
Column I. D, 10.30 cm
Plate 0. D. 9.85 cm
Plate Thickness 0.166 cm
Sieve Hole 0. D. 0.24 cm
Average Plate Spacing 7.92 cm
Central Rod 0. D. 0.970 cm
Top Distributor 0. D. 6.58 cm
Bottom Distributor 0. D. 8.66 cm
Fractional Free Area On Plate 19.80 %
No. Of Sieves On Each Pléte 253
Height Of Column 186.8 cm
Effective Height 106.2 cm

Note: O. D. (outside diameter)

I. D. (inside diameter)
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Both streams entering.the column were pumped through stainless
steel distributors of a conventional design to provide good distri-
bution of the phases at either end of the effective section.

Since it was desired to measure the concentration profile of
both phases, hypodermic needles were inserted into the column
through the polyethylene gaskets at various points along each
side of the column, as shown échematically in fiéure 2-C.

Sampling Devices

The sampling devices presented here were modifications of
the original design of Gier & Hougen (6) and Smoot & Babb (7).

To sample the aqueous phase, a small stainless steel needle
was inserted into the column through the gasket. The agqueous
phase, which preferentially wet the stainless steel surface, could
usually be sampled with 99% Vol. purity using an optimum sampling
rate and a suitable size of néedle. 4

In order to sample the organic phase, a small flared polye-~
thylene sleeve was slipped over the end of a needle which was
inserted through the gasket and positioned just below the sieve
plate. The rieedle sleeve was pointed downward to trap the rising
droplets. The organic liquid wet the polyethylene preferentially
at the surface of the flare. Using this method, the purity of
organic samples ranged from 85 to 95% Vol. if the sampling rates

were controlled by a suitable size of needle.
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Samples with less than 85% Vol. purity were discarded. The
measured solute concentration of the organic samples with less
than 98% Vol. purity were corrected according to the corresponding
equilibrium and volume ratio of the other phase. The details of
the correction method are given in reference 6. The use of proper
sampling technique was very important in order to obtain a true
concentration profile. The optimum sampling rate'insured a "fresh"
sample with high purity, and did not disturb the steady-state
operation of the column. In this work, samples were taken at
rates varying from 2.0 to 3.0 ml. per minute, which amounted to
about 0.5 to 1.0% of the total column through-put.

Pulsation Devices

The pulser provided by Energy, Mines, and Resources, Canada,
is a modified 4 inch diaphram pump driven by a variable accentric
cam attached to a wheel driveh by a 1/4 hp, three-phase, 220 volts
A. C. motor. The pulsation frequencies could be adjusted by
changing the relative rotating speed. To minimize energy con-
sumption, the pulser was placed at the same height as the top of
the column, and the pulsation outlet was connected with the bottom
of the column by a pulse leg made of a "1 inch Tygon tube".

Photographic Instruments

A KZ2001R model HYCAM high speed motion picture camera was
used to obtain hydrodynamic information inside thé column.
Droplet movemént, velocity, and size distribution could be
evaluated from the pictures taken in each experiment. AnX-L

meter was used to help determine the optimum operating conditions
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of the camera. Two 1000 wgtt tungsten lights provided the
illumination. A light timing device was connected to the camera
to synchronize the speed ofthe lighting and shutter. Xodak TRI-X
16 mm reversal film was used to take the picture of the two phases
dispersion. Sample pictures for a pulse cycle have been shown in
figure (4)

Experimental Procedure

(1) Preparation of organic solvent and aqueous feed solution.

Aqueous feed solution was prepared simply by dissolving nickel
and cobalt sulphate crystals in distilled water, and then ad justing
the pH value of aqueous solution to 4 by adding sulphuric acid.

Organic solvent was prepared by adding 10% vol. of D2EHPA
and 5% vol. of T. B. P. to kerosene diluent. A five percent excess
stochiometric amount of ammonium hydroxide was added to the organic
phase as a buffer in order to'maintain the equilibrium pH between
5 to 6.

The organic solvent had to be recovered after each cycle of
experiments. The stripped organic phase was washed several times
until 99.9% of the solutes and acid were removed. This recovered
solvent could then be equilibrated with ammonium hydroxide and
reused in the next experimental cycle. An "extraction shake out
test" using a separafory funnel was made to test the quality of
the solvent before each experimental run to insure cohsistent

quality of the organic phase.
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(2) Hydrodynamic Test
A hydrodynamic test was carried out before all the mass
transfer experiments in order to understand the characteristics
of the column. Kerosene and water were uséd as the two contact
phases in this test. The column was operated at various pulse
amplitudes and different drop size distributions. From such
information, three favorable 6perating conditions were chosen in
the mixer-settler regioh. The photographic method was also tested
during these hydrodynamic experiments.
(3) Steady-State Operation
Steady-state mass transfer experiments were carried out
according to the following procedures.
(1i).. Fill up the column with the continuous phase.
(ii)  Adjust the pulse frequency and amplitude to the

desired value.

(iii) Pump both aqueous and organic phases continuously
into the column, and adjust and control the flow
rate.

(i;) Ad just the location of the interface at the
same height of the aqueous inlet.

(v) Wait until steady-state was reached. In this
work, effluents were sampled every 15 minutes to
test the constancy of the concentration. A |
minimum of two hours operation was found necessary

to reach steady-state.
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(vi) Take motion pictures with the HYCAM camera.
(vii) Take both organic and agueous phase samples at
the different sections of the column to obtain
the steady-state concentration profile.
(viii) Close the inlet and outlet of both phases to
measure the total column hold-up.
(4) Analysis Of Samples' |
A UNICAN SP90A Atomic Absorption spectrophotometer
was used to analyse the concentration of nickel and cobalt
ions. Organic samples were stripped with sulphuric acid, which
was diluted with distilled water before the measurement. Aqueous
samples, which were of higher concentration, were also diluted
before analysis. The dilution ratio was in the 10 to 30 times
range.
(5) Analysis oOf Photogréphic Data
Pictures taken during the experiment were projected onto a
scaled screen for measurement of the drop size and counting the
number of drops. The drop size distribution was recorded from
the details in the picture. A typical distribution is shown in
figure 10. These data were then treated using a computer program
(Appendix !) to calculate Sauter-mean diameter and the interfacial
area. |
(6) From the concentration profiles and the meaéured inter-
facial area, fhe overall mass transfer coefficient was evaluated

using equation (13) and a graphical integration.
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FIGURE 10

A Sample Photograph

Showing the Drop Dispersion in a Pulse Cycle

(A) The quiescent period.
(B) Drops rising.
(C) Completely dispersed.

(D) Approach another quiescent period.
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Chapter 5

Results And Discussion

Experiments were carried out for co-extraction, scrubbing
and stripping which consisted of a cycle. Each cycle started
from loading metal ions and ended by recovering solvents. The
pulse amplitude'was varied from one cycle to the next in order
to compare the mass transfer coefficients for different operating
conditions. The concentration profiles and calculated overall
mass transfer coefficients at different sectionsof column are

shown in Table(7)to Table (15

In those experiments involved in metal transfer, distortion
of organic drops and significant interaction between them was
observed. These phenomena certainly differed from those in the
hydrodynamic studies in which no metal was being transferred.
Besides, the drop size distribution was found to vary slightly
from plate to plate. These uncertainties made the estimation of
interfacial area less accurate. 1In spite of such negative effects,
the average values of the area-free mass transfer coefficients
were calculatéd based on the average hold-up ratio and mean drop
diameter. In addition, the values of the products of K and a
were reported to provide more information of the overall column
performance without separating the interfacial area from the mass
transfer coefficients.

For the purpose of comparison, the experimental results are

arranged in three groups according to the direction of mass transfer.
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The coefficients in each group are then plotted against the
organic phase concentration taking different pulse amplitude as
a parameter. These average mass transfer coefficients are also
correlated as a function of the organic concentration using a
polynominal curve fitting method. The computer program for the
curve fitting is shown in Appendix(2)and the obtained equations
and plottings are shown in figures(ll) to (16)

In the co-extraction group, the mass transfer coefficients
are in 0.2 x 1072 to 1.4 x 10~3 cm/sec range for cobalt and in
0.5 x 1072 to 1.7 x 1073 co/sec range for nickel. The values of
the coefficients increase as the organic phase concentration
increases. This can be explained using equation (8) of the last
chapter (58) (59) that indicates that the overall mass transfer
coefficients will vary as " m' " varies if the two film resistances
are of comparable magnitude. The curvature of the equilibrium
line for two component system as shown in figure[3] (20) makes
the variation of " m' " and " K " possible. Referring to figure
11 and 14, the slope of the fitted straight line is about 0.75 for
cobalt and 0.55 for nickel. Comparison of the values between
different operating conditions shows that the higher pulse
amplitude gave a larger value of mass transfer coefficient.

In the scrubbing group, the coefficients remained rather
constant in the different organic concentration. The'values are
in 1.1 x lO-B'to 1.8 x 1072 cm/sec range for cobalt, and in
0.5 x 1077 to 0.9 x 1073 cm/sec range for nickel. The constancy

of the mass transfer coefficients is due to the main resistance
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lying in the organic phase is such that the variation of " m' "

has an insignificant effect on the overall mass transfer coefficient.
As observed in the co-extraction group, the larger the pulse
amplitude the higher the value of the coefficient. This is con-
sistant with the prediction correlations of the mass transfer
coefficient for the circulating drops (Table 2) in which the

smaller drops usually give a higher value of coefficient. The
variations of drop diaméter at different operating condition are
recorded in Table(?7) to(1l3)

The experimental results of the stripping process showed a
slightly declining value of the mass transfer coefficients of
nickel with the organic concentration, but a rather constant value
for cobalt. The value of the coefficients are in 0.7 x 1072 to
0.8 x 1077 cm/sec range for cobalt, and in the 0.7 x 1077 to
1.1 x 10'3 cn/sec range for nickel. Again a higher degree of'
agitation gave a larger value of area-free mass transferb
coefficients.

The experimental error in the results mainly came from the
measurement of concentration and the estimation of interfacial
area. The sensitivity of Atomic Absorption Spectrophotometer
which was used to measure metal ion concentration is 1 p.p.m.
for cobalt and 2 p.p.m. for nickel in the operating scale. This
deviation was amplified by the dilution of samples, and therefore
usually gave 2 to 3 percent error in the measured concentration.
Also a small amount of entrainment in the sample introduced

another error although a concentration correction method was used.
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According to the other investigators' reports (43), the
photographic method usually has a 5 percent error in measuring
the interfacial area. The neglecting of the differences in hold
up ratiorand drep size distribution between lower and upper
sectionsof the column also contributed to a deviation in the
calculation of mass transfer coefficients.

The material balance over the column for each component was
checked, and an average.7 percent error was found.

The continuity of the agueous concentration profiles were
confirmed by sampling the aqueous phase at various heights between
two plates, and it is believed to be true for the gentle agitating
condition in this work.

The reproducibility of the experimental results was tested
and were found to produce a 20 to 25 percent deviation, whichvis
not very satisfactory. The difficulty in eliminating trace amounts
of surface contaminants has made the reproducibility relatively
low for most of the published works in liquid-liquid extraction,

and it is believed that this is also the case in this work.
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FIGURE 11-16

Variation of Mass Transfer Coefficients
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Chapter 6

Conclusion And Recommendation

Several conclusions éan be made as follows:

(1) A 4" I.D. pulsed sieve-plate extraction column was
successfully constructed, and either co-extraction, scrubbing or
stripping process can be carried out in this column to separate
nickel from cobalt.

(2) By using modified sampling devices, concentration profiles
along the column were obtained. This provided suitable information
to permit evaluation of the mass transfer performance in the pulsed
column for the three different separation steps.

(3) Experimental results indicated the importance of the
effect of the direction of transfer on the overall mass transfer
coefficients. During co-extraction, the value of coefficients
increased as the organic phase concentration increased, but these
values remained constant durihg scrubbing and stripping.

(4) Comparison of the coefficients at different operating
conditions showed that a higher pulse amplitude gave larger value
of the coefficients within the range investigated. But a
reduction in total hold-up ratio at such higher amplitudes (as
recorded in Table 7 to 13) had a negative influence on the overall
extraction rate.

(5) Some understanding of the separation process in the
pulse sieve-plate extraction column was obtained thrbugh this

preliminary study.



-6l

Based on the results of this work, the following recommen-
dations for further studies are made:

(1) More precise data on the hydrodynamics of the column
are required. The factors such as drop size and hold-up ratio,
varied significantly from case to case, especially when charged
metal ions were transfer from one phase to the other. The effects
of interfacial tension on mass transfer increases the complexity
of the problem. With further hydrodynamic information, more
precise value of area-free mass transfer coefficient can be obtained.

(2) Intensive study on the effects of the degree of agitation
on extraction efficiency is necessary for optimizing the pulse
column performance.

(3) In order to obtain more accurate information, the axial
mixing coefficients in the apparatus have to be measured to
correct the mixing effects, especially during the operation'with
higher pulse amplitude and frequency.

(4) The surface contaminants in both phases have an uncertain
effect on mass transfer. Therefore the elimination of such
impurities can improve the reproducibility of the experimental

results.
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APPENDIX I

Computer Program for Calculation of

Sauter-mean Diameter

(BASIC)



oOU L LN -t
-
wn
-}

— -3

106
ild
130
5&3
565
516
529
532
535
536

. 537

S38
539
D49
5589
568
629
610
620
630
640
122
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REM CALCULATION OF SAUTEZR-MEAN DIAMZTEZR
REM PLOTTINS GOF DROP S1z2 DISTRIBUTION
REM JOHNSEE LZE 7 CHEM. ZNG.

REM NsNOC. CF LDROPS

REM D: MSZASURED prCTC DIAMETER

REM R: REAL SCAL=Z5> p: PHOTO SCALE

REM DATA START FROM 640

LZT T='0

LET V=2

LZT x= 8

PRINT

PRINT M e e e e e e e e

PRINT

READ N
READ D

IF N= § 3070 5S¢e
LET S=N*(Dt3)
LeaT W=N*%x(Dt2)
LET X=X+N

LZT T=T+S
LET V=V+¥
307G 409

LET Di=T/V
PRINT

LET Rrl=r/p
LET De=Dlxnrl
PRINT

PRINT " . SAUTER-MZAN DIAMLTIR = "L D02, '"MeMe"

PRINT

PRINT TOTAL NG. OF DRC®S SAMPLED = ', ¥
DATA 15 1, 4, 145, 64 2, 26s 245, 45, 35 353, 3.5
LATA 71, 4, 139; Le3s ldd, 5, 1534 5.5, 147, 6
DATA 132, 6.5, 1@2:173 66, 7.5, 29, 8, LlHs 8.5
DATA 13, 9, 9s 95, 4, 1G@s 3, 185, 1, 11

DATA B, B

PRINT D5 TAB(N/Z43);"x'";N
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APPENDIX II

Computer program for

Polynominal Curve Fitting.

(BASIC)



LIST

13 REM INPUT DATA: S.T»E(1,5),Y(5)
=9 REM STATEMENT N9Q. FOR INPUT DATA: 1656---1099
21 ReM S: NO. OF S2T75 OF Gilvzi DATA
22 REM T: DEGREE OF POLYNCOMIAL (ONZ VARIADBLE
3¢ PRINT

35 PRINT

43 PRINT " P T Y e T T T T Y e
45  PRINT =

53 30SyB 1010

£ LET N=T+l

786 LET M=T+2

1S5 PRINT

196 PRINT

197 G0SUB 458

230 PRINT "skkxkii THE SOLUTIONS :  #xkkikckx?
265 FOR I1=1 TO N

219 " PRINT " X(3I5")=",AL1,11]
215 NEXT 1 - i '

232 LET S@0= B

234 PRINT

235 PRINT

242 FOR 1=1 TO 69

259 PRINT '-35

202 NZXT I -

262 PRINT

269 LET R=A(l,1M]

279 FOR 1=2 TO N

289 LET VLIJ=ALI,M)*Xt(I-1)

993 LET R=R+V(I1]

3292 NEXT 1

325 IF S¥= B 30TO 315

325 PRINT " Y= 'SR

337 IF X= & GOTO 399

338 GOTG 384 .

313 1IF R>2206 G0TO 380

315 IF R< & GOTO 380D

317 IF X>188 30T0 389o

20 PRINT X5 TAB (R/3.1J)3"%";R

330 LET X=X+2.5 ' o

348 30T0 209

388 FOR I=1 TO 69

331 " PRINT “-";

382 NEXT 1 h

34  INPUT X

335 LET S6=5

386 GOTO 26¢

393 STOP

4od  PRINT

L4¢  LET L=N

454
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FOR L=1 TO N

_—_—s|smEmmEms



4355
457
455
455
g
a2
415
947
47 2
431
433
435
437
439
491
492
493
494
495
505
550
598
630
632
648
660
630
685
636
637
638
669
690
691
695
700
1212
1028
1023
1225
1627
1225
1229
1330
1940
1353
1351
1252
1953
1854
1255
1256
1057
1353
1865

_?3_

LET K=AlL,L3]
IF K= 8 GOTO 475
FOR J=1 T0 M
LET A[L,JI=ALL>JJ/K
NEXT J :
G0T0O 2508
FOR J=1 TO M
LET DfL,JJ)=AlL+1,d]
LET AalL+1,J3=A[Lsd]
LET ATL,JI=DIL,dJd3]
NEXT J°
IF ArfL,L1I= 86 30TO 489
GOTO 455
FOR J=1 TG M4
LET DILL,JI=ALL+2,5d]
LET ArtL+2,J1=AlL,dJd1]
LET ACLsJ1=DIL,d]
NEXT J
30TO0 455
FOR I=1 TO N
" FOR J=1 TO M
IF I=L G0TO 6432
LET C[IJJ]=A[LJL]*ACIJJ]‘A[IJL]*A[L:J]
GOTO 668
LET CLI,J1=A[l.4d]
NEXT J° '
NEXT 1
PRINT
PRINT
FOR I=1 TO N
FOR J=1 TO M
LET AL1,dJd1=0C1,4J1
NEXT J i
NEXT 1

N2XT L
RETURN

READ S, T
DI YLS1.
LET T2=T*2
DIM EC(T2,S51
DIt FLT+1,5]
LET T2=2%T
DIM HL[T*31,G[T21}
FOR 1=1 T0 S
READ E(l,11
RZAD YCLI]
NEXT 1
PRINT
PRINT " %x%%x INPUT DATA: *k¥kikx"
PRINT
FOR I=1 T0O S
PRINT Zrl,13,YL11]
NEXT I
FOR I=! TO TZ
LET H(IJ1= O



1307
1063
1259
570
1675
1584
1593
1139
1116
1123
1139
1143
11593
1168
1299
1213
12208
1238
1246
1242
1244
1246
1239
1263
1278
1289
1269
1352
14649
1415
1425
1453
1435
1462
1472
1439
1599
1585
1519
1559
1574
1585
1587
1599
1563
1619
1624
1535
1730
FI

NEXT 1 =7h-

FOR I=1 TO T+1
LET 3tlIJ)= ©
NEXT 1
FOR I=1! TO T2-1!
FOp J=1 70 S
LET ECI+1,JI1=ElI1,JdI%5[1,d3]
NEXT J
NEXT 1
FOR 1I=1 TG T+1
FOR J=1 TO S
LET FLI,J1=E201,J3%Y[J]
NEZXT J
NEXT I
FOR I=1 TO T2
" FOR dJd=1 TO S
" LET HLII=HLI]+E{Il,Jd]
NEXT J
NEXT 1
FOR I=1 TO S
LET GL13I=GL11+Y(I3]
NEXT 1 '
FOR I=2 TO T+1
FOR J=1 TO §
LET 3CI1=GLIJ+F{I-1,d]
NEXT J
NEXT 1
LET All,11=5
FOR I=1 TO 7T
LET ACl,I+1131=H{11]
NEXT 1
LET Pp=1
LET Q=P+l
FOR 1I=P TO T=+P
" LET ATQ,I-P+13=HLI1]
NEXT 1 )
LET P=P+1
IF P>T GOTO
GO0TO 1455 .
PRINT
FOR 1I=1 TO T+1
LET Arl,T+21=G({11
NEXT 1
RETURN
DATA
DATA
DATA
DATA
2D

1559

17, 2

122, 0,
42455 69,
3%s 110,

73, 28,
3905)
2245,

16,
76,
tz@,

84,
44,
27,

5,
duas

144,

38, 56,
35, 93,
17.5,

Q'Z.I 49- 5)
3l.06, 134
18%, lz.d.



