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(ABSTRACT)

Predispersed Solvent Extraction (PDSE), was used to extract copper ions from dilute
acidic aqueous solution. PDSE is based on the principle that there is no need to comminute
both phases. All that is necessary is to comminute the solvent phase prior to contacting it
with the feed. This is done by converting the solvent into aphrons, which are micron-sized
globules encapsulated in a soapy film. Since the aphrons are so small, it takes a long time
for the solvent to rise to the surface under the influence of gravity alone. Therefore, the sep-
aration is expedited by piggy-back flotation of the aphrons on especially prepared gas bub-
bles, which are somewhat larger than aphrons and are called colloidal gas aphrons (CGA).

Polyaphrons of various types were studied extensively. The apparatus used to generate
the polyaphrons was upgraded. The residence time distribution of a liquid in the polyaphron
generator was determined. The particle size distribution of polyaphrons was determined us-
ing photo-microscopy and sedimentation among other methods.

Batch tests were done using both conventional and PDSE. Results showed that PDSE
approaches equilibrium much faster than conventional extraction. Equilibrium isotherms were
drawn and empirical equilibrium relationships were developed. The dynamics of the kinetics
of the extraction was modeled using film theory.

Equipment for the PDSE process was built. Experiments were carried out in continuous
mode and the process was optimized. An empirical statistical equation was developed for the
extraction process in continuous mode. Depending on the aqueous to solvent ration, more

than 99% copper can be extracted.
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1.0 INTRODUCTION

11 Preamble

Due to depletion of high grade ore reserves, environmental legislation and political fac-
tors, increasingly significant proportions of metals production are obtained through
hydrometallurgy. In hydrometallurgy, the leaching process is always followed by a separation
process to selectively remove components from the mixture. A separation method commonly
used is solvent extraction.

In the process of solvent extraction it is important to create a large surface area between
the extracting solvent and the feed solution containing the solute in order to achieve rapid
approach to equilibrium by facilitating mass transfer of solute across the interface. Although
new and improved contactors that employ mechanical energy input to achieve high rates of
mass transfer have been developed during the past 40 years, these can be expensive and for
very dilute feed solutions the power costs can be significantly high and wasteful. Predis-
persed Solvent Extraction (PDSE), is a new solvent extraction procedure which has shown

promise for extraction from very dilute solution very efficiently and very quickly.

1.2 Description of the Predispersed Solvent Extraction Process

In conventional solvent extraction mass transfer of solute across the interface is achieved
by vigorous mixing of the aqueous and solvent phases, followed by a settling stage during
which the droplets coalesce; or alternatively by breaking up a stream of one phase as it en-
ters the second. But there is really no need to comminute both phases. In fact, all that is

necessary is to comminute one phase and clearly, with energy conservation in mind, that
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would be the minor phase, namely the solvent. In PDSE only the solvent phase is
comminuted, using mainly surface forces, prior to contacting the feed solution. The process
requires the conversion of the solvent into aphrons, (Sebba, 1984), which are micron-sized
globules encapsulated in a soapy film which stabilizes them. A concentrate of aphrons con-
taining 90 to 95% oil dispersed in water as the continuous phase is easily made and is known
as a polyaphron. Polyaphrons are very stable and can be stored for long periods of time
(several years), without deterioration, until they are required for use.

Polyaphrons of high PVR, phase volume ratio, have too much cohesion and take too long
to disperse. Therefore, in order to be suitable for PDSE, polyaphrons have to be diluted pre-
viously to being used. Since water is the continuous phase in all polyaphrons used so far for
solvent extraction purposes, addition of the polyaphron to water breaks it down into individual
aphrons that are dispersed in the water.

in the settling stage of conventional solvent extraction the solvent rises because it is
lighter than water, and it then coalesces so that in a short time two distinct layers form; the
heavier aqueous layer on the bottom with the lighter solvent layer floating on top. In the case
of predispersed solvent extraction the solvent is previously aphronized; therefore, the
globules are so small that it would take a very long time for the solvent to rise to the surface
under the influence of gravity alone. For this reason, separation is expedited by piggy-back
flotation of aphrons on specially prepared gas bubbles, which are somewhat larger than
aphrons, and are called colloidal gas aphrons (CGA). These, as described by Sebba and
Barnett (1981), are 25-50 um bubbles dispersed to the extent of 60% by volume of gas in water.
Since this work was done, an improved method for generating CGA’s has been developed by
Sebba (1985), using a rapidly spinning horizontal disc mounted between two vertical baffles.
The CGA’s are made very quickly in this way and can be pumped and metered into the feed
solution at any desired rate. They rise more rapidly than aphrons through the aqueous
pregnant solution, because of their low density , and in so doing they capture the solvent
aphrons which adhere to the outside of the bubble shell. This adherence occurs because the

outside of each bubble is hydrophobic because of the orientation of the surfactant molecules
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in the encapsulating soap film {Aggarwal et al., 1986). On reaching the surface of the preg-
nant agueous phase the bubbles burst, the gas escapes and the solvent remains as a thin
layer on the surface.

The possibility of foam formation at any stage of the process can be avoided by an ade-
quate choice of surfactant for the CGA. As reported by Sebba (Nature, 1363), a foam can often
be broken by contacting it with a foam of opposite charge. Therefore, taking advantage of this
phenomenon, if the polyaphron is made using an anionic surfactant for the encapsutating
soapy film, then the CGA that is to be used in the flotation stage should be made with a
cationic surfactant. In this manner, the amount of foam that is left floating on the solvent is
negligible, provided that the amount of CGA used is not in excess than that necessary to

achieve complete flotation.

1.3 Research Objectives

The objectives of this study may be broadly classified as follows:
1. To design and construct equipment used in the predispersed solvent extraction process.
2. To determine the particle size distribution of aphrons.

3. Totest the predispersed solvent extraction process as a means of extracting copper ions
from dilute aqueous solution.

4. To compare predispersed solvent extraction with conventional extraction.
5. To study the equilibrium and the kinetics of the extraction of copper with LIX-64N.

6. To study the effect of the following process variables on the extraction efficiency of the
predispersed solvent extraction process:

a. Size of polyaphrons
b. Type of surfactant used to make polyaphrons and colloidal gas aphrons
c. Volume of polyaphrons added

d. Volume of CGA added
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1.4 Summary of Chapters

This thesis is divided into 9 major chapters. A summary of the remaining chapters fol-
lows.

Chapter 2 contains a review of liquid extraction. The principles of liquid extraction are
summarized along with some background and new developments on the recovery of copper.

Chapter 3 gives a description of the apparatus used for predispersed solvent extraction
in this study. It also contains a brief description of the instruments used to determine the
particle size distribution of the aphrons.

Chapter 4 contains the experimental procedure, results, and detailed discussion of the
residence time distribution of a fluid in the continuous polyaphron generator. The chapter also
gives a description of the changes made on the polyaphron generator.

Chapter 5 contains the experimental procedure, results, and detailed discussion of the
determination of the particle size distribution of polyaphrons. Five different analytical methods
are described.

Chapter 6 includes the experimental procedure, results, and detailed discussion of the
study of the equilibrium and the dynamics of the approach to equilibrium of the extraction of
copper with LIX-84N. The dynamics of the approach to equilibrium are described and modeled
using film theory. Equilibrium isotherms are also included.

Chapter 7 contains the experimental procedure, results, and detailed procedure of the
predispersed solvent extraction process. A description of the development of the equipment
used for the final extraction process is included. Also, the development of a statistical model
for the extraction process is described.

Chapter 8 summarizes the conclusions of the study and gives some recommendations for
further study.

Chapter 8 contains a summary of the study.
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2.0 LITERATURE REVIEW

2.1 Copper

Copper is a useful material with a wide range of applications because of its combination
of properties. Because of its excellent electrical conductivity, the electrical industry consumes
about 50% of the world copper supply to produce wire for motors, generators, and power
distribution and control equipment. As a result of its high thermal conductivity and ease of
brazing and soldering, copper is well-suited for radiators, heaters, solar collectors, and heat
exchangers. The mechanical properties and corrosion resistance of copper and its alloys
make it useful in plumbing and roofing as well as in the chemical, food and automotive in-
dustries. Other areas of application are in the fabrication of household articles, art objects,

coins and medals, and in military hardware as ammunition.

2.1.1 _Recovery of Copper From Dilute Leach Solutions

Copper is produced from three major raw materials: sulfide copper minerals, oxidized
copper minerals and scrap metal. These materials are processed pyrometallurgically and/or
hydrometallurgically to produce a high-purity electrorefined or electrowon copper containing
less than 40 ppm impurities, suitable for all electrical, electronic and mechanical uses. In
recent years, in order to avoid air pollution problems posed by conventional smelting oper-
ations which are part of the pyrometallurgical process, increased emphasis has been placed
on leaching techniques. Since 1965 increased application of leaching technology has had an

important impact on copper production. In 1965 leaching yielded approximately 12% of the
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United States annual new copper production (Sheffer and Evans, 1968). This increased in 1976
to about 17% (Roman et al, 1980),

The pregnant solutions from leaching operations are of two types according to their
copper concentrations: strong, containing 30-50 kg/m® Cu from vat and agitation leaching, and
weak, 1-5 kg/m® Cu, from in situ, dump and heap leaching. The 30-50 kg/m?® Cu solutions
contain copper at sufficient concentration for direct electrowinning of high-purity copper. A
more challenging problem is efficient recovery of copper from the weak type of pregnant leach
solution since these solutions are too dilute in copper for direct electrowinning of high-purity
cathodes. The main method of copper recovery is cementation on scrap steel. This method
is simple and efficient but the copper product is impure and it must be sent to a
pyrometallurgical smeliter for melting and refining.

The development of solvents for extracting copper from acid leach solutions has provided
a viable alternative to the cementation process. These solvents permit extraction of copper
from dilute leach solutions into an organic phase and production of concentrated copper
electrolytes suitable for electrowinning. The electrolytes are prepared by contacting the
loaded organics with concentrated sulphuric acid solutions.

Cementation represents a mature technology with almost no effort being made to im-
prove the process except for in-plant operations optimization. Efforts to improve solvent ex-
traction are continuing. These include a search for better organic extractants (e.g., greater
selectivity and higher loading capacity for copper, or more rapid phase coalescence) and
more effective mechanical systems. In-line motionless mixers are one such mechanical im-
provement (Merchuk et al, 1980). Alternate copper recovery technologies are aiso being de-
veloped. Possibilities include use of solid ion exchange resins instead of the organic liquids
as the copper extractant (Jones and Pyper, 1979), and direct electrolysis of copper from dilute
solution. The latter requires cathodes with very high surface areas such as fluidized bed or

porous solid cathodes, (Sabacky and Evans, 1979). However, these new approaches have not

been commercialized at this point in time.
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2.1.2 Copper in Municipal and Industrial Waste Streams

Since copper is such a widely used material, there are many actual or potential sources
of copper pollution. Foremost among these are metal cleaning operations, plating baths, and
rinses. Copper levels in plating baths can be as high as 50,000 mg/L, while the concentration
of the metal in rinse waters is approximately 0.02 to 1% of the process bath concentration
(Golomb, 1872).

According to a report prepared by the American Dye Manufacturers Institute (1972),
commercial dyes contain from less than 1 to about 80 ppm of tramp heavy metals. These
metals get into the dyes from the catalysts that are employed in the preparation of the dyes,
and from the raw materials used for synthesizing the dyes. Effluents from textile mills can
contain significant levels of heavy metals. The concentration of copper in exhausted dyebath
samples taken from several textile mills ranged from 0.03 to 4.2 ppm {(Netzer and Beszedits,
1979).

Considerable levels of copper may be present in municipal sewage. The bulk of this
copper originates from industrial discharges which find their way into sewage works but
Copper piping can also be a significant source. A survey of 100 municipal treatment plants
in the states of New York, New Jersey, and Connecticut showed that 5% of the raw waste
samples had copper levels eight times higher (i.e., 0.85 mg/L) than the median concentration
(Cohen, 1977).

Wastewaters arising from the use of certain wood preservatives also contain copper. For
example, copper was found to vary from 0.05 to 1.1 mg/L in the discharge of a wood- pre-
serving plant employing water-based preservatives {(Thurlow and Associates, 1977). Effluents
from inorganic pigment plants have been found to contain 1.08 mg Cu/L (Barrett et al., 1974).

Numerous techniques are available for the removal of copper from wastewaters. Many
of these are established methods, while others are still in the experimental stage. Often a
combination of treatment processes is required to obtain the desired quality of effluent. One

such system was installed at Beckman Instrument’s plant in Porterville, California, which
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manufactures printed circuit boards (Warnke et al., 1977). Copper, tin/lead, and gold plating
are among the operations at this factory. The treatment system includes pH adjustment,
filtration, reverse osmosis, activated carbon adsorption, ion exchange, and solar evaporation.
A substantial fraction of the treated effluent is recycled to the plating shop.

Among the experimental methods being presently investigated to remove copper from
wastewaters or to recover copper from leach solutions are methods which use liquid mem-
branes. Liquid pertraction or liquid membranes appeared as a prospective separation proc-
ess relatively recently. Due to its advantages over solid membranes and liquid-liquid
extraction, liquid pertraction has attracted the attention of many scientists and engineers. At
present there are more than 160 research teams around the world exploring this new,
emerging separation operation. The principal idea inherent in liquid pertraction is simple-
two completely miscible liquids, the feed and the stripping liquor, are separated by a third
immiscible liquid, the membrane phase, usually an organic solvent. The specified component
is extracted from the feed due to the favorable thermodynamic conditions set around the
feed/solvent interface, and simultaneously stripped by the stripping phase because of the new
equilibrium conditions at the solvent/stripping liquor interface.

Liquid-Phase Polymer-Based Retention, a new separation method based on the retention
of ions by hydrophilic polymer reagents called polychelatogens in a membrane filtration sys-
tem, has been used to successfully separate Cu*+* ions from other ions at low pH values
{Geckeler et al, 1988). Klepac and coworkers (1991) have used ligand-modified micellar-
enhanced ultrafiltration as a membrane-based separation technique to selectively remove
specific ions from an aqueous solution containing several ions of like charge. In the process
surfactant and amphiphilic ligand are added to the contaminated water. The surfactant forms
micelles, and the ligand is selected to complex the ion of interest and to solubilize in the
micelles. The result is micelles containing a high fraction of the ligand and the target ion.
The solution is then passed through an ultrafiltration membrane with pore sizes small enough
to block the passage of micelles. Poly[poly(ethylene glycol)phosphate] and poly(ethylene

glycol) have been used to develop stable two- component liquid membranes for separating
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nickel, cobalt, and coper ions. The properties of these membranes have been compared with
the organophosphorous extractants and carriers frequently used in hydrometallurgy (Wodzki
et al, 1990).

Several other research groups are investigating the removal of copper from wastewaters
by flotation techniques. Cabaliero and coworkers (1989), have separated Cu from dilute
aqueous solution using coflotation. This process involves the addition of Fe(OH); to the copper
solution followed by flotation of the copper with colloidal gas aphrons. The separation is done
under basic conditions. Separation yields obtained were higher than those obtained by con-
ventional flotation of solvent sublation. Stalidis et al (1989), have separated copper and zinc
as sulfides using precipitate flotation. Precipitate flotation involves the forming of some kind
of precipitate and then removing it from the aqueous solution by transferring it to the surface
by gas bubbles. Up to 95% of the copper sulfide has been recovered at a high acidic pH re-
gion. The concentration of copper, nickel, zinc, and cadmium ions by electroflotation using the
ammonium salt of dodecyl dithiocarbamic acid as an anionic collector was examined by
Srinivasan and Subbaiyan, (1988). They reported better separation efficiency by this method
as compared to column flotation using dodecyl dithiocarbamic acid ligand as a chelating
surfactant. The selective precipitation and flotation of copper, zinc, and arsenic ions from di-
lute aqueous solutions were investigated by Stalidis and coworkers (1989). The ion flotation
of copper was carried out by potassium ethyl-xanthate. The air bubbles were generated by
dissolved-air flotation, which produces fine bubbles. They reported up to 95% recoveries.

Other researchers are looking into other methods such as anaerobic reduction, and the
use of emulsions, zeolites, and silica ge! for the removal of copper from wastewaters. The
capability of some organisms to anaerobically reduce sulfate to sulphide has been imple-
mented by Barnes et al (1991), to remove heavy metals such as copper from waste waters.
The sulphate reducing bacteria is used to convert the water soluble metal sulfates to metal
sulphides which precipitate out of the solution. The reactor effiuent streams of the process
contain H,S, and therefore require treatment before being discharged. The sludge, which

consists of metal sulphides and adhered organisms is treated further to recover the metals
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and the sulphur. Vijayalakshmi and coworkers (1990), have shown that it is possible to en-
hance aqueous metal ion concentrations to a large extent by using suitable microemulsion
systems. They extracted bivalent copper into the aqueous core of a water-in-oil
microemulsion in equilibrium with an agueous phase. Kocjan and Przeszlakowski {(1989), in-
vestigated the sorption of 35 metal ions on silica gel impregnated with a mixture of Aliquat 336
and calconecarboxylic acid. The sorbent was used for the preconcentration of trace amounts
of heavy metals from aqueous solutions. They reported that the complexation of metals is
relatively rapid, and the relative capacity of the sorbent is different for various metals and in-
creases with pH. The retained metals were eluted from the sorbent with dilute solutions of
hydrochloric acid or perchloric acid without elution of the chelating agent.

Zeolites from abundant mineral deposits were investigated by the Bureau of Mines for
efficiently cleaning up mining industry wastewaters. The zeolites were primarily in the sodium
and or calcium form. Aluminum, iron, copper, and zinc were removed from copper mine
wastewater to below drinking water standards with clinoptilolite. The calcium content of the
wastewater was found to interfere with the uptake of metal ions and greatly increases the
amount of zeolite needed to treat a given volume of wastewater. The adsorbed heavy metals

were eluted from the zeolite with NaCl solution (Zamzow et al, 1990).

2.2 PRINCIPLES OF SOLVENT EXTRACTION OF METALS

Solvent extraction of metals from solutions received a tremendous impetus from the in-
troduction of selective complexing agents in the 1860’s. Today, recovering metals from pri-
mary sources and scraps by the use of organic extractants is a well- established process. In
the United States, Peru, Chile, and several other countries, solvent extraction is widely used
for copper recovery. Consequently, considerable attention has been focused on the use of this

technique for the removal and recovery of metals from sludges and even dilute wastewaters.
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The most prominent organic solvents for extraction of copper from leach solutions are the
LIX reagents produced by Henkel Corporation and the KELEX reagents produced by the
Ashland Chemical Company. Both types are chelating agents as is shown by sketches of their
structures in Table 1. The solvents are always dissolved (5-20 vol.%) in an organic carrier
{e.g. kerosene) to obtain a low viscosity liquid. A modifier is usually added to improve re-
action rates or phase separations.

The LIX and KELEX solvents operate by replacing the hydrogen atoms of two solvent

molecules with an absorbed copper atom. The general reaction is:

Cut ¥ g+ 2RH, g = RyCugrg+2H 5 2.1)

for which the equilibrium constant may be written:

2
K - CchU(CH+)

- 2.2)
CCU+2(CRH)

or

Crcu _ K(Cri)’

CCU+ + (CH+)2

(23)

Equation (3) shows that a low acid concentration (Cy+) in the aqueous phase will result in a
high equilibrium proportion of the copper being in the organic phase. A high acid concen-
tration will have the opposite effect. Thus, the organic phase can be loaded with copper from
low acid, low copper leach solutions; and stripped of its copper when it is contacted with a
concentrated aqueous H;SO;, solution. Furthermore, the concentration of copper in the high
acid strip solution is many times greater than that in the original leach solution due to the high
value of Cy+. This low acid loading and high acid stripping forms the basis of the process.
Figure 1 {(A) and (B) show the equilibrium isotherms for LIX-64N under low acid (pH =
2) and high acid (170 kg/m® H,SO,) conditions. These isotherms demonstrate numerically the

loading and stripping processes for this solvent.
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Of equal importance to the equilibrium distributions of copper between the organic and
aqueous phases are the rates at which equilibrium conditions are approached and the rates
at which the organic and aqueous phases will disengage from the emulsion which is created
during the contacting stage. The carriers and modifiers of the organic phase significantly af-
fect these rates.

Equilibrium conditions are closely approached on a laboratory scale after 1-2 min of
organic/aqueous mixing. Industrial systems are usually designed to provide 3-4 min of mixing.
Rates of approach to equilibrium are increased by raising the temperature of the solutions and
by using a carrier of low aromatic content.

The rate of disengagement of the organic and agueous phases is an important design
parameter because it affects the settler area and settling time. Disengagement times are
greatly affected by the type of organic carrier and in general, carriers with high aromatic
contents (35 vol.%) disengage most rapidly (Murray and Bouboulis, 1973). Disengagement
times of 2-6 min and emulsion depths of 0.3- 0.7m provide suitable industrial settling condi-
tions for both the LIX and KELEX systems.

The LIX reagents have been successfully used in industrial practice while the KELEX re-
agents have only reached the pilot plant testing stage. The development of reagents is con-
tinuing with the view of improving extraction and stripping efficiencies. Shimizu and Furuhashi
(1984), reported the extraction of copper (ll) with 2-(o-hydroxyphenyl)benzothiazole in a
water-chloroform system. The extraction constant, K. and the rate constant for the reaction
were found to be 2.5X10-8 and 5.0X109 mol-1min-1 respectively. Until recently LIX-84N was the
most useful for extracting copper from dilute leach liquors. Within the last year, Henkel Cor-
poration replaced the production of LIX 64N for that of LIX-84 and LIX-894 which have been

found to extract copper more efficiently.
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Table 1. Description and Structures of the LIX and KELEX Solvents for Copper Ex-

traction.
Commercial name LIX KELEX
Type Hydroxy oxime Hydroxy quinoline
Example LIX 65N KELEX 100
f-hydroxy benzophenone Alkyl-B-hydroxy quinoline
oxime (also the active species in
(also the active species KELEX 120)
in LIX 64N)
Molecule (Spink
and Okuhara. 1973)
M
'Qo/
=N
o
Molecular weight 339 Moiecular weight 311

Chelated species showing copper position
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Figure 1. Extraction and Stripping Isotherms for LIX-64N. (Warwick et al., 1970).
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3.0 EQUIPMENT AND MATERIALS

3.1 Continuous Polyaphron Generator

The continuous polyaphron generator was fabricated with a 33.0 cm long piece of a 2 3/8
in.-ID, schedule 40 clear PVC pipe. Four feed ports and a vent were located on top of the tube,
at 3.5, 9.2, 15.9, 22.9, and 30.6 cm from the end of the tube nearest the feed ports, respectively.
An exit port was located below the tube at a distance of 3.2 cm away from the end of the tube
furthest away from the feed ports. Four mixing paddies were attached to the 0.25 in. stainless
steel shaft. Three of the paddies were 3.8 cm wide and the fourth paddle, positioned closest
to the exit port, was 6.3 cm wide. All paddles were long enough so that the outer edges just
cleared the tube. The two pumps used to pump the reagents with were Masterflex variable
speed peristaltic pumps manufactured by Cole- Parmer. A Masterflex pump head size 13 and
one size 16 were used with the aqueous phase pump and the organic phase pump, respec-
tively. A Pacific Scientific 1/2 hp, 2.5 amp motor controlled with a Multi-Drive DC motor speed
control was used to rotate the 0.25 in. diameter stainless steel shaft. The shaft r.p.m. were
measured with a Metek Digital Phototachometer model 1891. The motor, motor control, and
cylindrical tube were supported on a horizontal steel stand. The stand was tilted at an angle
of approximately 30 degrees so that the polyaphrons would flow towards the exit port. A

schematic of the generator is depicted in Figure 2.

3.2 Batch Reactor

Constant temperature batch extractions of copper were done in the apparatus shown in

Figure 3. The apparatus consisted of a 1000 ml two neck round bottom flask immersed in a
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water filled refrigerated Fisher reservoir model 730-13R. A model 730, Fisher Scientific con-
stant temperature circulator was added to the reservoir to heat and circulate the water. The
mixture in the flask was stirred with a folding, nylon two-blade stirring propeller driven by a
stirring motor. Samples were removed from the flask with a Masterflex peristaltic pump and

pump head manufactured by Cole-Parmer.

3.3 Apparatus for Extractions in Continuous Mode

The apparatus used to do the predispersed solvent extractions in continuous mode con-
sisted of two identical vessels, an extraction cell and a flotation cell, made of Plexiglas. The
cross-sectional area of the ends of the cells was shaped like a trapezoid that measured 58.5
mm on the bottom end, 88.9 mm on the top end and had a height of 152.4 mm and a length
of 4445 mm. The ends of the cells were embedded in rectangular frames 114.3 mm by 203.2
mm. Plexiglas lids 114.3 mm by 470 mm were fixed on top of the frames, above the cells. Six
stainless steel tubes were placed inside the cells through holes drilled on the lids. Two of the
tubes were J-shaped and one was placed 50.8 mm and the other 101.6 mm from the end of the
lid. Each tube was positioned 44.5 mm from opposite sides of the lid. The tubes extended
from above the lids to almost the bottom of the cells. Two straight tubes were positioned so
that their ends sat about 10 mm above each of the J-shaped tubes. These tubes were used
to feed the material into the vessel. All four tubes had 6.4 mm-ID. The other two tubes were
placed on the opposite end of the vessel. One, with a 9.5 mm-ID, was placed 38.1 mm from
the end of the lid and the other, with a 6.4 mm-ID, was placed 20.0 mm from the end of the lid.
Each tube was placed 57.2 mm from the side of the lid. The larger diameter tube extended
from above the lid to the bottom of the cell and was used to remove the raffinate. The other
tube was long enough to just reach about 25.0 mm into the vessel. This tube was used to

remove the extract. Figure 4 depicts a diagram of one of the vessels.
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Figure 5 shows a diagram of the entire extraction system. The copper sulfate feed sol-
ution was fed through a flowmeter and into the extraction cell through a line that connected
to the polyaphron feed line and then divided into two streams before entering the cell through
the J-tubes. The diluted polyaphrons were placed in a beaker that sat on a magnetic stirrer.
The polyaphrons were also fed through a flow meter and then connected to the feed line. The
raffinate was pumped out of the extraction cell through the raffinate tube and into the flotation
cell through a line that split into two streams before entering the cell through the two straight
tubes. The extract collected from this cell was removed from the process through the extract
tube. The surfactant solution used to make the colloidal gas aphrons (CGA) was pumped into
the CGA generator through a flowmeter. The CGA were in turn pumped into the extraction
cell through a line that split into two streams before entering the cell through the J-tubes.
The raffinate and extract were removed from the cell through their respective tubes. All ma-

terials were pumped with Masterflex peristaltic pumps.

3.4 Colloidal Gas Apron Generator

To make the colloidal gas aphrons (CGA), a CGA generator such as the one developed
by Sebba (1985), was used. The generator consisted of a thin metal disc of approximately 5.0
cm in diameter, mounted horizontally about 2 to 3 cm below the surface of the surfactant sol-
ution. The disc was fixed to a vertical shaft connected to an electric 1/2 hp motor. Two rigid
baffles made of Plexiglas were mounted vertically and around the disc. The generator is de-
picted in Figure 6.

To form CGA the disc must spin at more than 4,000 r.p.m.. Once the disc is spinning
faster than 4,000 r.p.m., the CGA form almost instantaneously. Thus, the generator can be
operated in batch or continuous mode. To operate it continuously all that is necessary are two

pumps; one for feeding surfactant solution into the vessel where the CGA are being generated
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and the other to remove the newly formed CGA. The vessel can be a 4,000 ml beaker or any

other type of container.

3.5 Apparatus used to determine the particle size distribution of the

polyaphrons

The particle size distribution of the polyaphrons was measured with the following five
apparatus:

A Minolta model M35W 35 mm camera mounted on a Zeiss Axioscope microscope was
used to photograph polyaphron samples. A Zeiss MC63A camera control was attached to the
camera.

An SA-CP3 Centrifugal Particle Size Analyzer manufactured by Shimadzu Corporation.

A dynamic light scattering system composed of a Lexel lon Laser model 95, Brookhaven
Instruments sample holder assembly model BT-200SM, Detector Unit type TFL serial no. D153,
Photo Multiplier Tube RFI-B2F, and a Digital Correlator. The apparatus was mounted on an
optical table manufactured by Technical Manufacturing Company.

A Lasentec PAR-TEC 100 Laboratory Analyzer for Particle Size Measurements and an
Electrozone-Celloscope model 112LSDADC-80XY manufactured by Particle Data Incorporated.

The Electrozone- Celloscope is a coulter counter.

3.6 Atomic Absorption Spectrophotometer

Copper analysis was done with a Buck Scientific M200-A Absorption/Emission
Spectrophotometer. The lamp used with the spectrophotometer was a Fisher Type 45458. The

lamp cathode was copper and the gas was neon.
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Figure 2. Schematic of the Continuous Polyaphron Generator.
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Figure 3. Schematic of the apparatus used to do the batch extractions.
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4.0 RESIDENCE TIME DISTRIBUTION OF A FLUID IN THE

CONTINUOUS POLYAPHRON GENERATOR

Since the development of the current type of continuous polyaphron generator in 1987,
the emphasis has been on the fast production of stable polyaphrons. Before 1987,
polyaphrons were made solely by hand, a tedious and slow process. The behaviour of the
fluid inside the generator was never considered very important as long as good mixing and
adequate addition of the two phases, aqueous and organic, were achieved. Since a similar
machine with about ten times the capacity of the original one and the scale-down one built for
this study are operating successfully, a study of the flow pattern did not become important
until it was decided to document the size distribution of polyaphrons and the effect that mixing
and flow rates might have on the bubbles’ size.

To determine that the size of a particular batch of bubbles made under certain specified
conditions was characterized by a specific distribution, one first had to be certain that all the
bubbles had indeed beeb manufactured under such conditions. Polyaphrons were made in a
polyaphron generator by first priming the machine with previously made polyaphrons until the
tube was approximately one third full. The reason for this was that to produce polyaphrons
a large aqueous surface over which the oil was able to spread to a thin film was required.
This could not be accomplished with the generator thus it was done by foaming a small vol-
ume of aqueous phase in a bottle and then adding oil between shakings. The oil was added
first in small quantities, but the amount was increased as the process progressed. This was
possible because the globules or aphrons themselves produced additional surface for
producing more aphrons. Therefore, once the generator had been primed, it would function
continuously for an indefinite time. Naturally, to be certain that all polyaphrons belonging to

a batch were made under the same conditions, the operator had to have an idea of how much
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of the first made material to discard. For this reason, the residence time distribution of the

fluids in the vessel had to be known.

4.1 Experimental Methods

411 Development of the polyaphron generator

Two polyaphron generators were built to make the polyaphrons used in this study. Both
apparatus were constructed similar to the one developed by Bergeron and Sebba (1987). The
generators consisted of a cylindrical tube and a rotating shaft centered along the tube axis.
Four paddles, perpendicular to the shaft, were attached to the rotating shaft. The paddles
were positioned at 90 degree angles with respect to each other. Four entry ports were located
on the top of the cylindrical tube; one for the aqueous feed and the other three for the organic
feeds. On the bottom of the cylindrical tube and opposite the end where the feed ports were
located, an exit port was positioned. A motor with a variable speed drive was used to rotate
the shaft which in turn rotated the paddles. The organic and aqueous feeds were added to the
system using peristaltic pumps. Figure 7 illustrates a typical continuous polyaphron genera-
tor.

The first polyaphron generator was built identical to the one developed by Bergeron and
Sebba. The cylindrical tube, tube end plates and paddles were made out of Plexiglas. The
3.5in. inside diameter tube was 45.7 cm long with a 0.6 cm thick wall. The end plates were
approximately 8.9 cm in diameter and fitted inside the tube, sealing the ends. The entry and
exit ports were located 3.8, 7.94, 16.0, 26.2, and 43.8 cm from the cylinder end nearest to the
feed ports, respectively. All ports were fitted with brass Swagelok fittings to which 5.0 cm long
pieces of Tygon special tubing (F-4040-A) were connected. To the opposite end of each tubing,
a valve was attached to control the flow of material into and out of the system. The valve

leading into the aqueous feed port was directly connected tc a Cole- Parmer Masterflex pump
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via Tygon tubing. The other three entry port valves were connected to each other with tygon
tubing and Y connectors ending in one feed line which was in turn also connected to a Cole-
Parmer Masterflex pump via Tygon tubing. A small length of Tygon tubing (5.1 cm) was simply
added to the valve positioned in the exit port, allowing the polyaphrons to flow directly into
any type of container.

One of the objectives of this study was to try to determine the particle size distribution
of the polyaphrons. The polyaphron generator could be operated over a range of feed
flowrates and mixing rates. Also, polyaphrons can be made of various phase volume ratios
(PVR) and different surfactants can be used to make them. Since all of these parameters
could have an effect on the size of the bubbles, polyaphrons made under different conditions
had to be manufactured and their bubble sizes determined. This required a large number of
different batches of polyaphrons to be made. As the first batch of polyaphrons was being
made, it was noticed that a large amount of material was being wasted because the equivalent
of at least three times the total void volume of the generator vessel had to be discarded to
guarantee that each batch of polyaphrons was indeed representative of a batch made with the
specified parameters. In other words, the residence time distribution of the liquids inside the
generator had to be considered. This first generator, described in the previous paragraph,
had an approximate void volume of 117.2 cu.in. or 1920.6 ml. Therefore, it was considered
important to build a smaller apparatus.

Since a new machine had to be constructed, some improvements were made to the older
model. The first thing considered was the material with which to construct the cylindrical tube.
Previous experience had demonstrated that over time, kerosene, the main component of the
polyaphrons used in this study, tended to produce crazing in Plexiglas. The opaqueness of
the vessel not only presented a cosmetic problem but also prevented the operator from ob-
serving clearly what was going on inside the generator. This can be important, especially
during the times in which adverse conditions cause the polyaphrons to break. If this is caught
in time, the process can be immediately stopped and avoid the mixing of the broken

polyaphrons with the previously collected ones in the sample collector. Also, a clear view
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of What is going on inside the vessel allows for observing whether a void volume is forming
inside the vessel meaning that the exit flow rate is larger than the total feed flow rates. If in-
sufficient volumes of polyaphrons are inside the generator at any one time, the polyaphrons
will immediately break. Another instance in which it is good to be able to see inside the
vessel is when it is being washed. Another problem previously observed was that with time,
Plexiglas tended to develop stress induced cracks around areas where the tube had been
machined to drill feed ports and such. As time went by, these cracks got larger. Eventually
the tube could completely crack. Therefore, clear polyvinyl chloride (PVC) was considered
a better material to build the generator.

Another problem encountered with the first generator was that its construction made it
extremely difficult to take it apart. Occasionally the paddles inside the cylindrical tube be-
came slightly loose on the shaft which resulted in erratic paddie r.p.m. To fix them, the round
end caps of the tube had to be removed in order to take out the shaft and paddles. Since the
end caps fitted very snugly inside the tube, this was extremely difficult to do. To avoid this
problem, the end caps were replaced by end plates. The plates were 8.26 cm squares of
polycarbonate with circular grooves drilled on one of the faces of each square. Each groove
was large enough to allow for the ends of the PVC tube to fit tightly inside them. Furthermore,
another circular groove was drilled inside the first groove to accommodate one O- ring on
each end to prevent leaking. The two end plates were secured tightly around the cylinder with
four rods that extended from the outer end of one plate to the outer end of the other plate
through the four corners of the end plates. Nuts were used to tighten the ends together.

All the polyaphrons used in this study contained LIX-64N, a liquid ion exchange reagent
which complexes readily with certain metallic ions such as copper, iron, zinc, and nickel. Af-
ter making several batches of polyaphrons, all the brass fittings and the valves began to show
some degree of discoloration, probably due to leaching. Therefore, the bearings over which
the shaft rotated and the shaft itself were replaced with stainless steel bearings and a stain-
less steel shaft. Oil seals were fitted around the bearings. Also, all the brass fittings were

replaced with nylon Swagelok fittings, and the valves removed. The valves had been added
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to the apparatus to help control the flow rates but, the aqueous flow rate could be controlled
with the pump drive, and the valves used to control the organic flow and the exit flow were
not operating adequately. As previously stated, the organic feed line was split into three
separate lines before being fed into the vessel. The purpose of the valves was to distribute
the organic feed across three feed ports in a predetermined ratio since adding the organic
phase too fast through the same point causes the polyaphron matrix to breakdown. It was
difficult to achieve this, especially at low flow rates. Therefore, the Tygon tubing at the en-
trance ports was replaced with nylon tubing. The ends of three pieces of tubing were melted
shut and then perforated with a pin. The ends were then attached to the nylon fittings at the
entrance ports. The small openings caused the flow to split very well across the three feed
ports and as long as too much organic phase did not enter the generator through one of the
feed ports, the ratio of the three feeds was found to be unimportant. Finally, the exit valve
was also replaced with a long piece of Tygon tubing. The tubing was brought out from under
the generator and held at a height above the feed ports with a clamp fixed to a stand. In this
manner, gravity took care of regulating the exit flow rate. Lastly, a vent, located on top of the
cylindrical tube opposite the exit port, was added to the generator. This vent made it easy to
feed seed polyéphrons into the vessel.

This generator, which has a capacity of approximately 865 ml, has been operating for

approximately one year and so far has presented no problems and developed no leaks.

41.2 Residence Time Distribution

The residence time distribution (RTD) of a system is determined by a stimulus-response
technique. The experiment is done by disturbing the system and observing how the system
responds to the stimulus. An analysis of the response gives the desired information about the

system.

RESIDENCE TIME DISTRIBUTION OF A FLUID IN THE CONTINUOUS POLYAPHRON
GENERATOR 28



4.1.21 Tracer Selection

In any fluid flow system the stimulus is a tracer input into the fluid entering the vessel and
the response is a record of the time taken by the tracer to leave the system. Any material that
can be detected and which does not disturb the flow pattern of the system can be used as a
tracer.

The first material selected as a tracer was bromophenol blue. This chemical dissolves
readily in water and very small quantities of it will turn water a deep blue as long as the pH
of the water is above 4.6. Deionized or distilied water was used to make the aqueous phase
of the polyaphrons; therefore, pH was not a problem. A small batch of colored polyaphrons
was successfully made by hand and several samples of them observed under the microscope.
The color was not detected under the microscope but at the same time the aphrons did not
appear to be affected by the dye. At the time it was thought that the dye concentration could
be easily determined with a spectrophotometer using visible light but, this was not possible.
Irrespective of the initial concentration of bromophenol blue used, the dye concentration could
not be determined because the polyaphrons themselves appeared to absorb all the visible
light. Bromophenol blue was obviously the wrong tracer.

The idea of using colorimetry to determine the exit concentration of the tracer was pur-
sued further. A fluorescent dye, fluorescein, was tried next. When the polyaphrons were
placed under an ultraviolet lamp, the entire sample glowed, but again, it was impossible to
determine dye concentrations using the spectrophotometer. At this point it was decided to
try and find a tracer soluble in the organic phase instead of the agueous one. After all, the
volume of the organic phase was several times larger than that of the aqueous phase and if
the dye was spread over a larger volume of the aphrons, the colorimetric determination might
work. Most importantly, it was decided that a more accurate RTD would be determined by
adding the tracer to the larger of the two phases. The first tracer used was waxoline blue,

then came waxoline red in various concentrations, and finally UV Ink AS46 manufactured by
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Polk Corporation, a fluorescent dye. Depending on the dye concentration, different color
gradients were detected with the naked eye but it was not possible to find a way to determine
actual tracer concentrations. The idea of determining tracer concentration using colorimetry
was abandoned.

Finally, it was decided to use copper as a tracer. The polyaphrons needed for this study
were to be made with an organic phase containing 10% by volume of LIX-64N in kerosene.
The kerosene solution could be previously loaded with copper and the generated polyaphrons
could be analyzed for copper content with an atomic absorption spectrophotometer {AAS) if
the emulsion could somehow be broken down. This was successfully done by rapidly freezing

the polyaphrons to -40°C and then allowing them to warm up to room temperature.

4.1.3 Experimental Procedure

The following experimental scheme was followed for all RTD experiments.

The kerosene solution used as tracer was contacted with an equal volume of a 1g/L
copper sulfate solution at pH 2.0 in a stoppered round bottom flask. The two solutions were
thoroughly agitated for 10 minutes. The contents of the flask were then poured into a
separatory funnel and the organic phase emptied into a bottle. This solution contained a high
concentration of copper ions so it was further diluted before feeding it to the generator. A
sample of this solution was saved to later determine its copper concentration.

The cylindrical vessel of the polyaphron generator was completely filled with polyaphrons
through the vent. The volume of material inside the vessel had to be known to afterwards
caiculate the RTD. The only way to guarantee no volume change was by maintaining the
vessel completely full at all times.

Once the vessel was completely full, the feed lines were removed from the entrance ports
and placed inside two different beakers, one containing a LIX/kerosene solution and the other

one containing the aqueous solution. The pumps were started and the other end of the feed
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lines were inserted in the appropriate beaker in order to recycle the solutions through the feed
lines. After letting the pumps run for about 1/2 hour, the flows were adjusted to the desired
rates. Flow rates were determined by collecting a certain volume of solution over a timed
period.

After adjusting the flow rates, the pumps were quickly unplugged, the feed lines recon-
nected to the generator, and the pumps restarted. This was done being careful not to touch
the dials of the pump drives. Then, a beaker was placed under the exit line to collect the
polyaphrons and the motor designed to move the paddles inside the vessel was started. The
paddles’ r.p.m. was determined and adjusted to the desired rate using a Metek Digital
Tachometer.

After everything was adjusted and the generator running smoothly, the feed intakes were
measured to make sure the flow rates had not changed appreciably. The system was allowed
to run for a few minutes and then the LIX/kerosene feed tank was replaced with a
copper/LIX/kerosene tank and a stopwatch started to monitor the time. Samples were taken
over time, and the times recorded.

Once all samples were taken, the machine was shutdown, emptied completely, and
rinsed out. The samples were then placed in a freezer at -40°C for 3 hours. Afterwards, the
frozen samples were removed and allowed to melt at room temperature. If any samples
contained unbroken polyaphrons, the freezing routine would be repeated for those samples.
Finally, the organic phase of the samples was prepared for analysis and the copper concen-
tration determined with an AAS.

Five RTD tests were conducted under the conditions outlined in Table 2
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4.2 Discussion and Results

4.21 Tracer Selection

The process of finding an appropriate material to be used as a tracer resulted in more
difficulties than had been anticipated. The problem was created by the physical character-
istics of polyaphrons. A polyaphron is defined by Sebba (1987) as a high concentration of
micrometer-sized oil droplets encapsulated in an aqueous shell. Because of the small size
of the individual oil droplets, a sample of LIX/kerosene polyaphrons is not transparent as are
the liquids with which they are formed and although a solution of LIX/kerosene is of a pale
yellow color, polyaphrons are of a dirty white opaque color. Adding a dye to either the
aqueous or organic phases produced colored polyaphrons without any apparent effect on their
structure. When the organic phase was colored, the color appeared to be homogeneously
distributed through all the aphrons while when the agueous phase was dyed, the color was
not uniformly distributed. This was not surprising since the volume of the aqueous phase was
several times less than that of the organic phase and it only encapsulated the oil globules.
A color gradient was very apparent when different polyaphron batches were made using dif-
ferent dye concentrations, but the difficulty was in quantifying the color differences. A cell full
of polyaphrons acted like a black box which absorbed all the light, visible or ultraviolet, that
was transmitted by the spectrophotometer lamp. For this reason, using a dye for tracer was
considered impractical.

A material that could be analyzed in some manner other than colorimetry was needed.
Copper was an obvious choice since a large part of this study had been devoted to its analysis
and at this point kerosene containing copper had been successfully analyzed using an atomic
absorption spectrophotometer (AAS). The same problem resurfaced. The sample was no
longer kerosene but kerosene aphrons. Samples are suctioned through a very thin tube and

passed through an atomizer before entering the burner in an AAS. If the aphrons do not flow
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smoothly through the tube, they can cause a pulsating flow through the burner. Variation in
sample flow rate is undesirable because it creates fluctuation in the readings. Also, the
aphrons were a kerosene/water emuision and this mixture could possibly produce problems
in the burner. Rather than risk damaging the AAS, it was decided to find a way to break the
polyaphron matrix.

So as not to complicate the analytical technique, a way of breaking the emulsion without
adding other chemicals was sought. First, a sample of polyaphrons was vigorously stirred as
it was heated to approximately 35°C. The polyaphrons did not break. Instead of heating the
kerosene to higher temperatures, a sample was rapidly frozen to -40°C and left in the freezer
for a few hours after which the samples were allowed to warm up at room temperature. After
this, most of the matrix broke down. Now it was only a matter of separating the two phases
and analyzing for copper. It is conceivable that by breaking the emulsion any of the previ-

ously used dyes could have also been used as the tracer.

4.2.2 Operation Difficulties

Other than the tracer problem, the only other problem was created by the Masterflex
peristaltic pumps. These pumps were not very accurate and the flow rate tended to vary over
a period of time, sometimes quite significantly. Also, although these pumps had a variable
speed control drive with a speed control dial, it was practically impossible to set the dial at
the same position once it was moved. Anyway, even if this had been possible, from one day
to the next without having moved the dial, the pumps would not deliver the same volume of
fluid. Therefore, it was useless to try and make a calibration curve for the pumps. As seen
from the experimental procedure, every possible step was taken to minimize error. For ex-
ample, since it was discovered that a greater flow rate fluctuation occured when the pumps
were first started, the pumps were warmed up for at least 1/2 hour. The flow rates were

measured before each test even if the same flow rates were reguired for more than one test.
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The flow rates were measured with the feed lines connected to and disconnected from the
vessel. By first determining the flow rate with the feed lines disconnected, less material was
wasted. Once the desired flow rates were achieved and the feed lines reconnected, a meas-
urement of the fluid intake over time was done to determine whether the flows had changed

appreciably.

4.2.3 Residence Time Distribution of the Polyaphron generator

As outlined in Table 2 five RTD experiments were performed. The range of flow rates
used, from approximately 2.7 to 30.0 ml/min for the aqueous phase and between 27.0 to 300.0
ml/min for the organic phase, were determined by the upper and lower limits of the pumps.
The mixing rate was also determined by the system’s limits. 700 r.p.m.’s is the minimum
mixing speed needed to form stable polyaphrons and at mixing speeds below 600 r.p.m.’s the
polyaphrons will not form. A 1500 r.p.m. upper limit was set because slightly above this
speed, the entire generator started to shake uncontrollably. The first four experiments were
designed to investigate the fluid behaviour at both the lowest and the highest possible total
flow rates (aqueous plus organic) using both the lower and the upper mixing rate limit. A fifth
experiment was planned at the center point of all parameters.

The results of these experiments are tabulated in Table 3, Table 4, Table 5, Table 6, and
Table 7. Figure 8, Figure 8, and Figure 10 depict a typical downstream signal, called the F
curve, in response to an upstream step input signal for an ideal continuous stirred tank reactor

(CSTR). For a CSTR,

F=C —1_e @)

£
Cy

and,
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where, F is the F curve, C is the tracer concentration in the exit stream, Cr is the step input
tracer concentration, t is the time, and t is the holding time which is equal to the ratio of the
volume to the volumetric flow rate, %

Included in the above mentioned figures are also the points that represent the concen-
tration of copper in the exit stream for the experiments done. It is obvious that the behaviour
of a fluid inside the continuous polyaphron generator was closely modeled by that of a fluid
in a CSTR. This was found somewhat surprising because the fluids were fed into the gener-
ator through four different ports at different rates. Behaviour such as that outlined by a
tanks-in-series model wouid have been less surprising. At first it was thought that perhaps
the small size of the vessel was responsible for the observed behaviour but later it was con-
cluded that the vigorous mixing that took place inside the generator, even at 700 r.p.m., was
probably the one parameter that influenced the fluid behaviour the most. The mixing paddles,
constructed long enough so that their outer edges just cleared the generator tube and wide
enough so that they extended over the entire length of the tube with a maximum distance of
2.54 cm between any two paddies, and positioned directly under each feed port generated
sufficient mixing that the vessel behaved like a CSTR. After concluding this, it came as no
surprise that for every RTD test done, the time elapsed between tracer input and tracer re-
sponse was negligible.

The results obtained from the five original RTD tests planned were sufficient to get a good
idea of the fluid behaviour in the generator over the entire range of flow rates, from approxi-
mately 2.7 to 30.0 ml/min for the aqueous phase and between 27.0 to 300.0 ml/min for the or-
ganic phase, and for mixing rates anywhere between 700 and 1500 r.p.m. From these results
it was concluded that for each polyaphron batch generated, a volume equal to four times the

total vessel volume of 865 ml would have to be discarded in order to guarantee that all the
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polyaphrons belonging to a particular batch had indeed been made under the same condi-

tions.
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Table 2. Description of the tests done for the residence time distribution experiments

Test # Ag. Flow org. Mixing Tracer v,
Rate Flow Rate Conc. (ml)
(ml/min) Rate (rpm) (g/L)
(ml/min)
1 27.58 273.90 700 0.0820 865
2 27.58 273.90 1500 0.1423 865
3 14.17 151.04 1100 0.5782 865
4 2.70 27.53 700 0.1167 865
S 2.74 27.60 1540 0.0544 865
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Figure 8. Response to the step input into the polyaphron generator for residence time
distribution, (A) Test 1, (B) Test 2.
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Table 3. Concentration readings of the continuous response to the step input into the
polyaphron generator for residence time distribution Test 1.

Time C (g/L) C/Cr C/Cr
(min) (Ideal 6

CSTR)
0.5 0.0046 0.0560 0.1600 0.1743
1.0 0.0172 0.2095 0.2943 0.3485
2.0 0.0356 0.4342 0.5020 0.6971
3.0 0.0505 0.6158 0.6485 1.0456
4.0 0.0593 0.7230 0.7519 1.3941
5.0 0.0642 0.7829 0.8250 1.7427
6.0 0.0697 0.8500 0.8765 2.0912
7.0 0.0698 0.8511 0.9128 2.4397
8.0 0.0751 0.9160 0.9358 2.7882
9.0 0.0780 0.9513 0.9566 3.1368
10.0 0.0754 0.9201 0.9694 3.4853
11.0 0.0804 0.9801 0.9784 3.8338
12.0 0.0802 0.9776 0.9847 4.1824
13.0 0.0834 1.0170 0.9892 4.5309
14.0 0.0820 1.0 0.9924 4.8794
15.0 0.0820 1.0 0.9946 5.2280
17.0 0.0834 1.0170 0.9973 5.9250
18.0 0.0820 1.0 0.9981 6.2736

NOTES: RPM = 700 Cr = 0.0820 g/L
Ag. = 27.58 ml/min Vo = 865 ml

Oorg. = 273.90 ml/min
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Table 4. Concentration readings of the continuous response to the step input into the
polyaphron generator for residence time distribution Test 2,

Time C (g/L) C/Cy C/Cy 0
(min) (Ideal
1 C8TR)
0.5 0.0103 0.0723 0.1300 0.1743
1.0 0.0320 0.2249 0.2943 0.3485
2.0 0.0614 0.4319 0.5020 0.6971
3.0 0.0820 0.5766 0.6485 1.0456
4.0 0.1040 0.7365 0.7519 1.3941
5.0 0.1180 0.8294 0.8250 1.7427
6.0 0.1168 0.8209 0.8765 2.0912
7.0 0.1280 0.8714 0.9128 2.4397
8.0 0.1358 0.9544 0.9385 2.7883
9.0 0.1325 0.9311 0.9566 3.1368
10.0 0.1423 1.0 0.9694 3.4853
11.0 0.1519 1.0674 0.9784 3.8338
12.0 0.1375 0.9665 0.9847 4.1824
13.0 0.1375 0.9665 0.9892 4.2309
14.0 0.1423 1.0 0.9924 4.8794
15.0 0.1423 1.0 0.9946 5.2280
18.0 0.1423 1.0 0.9981 6.2736
NOTES: RPM = 1500 Cr = 0.1423 g/L
Ag = 27.58 ml/min V, = 865 ml

Org = 273.90 ml/min
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Figure 9. Response to the step input into the polyaphron generator for residence time
distribution, (A) Test 3, (B) Test 4.
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Table 5. Concentration readings of the continuous response to the step input into the
polyaphron generator for residence time distribution Test 3.

Time | ¢ (g/L) c/c; Cc/Cy 0
(min) (Ideal
CS8TR) |

0.5 0.0053 0.0091 0.0911 0.0955

1.0 0.0482 0.0834 0.1739 0.1910

2.0 0.1337 0.2312 0.3175 0.3820

3.0 0.2057 0.3557 0.4362 0.5730

4.0 0.2668 0.4615 0.5342 0.7640

6.0 0.3503 0.6058 0.6821 1.1460

8.0 0.4114 0.7116 0.7830 1.5280
10.0 0.4615 0.7982 0.8519 1.9099
12.0 0.5003 0.8653 0.8989 2.2919
14.0 0.5225 0.9038 0.9310 2.6739
16.0 0.5448 0.9423 0.9529 3.0559
18.0 0.5782 1.0 0.9679 3.4379
20.0 0.5782 1.0 0.9781 3.8199
22.0 0.5670 0.9808 0.9850 4.2019
24.0 0.5782 1.0 0.9898 4.5839
26.0 0.5726 0.9904 0.9930 4.9658
28.0 0.5782 1.0 0.9952 5.3478
30.0 0.5837 1.0096 0.9968 5.7298

NOTES: RPM = 1100 Cr = 0.5782 g/L
Aq = 14.17 ml/min V, = 865 ml

Org = 151.04 ml/min
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Table 6. Concentration readings of the continuous response to the step input into the
polyaphron generator for residence time distribution Test 4.

Tipe C (g/L) c/Cr C/Cr 0
(min) (Ideal
CSTR)
2.0 0.0010 0.0086 0.0675 0.0699
4.0 0.0091 0.0780 0.1305 0.1398
6.0 0.0167 0.1431 0.1892 0.2097
8.0 0.0240 0.2057 0.2439 0.2796
10.0 0.0324 0.2776 0.2949 0.3495
12.0 0.0365 0.3128 0.3425 0.4194
14.0 - - 0.3869 0.4893
16.0 0.0471 0.4036 0.4283 0.5592
18.0 0.0568 0.4867 0.4669 0.6291
20.5 0.0565 0.4841 0.5115 0.7164
22.0 0.0598 0.5124 0.5365 0.7689
24.0 0.0665 0.5698 0.5678 0.8388
28.0 0.0732 0.6272 0.6241 0.9785
32.0 0.0766 0.6564 0.6732 1.1183
36.0 0.0832 0.7129 0.7158 1.2581
44.0 0.0933 0.7995 0.7851 1.5377
52.0 0.0966 . 0.8278 0.8375 1.8173
60.0 0.1067 0.9143 0.8772 2.0969
70.0 0.1100 0.9426 0.9134 2.4464
80.0 0.1067 0.9143 0.9389 2.7958
90.0 0.1134 0.9717 0.9569 3.1453
100.0 0.1167 1.0000 0.9696 3.4948
110.0 0.1134 0.9717 0.9786 3.8443
128.0 0.1167 1.0000 0.9886 4.4733
NOTES: RPM = 700 C; = 0.1167 g/L
AqQ = 2.70 ml/min V, = 865 ml

Org = 27.53 ml/min
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Figure 10. Response to the step input into the polyaphron generator for residence time
distribution Test 5.
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Table 7. Concentration readings of the continuous response to the step input into the
polyaphron generator for residence time distribution Test 5.

Time | ¢ (g/1) c/Cq c/Cy 6
{min) (Ideal
CSTR)
—
0.5 0.00036 0.0066 0.0173 0.0175
1.0 0.00035 0.0064 0.0345 0.0351
2.0 0.0010 0.0184 0.0677 0.0702
3.0 0.0027 0.0496 0.0999 0.1052
4.0 0.0045 0.0827 0.1309 0.1403
6.0 0.0079 0.1452 0.1898 0.2105
8.0 0.0114 0.2096 0.2447 0.2806
10.0 0.0141 0.2592 0.2958 0.3508
12.0 0.0177 0.3254 0.3435 0.4209
14.0 0.0199 0.3658 0.3880 0.4911
16.0 0.0222 0.4081 0.4295 0.5612
20.0 0.0270 0.4963 0.5042 0.7015
26.0 0.0337 0.6195 0.5983 0.9120
30.0 0.0361 0.6636 0.6509 1.0523
36.0 0.0391 0.7188 0.7171 1.2627
40.0 0.0422 0.7757 0.7541 1.4030
46.0 0.0463 0.8511 0.8008 1.6135
50.0 0.0463 0.8511 0.8269 1.7538
60.0 0.0493 0.9163 0.8781 2.1045
72.0 0.0524 0.9632 0.9200 2.5254
80.0 0.0524 0.9632 0.9396 2.8060
90.0 0.0534 0.9812 0.9574 3.1598
100.0 0.0534 0.9812 0.9700 3.5075
110.0 0.0544 1.0000 0.9789 3.8583
NOTES: RPM = 1537 - 1549 C: = 0.0544 g/L
Agq = 2.74 ml/min V, = 865 ml

Org = 27.60 ml/min
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5.0 DETERMINATION OF THE SIZE DISTRIBUTION OF POLYAPHRONS

Although it had not been previously documented, it had been observed in the laboratory
that the size of polyaphrons can be dependent on certain variables such as type of surfactant,
surfactant concentration, phase volume ratio (PVR), and magnitude of aqueous and organic
flow rates and degree of mixing between the aqueous and organic phases during the forma-
tion of the polyaphrons. Since transfer of a solute between drops and a continuous phase is
affected by the size of the drops, it was important for this study to determine the dependence

of the size distribution of polyaphrons on the previously stated variables.

5.1 Experimental Scheme

When doing the residence time distribution tests, a detailed procedure on how to operate
the polyaphron generator was developed. To characterize the polyaphrons according to
bubble diameter, all that was needed was to decide how many tests to do and how to count

and size the individual bubbles.

511 Design of the Experimental Points

First, the effect of various flow rates and mixing raties were studied. As has been previ-
ously explained, the polyaphron generator could be operated over the following range of flow
rates: from approximately 2.7 to 30.0 ml/min for the aqueous phase and between 27.0 to 300.0
ml/min for the organic phase. The lower and upper limits for the mixing rate were 700 and

1500 r.p.m., respectively. These boundaries were established by the equipment limitations.
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Initially, it was decided to start at the lower end of the flow rate ranges and mixing rate
and simply increase these by some factor. Three different batches of polyaphrons were made
under the following conditions: one batch with the organic phase fed at a rate of 97.9 ml/min,
the aqueous phase fed at 9.7 ml/min, and a 700 r.p.m. mixing rate. From now on this will be
represented as (97.9, 9.7, 700). A second batch at (141.6, 19.1, 700), and a third batch at (197.8,
18.8, 700). All agueous phases were 5 g/L sodium dodecylbenzenesulfonate (NaDBS) in
deionized water solutions and all organic phases were 10% LIX-64N in kerosene solutions.
The second batch was an error. The organic flow rate was intended to be 197.8 mi/min but
afterwards it was determined that an error had been made when calculating the flow rate.

At this point, it came to the author’s attention that the number of experiments needed for
a particular study can be diminished by using a statistical approach when deciding what ex-
periments to do. First, a design region representing the variables to be studied was drawn.
Since there were three variables, two flow rates and one mixing rate, the design region was
three dimensicnal. The boundaries for this design region had to be defined. For this case,
these boundaries were the same boundaries previously established by the equipment limita-
tions. Figure 11 (A) depicts an ideal orthogonal design region where the X- axis represents
the organic flow rate, the Y-axis represents the aqueous flow rate and the Z-axis represents
the mixing rate. With this type of region, the parameters at each corner define the conditions
for each test. Also, two or three center runs are defined. The center runs help to establish
reproducibility. When it came to generating polyaphrons, the orthogonal design region was
impractical because tied to the ratio of the flow rates was the phase volume ratio or PVR. PVR
is a useful way to describe polyaphrons and it is the volume ratio of the dispersed oil phase
to the continuous aqueous phase. It has become customary to make and study polyaphrons
with whole number PVRs, more specifically of PVR 5, 10, and 15. Also, polyaphrons of PVR
below 5§ and above 15 tend to be less stable, with a substantial amount of the aqueous phase
of the ones below PVR 5 separating out of the emulsion matrix within 1 hour or sooner of their
having been made. According to the orthogonal design region, polyaphrons of PVR 1.63 and

75 had to be made and polyaphrons of PVR 75 are impossible to make.
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A new, non-orthogonal design region shown in Figure 11 (B) was drawn. In this case, a
two-dimensional figure was drawn with the organic flow rate on the X-axis and the aqueous
flow rate on the Y-axis. A rectangle encasing the design region and lines going through the
points where the ratio of the two phases are equal to 5, 10, and 15 were drawn. The points
where the lines cross the rectangle represented the tests needed. Since this was a two- di-
mensional representation of the design region, the mixing rate had not been depicted. Every
point represented in the graph was done at 700 and 1500 r.p.m. Also, some center runs were
made.

After studying the effect of flow rates, mixing rates, and PVR, a couple of experiments
were run to see the effect that surfactants have on the polyaphrons. One polyaphron batch
was made with a 5 ml/L of Arquad 12/50 in deionized water solution and an organic phase of
10% LIX-64N in kerosene. The other batch was made with an aqueous solution of 5 g/L
NaDBS and an organic solution of 1 mi/L Tergitol 15-S-3 in a 10% LIX-64N in kerosene mixture.
In Table 8 all the experimental tests performed to characterize polyaphrons according to size

are tabulated.

5.1.2 _Analytical Technique

The particle size distribution of foams and biliquid foams is not easily determined. Se-
veral apparatus that are supposed to determine the sizes of solid particles exist in the market
today. Unfortunately, when it comes to liquid particles, any external forces acting on the
particles can easily cause coalescence between the bubbles or breakage of the foam matrix.
When considering any technique to determine the size distribution of a batch of polyaphrons,
a type of biliquid foam, it was important to consider the possibility that the technique itself

might have affected the size of the bubbles.
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5.1.2.1 Photo-microscopy

Photo-microscopy is described as the process of photographing a sample through a mi-
croscope lens. This is the technique most commonly used to determine size distribution of
liquid particles. The advantage of it is that no external forces act on the particles, therefore,
it is unlikely that the particle size is affected. The process though is tedious and time con-
suming.

A Zeiss Axioscope microscope together with a 35 mm Minolta M35W camera and a Zeiss
MCB3A camera control were used to photograph samples of polyaphrons. The camera control
determined the shutter speed based on the light shining through the sample. Two sampie
holders were fabricated by gluing a sheet of 1/32 in. thick PVC to each of two 75 by 25 mm
plain glass microslides. From the center of each PVC sheet a 10 by 10 mm square had been
cut out. Samples were prepared as follows. One drop of polyaphrons was transfered from a
polyaphron container to the window of one of the microscope slides with a disposable
polyethylene pipet. Enough deionized water to fill the cavity in the microslide was added. The
solution was carefully stirred with a stainless steel microspatula to spread the polyaphrons
on the water. A microslide cover was placed over the sample and the slide placed under a
40 magnification lens attached to the microscope. The image was manually focused and then
a picture taken. Sometimes the bubbles would be moving rapidly, probably due to the stirring
action, and the picture was not taken until the movement stopped. Several samples were
prepared from each batch of polyaphrons. One picture was taken of each sample. Ideally it
was intended to take six pictures of each batch, but at times some pictures had to afterwards
be discarded because of poor image and other times more pictures were taken from some
batches to use all the film. Film could not be left in the camera since other people had access
to it. With every roll of film used, two pictures were taken of the scale on an American Optical
Company micrometer. The scale was divided into units of 0.01 mm. This scale was used to

determine the actual bubble sizes.
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After developing the film and printing the pictures, the bubbles on the pictures were
counted and their diameter measured with a metric circles template. The diameter of circles
in the template ranged from 2 to 30 mm. Every bubble in each picture was sized by placing
the template over the bubble and finding the circle that was approximately the same size as
that of the bubble. Any bubbles with diameters smaller than 2 mm were counted together.
This method of sizing the bubbles was found easier and quicker than measuring the diameter

of each bubble with a ruler.

5.1.2.2 Centrifugal Particle Size Analyzer

Since the photo-microscopy method was very time consuming, other methods to deter-
mine the bubble sizes were considered. One of these methods was the use of a Shimadzu
Centrifugal Particle Size Analyzer model SA-CP3.

The Shimadzu Centrifugal Particle Size Analyzer SA-CP3 utilizes the sedimentation
method and detects particle concentration photometrically. The sedimentation method of
particle size measurement is widely used because resulis are reliable, reproducible and op-
erations are comparatively easy. The photometric method is a desirable means of detection
since no contact with the particles is required and the sedimenting system is undisturbed.
The analyzer was equipped with a rotational mechanism to generate a centrifugal force for
accelerated sedimentation but both gravitational and centrifugal sedimentation could be used.
Furthermore, size measurement of particles which are lighter than the dispersing liquid was
possible by means of the centrifugal lift mode. A built-in microcomputer converted the change
in particle concentration detected by the photometric system into the particle size distribution
and printed out the result.

This type of analyzer is widely used to determine the size of solid particles but according
to the manufacturer it was not developed to size liquid drops. Therefore, Shimadzu was un-
able to provide the author with information about the reliability of the results, but suggested

to try it anyway.
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Samples were prepared by pouring 4 ml of distilled water into a 7.4 ml glass vial. One
drop of polyaphrons, measured with a polyethylene disposable pipet, was dispersed in the
water. The vial was stoppered with a polyethylene cap and the mixture gently shook. The
analyzer’s glass cell was filled completely with the mixture, and the cell cap carefully inserted
in the cell so that no air bubbles remained inside the cell. The excess mixture would spill out
of the cell as it was capped and the outside of the cell was afterwards wiped clean with
kimwipes making sure that no fingerprints were left on the glass. The cell was then placed
inside the cell holder which was positioned in a centrifuge disk mounted inside the measuring
chamber of the apparatus. The chamber door was then closed and the machine started. The
analyzer was set on the centrifugal lift mode since the polyaphrons were less dense than
water. The centrifuge speed was set at an acceleration rate of 120 r.p.m./min. To determine
the particle size, the density of the particles had to be entered into the analyzer’'s computer
memory. The density of the polyaphrons was determined by weighing a 5 ml volume of
aphrons. Depending on the particle sizes, it took anywhere from 15 minutes to 3 hours to do
each sample. A minimum of two tests was done for each of the first 6 polyaphron batches,

and 6 tests were done for each of the remaining batches.

5.1.2.3 Dynamic Light Scattering

Another analytical technique considered to determine the particle size of polyaphrons
was the use of dynamic light scattering. The instrument consisted of a Brookhaven BI-2030AT
digital correlator equipped with 136 channels and a 2 Watt Lexell Argon lon model 95-2 laser.

The sample preparation required that all solutions be filtered prior to doing the meas-
urements. A sample consisting of two drops of polyaphrons dispersed in distilled water was
filtered twice through a 0.5 um PTFE acrodisc Gelman filter. The solutions were withdrawn
with a sterilized plastic disposable syringe and were forced out through the filters placed at
the tip of the syringe. The solution had to be filtered to guarantee that it was free of dust

particles since these particles are detected and measured by the instrument. When the
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polyaphron mixture passed through the filter, the kerosene phase spread on the filter itself
breaking down all the bubbles, i.e. all the kerosene was absorbed by the filter. Inspection of
the filtered solution under a microscope showed that it contained no bubbles. The idea of

using dynamic light scattering to do the particle size analysis was abandoned.

5.1.2.4 Coulter Counter

Coulter counters use the drop in electrical current across the cross-sectional area of a
tube to determine particle sizes. At approximately the center of the tube, its cross-sectional
area is reduced. A flow of liquid, an electrolyte, moves through the glass tube at a constant
velocity. As the fluid passes through the narrowed area of the tube, the electrical current
across that area is measured. The amount of current is directly proportional to the volume
of electrolyte flowing through the tube. When particles are dispersed in the electrolyte, they
displace a volume of liquid equivalent to that of their size. As the liquid flows through the
narrowed area of the tube, the current drops according to the size of the particle moving with
the electrolyte. The current drop is used to determine the particle size. Depending on the size
of the particles, tubes of different diameters are used.

An Electrozone-Celloscope model 112LSDADC-80XY manufactured by Particle Data In-
corporated was used to measure the particle size of three polyaphron samples. The samples
were prepard by diluting 10 ml of polyaphrons in each of three 50 ml| solutions of 1%, 3%, and
4% sodium pyrophosphate, the electrolyte. The Electrozone-Celloscope was interfaced to a
computer which gathered the electrical current measurements and converted them to particle

sizes.

5.1.2.5 Lasentec’s PAR-TEC 100 Laboratory Analyzer

The particle size measurements had been completed when the author came across an

advertisement of a particle size analyzer manufactured by Lasentec. When the manufacturer
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was contacted, the technical representative claimed that this particular instrument was capa-
ble of determining size distribution of emulsions very quickly and without previous sample
preparation. A demonstration was scheduled.

The PAR-TEC 100 operates using Scanning Laser Microscope technology which consists
in focusing a laser beam at the focal point of a very small beam spot with a light intensity
higher than 1,000,000 watts per square inch. The system counts only those particles going
through the focal point and not those which are in front of or behind the focal point. The laser
beam is scanned at a fixed velocity and the amount of time it takes for the beam to scan
across a particular particle is a direct measure of the size of that particle. The laser beam is
scanned very rapidly to avoid the effect due to changes in flow. The system is interfaced to
a computer that does all the data handling, display, analog outputs, and print-outs.

The measurements were done as follows. After assembling the machine, approximately
200 ml of polyaphrons were poured into a 500 ml beaker. 300 ml of deionized water was added
to the beaker. A stirring bar was dropped into the beaker and the beaker placed on a mag-
netic stirrer. About 2 in. of the end of the probe body, which contains the laser and photo
detectors, was placed inside the beaker. After about 5 minutes, a particle size distribution

curve was displayed on the computer monitor and the results printed.

5.2 Discussion and Results

5.2.1  Discussion of the Photo-Microscopy Method of Analysis

As mentioned in the experimental section, the microslides used as sample holders were
made by gluing a 1/32 in. thick of PVC over the slide. A window cut out of the center of the
PVC sheet served as the cavity that contained the polyaphron sample. These microslides
were made because slides such as the hanging drop ones were found inadequate. The

thinnest hanging drop slides have concavities 0.5 mm deep with the slide itself being some-
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where between 1.4 to 1.6 mm thick. When a sample was observed under the microscope, the
microscope was focused by adjusting the height of the objective with respect to the lens.
Therefore, a sample could be viewed over a range of depths. It is possible that the depth at
which the samples were viewed affected the size distribution of the particles because de-
pending on their size, bubbles display different degrees of buoyancy. In order to minimize
error, it was decided to build a sample cell with a thinner window. These cells worked ade-
quately.

Irrespective of the size or depth of the cavity in the microslide, the area that was viewed
with the microscope lens at one time was much smaller than the sample area. Therefore,
each photograph taken represented only a small section of each sample. How representative
each photograph was of the entire sample was difficult to assess. Usually, the entire surface
of the sample was scanned and the decision of what area to photograph was dependent on
the appearance of the bubbles in a particular area. For example, areas that had few bubbles
or areas where the bubbles were still agglomerated were automatically discarded. Also,
areas where the bubbles were moving were not selected. The movement was typically ob-
served across the entire sample when the sample was first viewed under the microscope, but
after two or three minutes most of the bubbles appeared to have stopped moving except for
the ones in areas that were close to the edges of the cell cavity. With time, the bubbles must
have continued to move, although slowly, because a sample left under the microscope for 30
minutes or longer would start to show a pattern in which the aphrons appeared to be clustered
together according to size, with the larger ones positioned in the center of the cell and the
smaller ones towards the edges. Since the photographs were taken within the first three or
four minutes after the samples were placed in the microslide, each photograph contained
bubbles of a variety of sizes. Two typical photographs of aphrons can be seen in Figure 12.

Regardless of the method used to size the bubbles, the polyaphrons were always dis-
persed in water. Polyaphrons, an aggregate of aphrons, have too much cohesion. A complete
description of the forces that operate when aphrons aggregate is not yet known, but at the

interfaces the forces are probably the Laplace forces. Due to the high cohesion of the
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aphrons, a sample of polyaphrons viewed under the microscope is seen as one continuous
body. To see the individual aphrons, the polyaphrons were dispersed in water. Since water
was the continuous phase, addition of the polyaphrons to water broke the polyaphrons into
individual aphrons.

Photo-microscopy is probably as adequate as any other method which currently exists to
do particle size measurements of polyaphrons. The biggest drawback is the time consuming
process of counting and measuring the bubbles manually. This problem can be solved with
the use of image analyzing. Unfortunately, the instruments needed for image analyzing can

be expensive and we lacked the funds to buy them for this project.

5.2.2 Discussion of the Results from the Photo-Microscopy Measurements

Figure 13 (A) to Figure 34 (A) represent the percent of the humber of bubles counted versus
the diameter for 19 different polyaphron batches. The data was collected using photo-
microscopy. The average diameter for each batch is displayed in each figure. The average
diameter was calculated by summing the products of the number of bubbles times their re-
spective diameter and, dividing the summation by the total number of bubbles counted.
Figure 13 (B) to Figure 34 (B) represent the weight percent of the aphrons versus the diam-
eter. The weight percent of the aphrons was calculated using the data collected for
Figure 13 (A) to Figure 34 (A) and the density of each batch of aphrons. An average diameter
for each batch is also displayed in each figure. These diameters were calculated by summing
the products of the weight percent times the respective diameter and dividing the summation
by 100.

Because of the relatively small size of each sample compared to the volume of
polyaphrons in each batch, the bubbles from at least 5 photographs were counted and meas-
ured for each batch except for batch D. Each figure in this section represents the summation

of all data collected for each batch. Batch D was made at an organic feed flow rate of 300.0
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mi/min, an aqueous feed flow rate of 29.7 ml/min and a mixing rate of 715 r.p.m., represented
as (300.0, 29.7, 715). The data from only 3 photographs was gathered to determine the size
distribution of this batch because each of these photographs contained an unusually large
number of bubbles, at least 800, while the photographs of other samples contained on an av-

erage around 300 bubbies.

5.2.2.1 Effect of mixing rate

In Table 9 all polyaphron batches made are tabulated, along with the value of the condi-
tions at which they were generated and the average diameter as calculated by photo-
microscopy. A comparison of the results obtained for batches D (300.0, 29.7, 715) and G (300.0,
30.0, 1500}, which can be seen in Figure 16 (A) and Figure 19 (A), respectively, show that the
average diameter for batch D, at 6.72 um was slightly larger than that for batch G at 6.48 um.
More importantly, batch G, made at the same feed flow rates but at the higher mixing rate of
1500 r.p.m., had a lower percent of bubbles of diameters greater than 14 um than batch D.
Both batches had approximately the same percent of bubbles with diameters less than 5 um,
around 43% for batch G and 44% for batch D. In the weight percent versus diameter data for
batches D and G the difference in the number of larger bubbles is more evident. Batch G
showed no weight percent contribution from bubbles with diameters greater than 15 um, while
batch D showed a weight percent of 13 for the same diameter range. 49% of the total weight
was due to bubbles with diameters between 10 and 15 um for batch G and 38% was contrib-
uted by the same diameter bubbles for batch D.

Inspection of Figure 17 and Figure 18, which represent the data for batches E (49.4, 4.9,
1480) and F (47.2, 4.8, 705), respectively, show the same behaviour. The average diameter of
the particles from batch F was 7.39 um and that for batch E was 6.58 um. The higher r.p.m.
batch, batch E, had approximately 48% of bubbles with diameters lower than 5 um while for
batch F only 41% of the bubbles were below 5 um. Also, batch E had a smaller percent of

bubbles larger than 14 um than batch F. This again is more evident in the Weight Percent
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graphs. From these graphs it is seen that at a diameter above 15 um the weight percent of
batch F was about 46 and that for batch E was about 37.

These same results were made for batches J {(150.0, 30.0, 700) and K {150.0, 30.0, 1500)
and batches P (47.0, 9.4, 700) and Q (47.0, 9.4, 1500) and batches | {300.0, 20.0, 700) and H
{300.0, 20.0, 1500). The data for these batches are represented in Figure 22, Figure 23,
Figure 28, Figure 29, Figure 21, and Figure 20 respectively.

From these observations it was concluded that the mixing speed used to generate
polyaphrons had a small effect on the size distribution of the bubbles. The average diameter
of the bubbles made at lower r.p.m. were slightly smaller than those of the bubbles made at
higher r.p.m. Also, for polyaphrons made at higher r.p.m., the number of bubbles with diam-
eters greater than 14 um was smaller than the number of bubbles greater than 14 um meas-
ured for polyaphrons made at lower r.p.m. This behaviour was probably due to an increase
in shear rate as the mixing rate increased. At higher shear rates more of the larger bubbles
were broken down into smaller ones. Naturally, the decrease in the number of large bubbles
resulted in a lower average diameter. Although the differences observed due to the difference

in mixing rate were small, they were consistent throughout all tests.

5.2.2.2 Effect of flow rate

Usually, when studying the effect of several parameters in a process one parameter is
changed at a time while keeping all others constant. The effect of feed flow rates on the size
distribution of polyaphrons was investigated by changing the two feed flow rates, organic and
aqueous, for each test. This was done because changing one flow rate at a time changes the
PVR, which is the ratio of the volume of the two phases, and PVR was expected to have a large
effect on the size distribution.

Figure 22 and Figure 28 represent the size distribution for batches J (150.3, 30.1, 700) and
P {46.9, 9.5, 700), respectively. The average diameter for batch P, which had the lower flow

rates, was 9.04 um and that for batch J was 7.56 um. The percent of bubbles with diameters
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smaller than 5 um was 27 for batch P and 37 for batch J. The weight percent of the bubbles
versus bubble diameter graphs for the same two batches, show that the polyaphrons made
with higher flow rates, batch J, had no bubbles with diameters bigger than 20 um while 27%
of the total weight percent of batch P was contributed by bubbles above 20 um.

The same results described in the previous paragraph were seen with batches K (150.3,
30.1, 1500) and Q (46.9, 9.5, 1500). Batch K had an average diameter of 6.59 um and batch Q
one of 7.86 um. For batch K 39% of bubbles had diameters less than 5 um while for batch Q
only 23% were in this size range. These results can be observed in Figure 23 and
Figure 29.

Up to this point it appeared that polyaphrons made at higher feed flow rates tend to have
smaller bubbles than those made at lower flows. But, a look at Figure 16 and Figure 19,
which represent the data for batches E (49.4, 4.9, 1500) and G (302.8, 30.0, 1500), respectively,
shows that the average diameter of 6.58 um for batch E was practically the same as that of
6.48 um for batch G. Also, 48% of all bubbles from batch E had diameters under 5 um while
only 43% of those from batch G fell under 5 um. The weight percent graphs for the two
batches show the same behaviour as before, that is, 15% of the total weight was contributed
by bubbles with diameters above 20 um for batch E while batch G had no bubbles within this
range. More important is the fact that 49% of the total weight in batch G and only 35% in
batch E were attributed to bubbles with diameters between 10 and 15 um. This demonstrates
that batch G had a larger number of medium sized bubbles. This also explains the small dif-
ference between the average diameter of the two batches.

Baiches F, A, C, and D, listed in order of increasing feed flow rates, were all generated
with a mixing rate of 700 r.p.m. and all had PVRs of 10. The feeds were increased from 47.2
to 300.0 mi/min for the organic phase and from 4.8 to 29.7 for the aqueous phase. As seen in
Figure 13, Figure 15, Figure 16, and Figure 18, the average diamaters of batches F, A, C, and
D were 7.39, 5.0, 6.30, and 6.72 um, respectively. Also, the percent of bubbles smaller than §
um for the same batches in the same order were 41, 56, 46, and 44. The weight percent

graphs show that the weight percent atiributed to bubbles with diameters between 20 and 30
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um was 14% for batch F, none for batch A, 1% for batch C, and 9% for batch D. Baiches F
and A followed the same trend observed in previous batches but batches C and D had larger
average diameters and a greater number of larger bubbles than A. If each of batches A, C,
and D is compared only with batch F, then, the same trends as before are observed.

As the feed flow rates in the polyaphron generator were increased, the residen‘ce time
decreased. The longer the polyaphrons remained in the vessel, the greater the opportunity
for coalescence to occur. After all, the bubbles were being vigorously mixed together as they
flowed through the generator. Coalescence of bubbles meant less percent of smaller bubbles
and a larger percent of the larger bubbles in the size distribution. This phenomena translates
directly to a larger average diameter. Coalescence of the bubbles might possibly not happen
easily, especially due to the high stability of polyaphrons, therefore, only when the residence
time between two batches was large enough, was this phenomena observed. This was the
case for batches F, A, C, and D. The residence time of the fluid inside the vessel was ap-
proximately 75 minutes for batch F, 36 minutes for batch A, 18 for batch C, and 12 for batch
D. The difference in residence time among the last three baiches was not long enough to
make a difference. From this it was concluded that when the difference in feed flow rates was
large enough, polyaphrons generated at the higher flow rates had a larger number of smaller

bubbles.

5.2.2.3 Effect of phase volume ratio (PVR)

Figure 17, Figure 19, Figure 20, Figure 23, and Figure 29 depict the particle size distrib-
ution for batches E, G, H, K, and Q, respectively. Batches K and Q had PVRs equal to ap-
proximately 5, batches G and E had PVRs of about 10 and batch H was of PVR 15. The mixing
rate used to generate all these polyaphron batches was around 1500 r.p.m. The average di-
ameter for these batches was as follows: 6.59 um for K, 7.86 um for Q, 6.48 um for G, 6.58
um for E and 6.39 um for H. The average diameter for batch Q was larger than that for the

other batches and there was negligible difference among the average diameters of batches
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K, G, E, and H. The percent of particles smaller than 5 um for these same batches was as
follows: 39% for batch K, 23% for batch Q, 43% for batch G, 48% for batch E and 47% for
batch H. K and Q, the batches of PVR 5, had a lower percent of bubbles with diameters below
5 um than the rest of the batches. The graphs that represent the weight percent against the
diameter of the particles show no appreciable differences for any of the batches. These same
observations were made for several other batches of PVR 5, 10, and 15 made at a mixing rate
of 700 r.p.m. Namely, batches J and P of PVR 5, batches D, C, A, and F of PVR 10, and batch
| of PVR 15. The average diameter of P was 9.04 um, and that of J was 7.56 um. All other
batches had average diameters that ranged from 5.0 um to 7.39 um. The percent of bubbles
smaller than 5 um was 27% for P, 37% for J, and it ranged from 41% to 56% for all the other
batches. Again, no appreciable difference was seen in the weight percent graphs of these
batches. These results point to the fact that there was no significant difference between the
particle size of polyaphrons of PVR 10 and 15. Polyaphrons of PVR 5 did appear to have a
smaller percent of bubbles smaller than 5 um than did the ones of PVR 10 and 15. Perhaps
this was because the difference between PVR 10 and 15 was small if one considers that in
volume percent, PVR 10 is equal to 91% kerosene and PVR 15 is 94% kerosene. A polyaphron

of PVR 5 is equal to 83% by volume of kerosene.

5.2.2.4 Effect of surfactant

To study the effect of surfactant on the particle size distribution of polyaphrons, two
batches were made, batch S (267.5, 26.7, 1500) and batch R {259.2, 25.9, 1500). The aqueous
phase of batch S was made of 5 g/L NaDBS in deionized water and the organic phase was
made of 10% LIX-84N in kerosene and 0.5 ml/L of Tergitol 15-S-3. The aqueous phase of batch
R consisted of 5 ml/L of Arquad 12-50 in deionized water and the organic phase was made of
10% LIX-64N in kerosene. Each of these batches was made at approximately the same con-
ditions as batch G (300.0, 30.0, 1500). Batch G was made with a 5 g/L NaDBS in deionized

water aqueous phase, and 10% LiIX-64N in kerosene. No oil soluble surfactant was added to
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the organic phase of the latter two batches. Figure 19 and Figure 31 depict the particle size
distribution for batches G and S, respectively. In comparing the two, it is noted that the av-
erage diameter of batch G, 6.48 um, was smaller than that for batch S, 7.15 um. Also, 43%
of the bubbles from batch G were less than 5 um while only 34% of the ones from batch S
were smaller than 5 um. In the weight percent graphs it can be seen that for diameters be-
tween 20 and 30 um the weight percent for baich S was 17% and that of batch G was 0. At
first, these results were surprising because it was expected that the addition of a surfactant
to the organic phase would produce smaller aphrons. In order that an oil will be able to
spread in water, the spreading pressure must be greater than the surface pressure produced
by the surfactant dissolved in the water. Adding an oil soluble surfactant to the oil phase
produces surface pressure. But in this particular case, kerosene is the oil, and kerosene al-
ready contains surfactants. A small amount of surfactant added to the kerosene might not
make a difference. The differences between the two batches was probably not due to the oil
soluble surfactant but to experimental error.

Batch R which was made with Arquad 12/50 as the water soluble surfactant had an av-
erage diameter of 7.66 um and 32% of its particles were smaller than 5 um. Also, 50% of its
total weight was attributed to bubbles larger than 15 um. This can be observed in Figure 30.
When the results of this batch are compared to those of batch G, it can be said that
polyaphrons made with NaDBS tended to be smaller than polyaphrons made with Arquad

12/50.

5.2.2.5 Effect of time

To study what happens to the size of polyaphrons when stored over a period of time, the
sizes of bubbles from batches A (97.9, 9.7, 700), | {300.0, 20.0, 700), and P {47.0, 9.4, 700) were
measured shortly after they were made and four months later. The data collected from batch
A soon after being made is presented in Figure 13. The data for the same batch four months

later is seen in Figure 32. It was observed that over time the diameter increased from 5.0
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pm to 6.23 um and the number of bubbles with diameters less than 5 um decreased form 56%
to 43%. Also, the weight percent for bubbles larger than 20 um increased from 0 to 12%.
Apparently some degree of coalescence between the bubbles took place over those four
months. The average diameter of batch | (300.0, 20.0, 700) increased from 6.80 to 6.86 um and
the number of bubbles smaller than 5 um decreased from 47% to 44% over the four month
period. The weight percent from bubbles larger than 20 um increased from 0 to 16%. These
differences are considered within experimental error except for the weight percent differ-
ences. The amount of coalescence that took place in the latter polyaphrons was small com-
pared to the difference observed for batch A. This was probably because batch A had a very
large percent of small bubbles to begin with. The data for batch | is depicted in Figure 21 and
Figure 33. Batch P (47.0, 9.4, 700) presented a different picture. As observed in Figure 28 and
Figure 34, the average diameter for this batch decreased over time from 9.04 pum to 7.6 um.
The number of bubbles smaller than 5 um increased from 27 to 35%. The weight percent of
bubbles over 20 um decreased from 27 to 15%. For this particular case it must be considered
that this batch had a PVR of 5. Some of the aqueous phase from the lamellae of these aphrons
drained over time, forming a separate aqueous phase. The bottle containing the aphrons was
shaken vigorously by hand until all the aqueous phase was introduced back into the aphron
matrix. It would seem obvious that as the water drained out of the bubbles, some coalescence
took place, but it is not understood what happened to the bubbles within the matrix when the
aqueous phase was reintroduced with the shaking. Probably some of the water was simply

added to the water in the lamella of the matrix but most likely new aphrons were also formed.
5.2.2.6 Reproducibility of results

To determine reproducibility of results, four different polyaphron batches were made un-
der the same conditions and the particle size distribution measured by the photo-microscopy
method of analysis. Batches L, M, N, and O were generated at an organic feed flow rate of

175.0 ml/min, an aqueous flow rate of 20.0 ml/min, and a mixing rate of 1100 r.p.m.
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Figure 24, Figure 25, Figure 26, and Figure 27 represent the particle size distribution for
these batches. The average diameters of batches L, M, and O did not vary much, with L’s
being 6.63, M’s 6.97, and O’s 7.50 um. The percent of bubbles less than 5 um were 39% for
batch L, 37% for M, and 32% for O. Again, only a small variation. The values of these same
parameters for batch N showed more difference, with the average diameter being 6.21 um and
48% of the particles being smaller than 5 um. But, an overall comparison of all four distrib-
utions did not reveal large differences. The weight percent graphs show that the weight per-
cent attributed to bubbles larger than 20 um was 17% for batch M, 19% for batch O, and 10%
for both batches L and N. These were not large differences when considering that one 20

pm diameter bubble will contribute significantly towards the overall weight percent.

§.2.3 Coulter Counter Method of Analysis: Discussion and Results

As was previously stated, the principle of operation of the coulter counter is to measure
the electrical current across a sample point. The drop in electrical current is directly propor-
tional to the particle size flowing through the sample point. The electrical current is generated
with an electrolyte. The electrolyte used for this study was sodium pyrophosphate. The
aphrons were diluted in 3 different solutions of 1%, 3%, and 4% sodium pyrophosphate.
Figure 35 depicts the results from these tests. It is obvious that the concentration of the
electrolyte made a difference in the results, therefore; it was decided to stop the tests and
study under the microscope the behaviour of aphrons diluted in an electrolyte. Regardless
of the concentration of sodium pyrophosphate used, dramatic changes occured to the
aphrons. The bubbles coalesced, broke down, and moved continuously; After only a few
minutes, no bubbles remained in the sample. Other electrolytes such as sodium chloride
were tried, but the same behaviour was observed. The late Professor Sebba was studying a
species of aphrons which he called invert aphrons at the time of his death. He used to form

them by adding calcium ions to regular aphrons. He described high activity and unusual
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behaviour by the aphrons due to the calcium ions. |t is possible that the same effect was
observed on the polyaphrons due to the electrolyte. The coulter counter method to measure

the particle size distribution of polyaphrons was no longer pursued.

5.2.4 Discussion and Results of Particle Analysis with a PAR-TEC 100

Instrument

The PAR-TEC 100 was simple to operate. A beaker with diluted polyaphrons was placed
on a magnetic stirrer and the instrument’s probe was placed in the beaker. The polyaphrons
were diluted because of the high cohesive forces between the bubbles. The mixture was
vigorously stirred throughout the testing period. Two sets of data were obtained from the
same sample, the first socon afier the testing started and the second 8 minutes after the first
results had been collected. Figure 36 shows the results obtained for batch H (300.0, 20.0,
1500). The average diameter obtained from the first results was 26.4 um and the one from the
second results was 24.8 um. The size of the bubbles ranged from below 1.9 um to around 125
um. The large number of particles above 22 um was unexpected. Before testing started a
layer of kerosene started to form above the mixture, an indication that the polyaphrons were
breaking. During testing, the mixing rate of the sample was increased and the kerosene layer
was incorporated into the mixture. The kerosene probably accounted for most of the larger
bubbles measured. Whenever polyaphrons are diluted in water, a certain amount of breakage
occurs, but during testing with the PAR-TEC 100 an unusual amount of breakage was ob-
served. The stainless steel probe placed in the sample could have contributed to the amount
of breakage because it has been observed that the rate of breakage of aphrons in contact with
a solid surface increases. This, added to the shearing rate due to mixing would account for
the existence of larger bubbles. Since the tests were done during a demonstration of the in-

strument, this was the only batch tested.

DETERMINATION OF THE SIZE DISTRIBUTION OF POLYAPHRONS 65



5.2.5 Discussion of Particle Analysis Using the SA-CP3 Centrifugal Particle

Size Analyser

The particle size analyser was easy to use. The measuring conditions were set with a
keyboard installed in the machine and the sample was prepared, placed in the sample cell,
and positioned in the machine. Depending on the particie sizes in the sample, the measure-
ments took anywhere from 15 minutes to over two hours to complete.

Sample preparation was simple. A drop of polyaphrons was diluted in distilled water and
then poured into the sample cell making sure that no air bubbles formed in the cell. The
amount of polyaphrons in the sample had to be small because the analyser would show an
error message in the CRT display whenever the turbidity of the sample was high.

The accuracy of the measurements using the SA-CP3 Analyser was higly dependent on
the accuracy of the density of the particles. To determine the density of each polyaphron
batch, 5 ml of polyaphrons were weighed. Polyaphrons, especially the lower PVR ones, tend
to encapsulate air within them. Most of this air is released with time which causes the volume
to decrease. Therefore, the samples were not weighed until the sample volume stopped de-
creasing and the void space filled with more aphrons. The densities of all the polyaphron

batches are tabulated in Table 10.

5.2.6 Discussion of Results From the SA-CP3 Centrifugal Particle Size

Analyser

The particle size of sixteen different polyaphron batches was measured with the SA-CP3
Centrifugal Particle Size Analyser. The data gathered was displayed by the Analyser as per-
cent weight over various particle diameter ranges. Figure 37 (B) to Figure 53 (B) depict the
data collected. To calculate the percent of bubbles from the weight percent data, the median

diameter of each diameter range and the density of each polyaphron batch was used. The
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percent of number of bubbles versus diameter are shown in Figure 37 (A) to Figure 53 (A)
Since the size of the samples tested was small, more than one sample was tested for each
polyaphron batch. The results from all samples were averaged for each batch. The figures
mentioned represent the total data collected for each batch. The average diameter for each
batch calculated from the number of bubbles measured and their respective diameter are
tabulated in Table 10 and shown on each figure. An average diameter calculated from the
weight percent data is shown on each weight percent graph. Theses diameters were calcu-
lated by summing the products of the weight percent times the respective diameter and di-

viding the summation by 100.

5.2.6.1 Effect of mixing rate

Figure 40 (A) and Figure 43 (A) depict the percent of bubbles versus diameter for
polyaphron batches D (300.0, 29.7, 700) and G (302.8, 30.0, 1500), respectively. Except for the
difference in mixing rates, both of these batches were generated under approximately the
same conditions. The average diameter of batch D, the one made at a lower mixing rate,
was found to be larger at 1.65 um than that of batch G at 0.97 um. Batch D had no particles
smaller than 0.5 um while for batch G 49% of its particles were smaller than 0.5 um. In-
spection of Figure 40 (B) and Figure 43 (B) show that for batch D 50% of the weight was at-
tributed to particles between 15 and 20 um and 24% was attributed to particles between 20
and 30 um while for batch G particles between 15 and 20 um had a weight percent of 31 and
particles between 20 and 30 um had a weight percent of 32. Although batch G had more
bubbles in the 20 to 30 um range, batch D had almost as many bubbles in the 15 to 20 u range
as batch G had over both ranges.

The results for batch E (49.4, 4.9, 1500) are represented in Figure 41. Those for batch F
(47.2, 4.8, 700) are shown in Figure 42. The conditions under which these batches were gen-
erated were also basically the same except for the mixing rate. The same behaviour as before

was observed. The average diameter of batch F was found to be larger at 1.87 um than that
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of batch E at 1.50 um. 18% of the particles from batch E had diameters below 0.5 um and
batch F had no particles below this size. The weight percent graphs show that batch E had
more bubbles in the 15 to 20 um range but batch F had more in the 10 to 15 um range. This
set of polyaphron batches and the two described in the previous paragraph had a PVR of 10.

The particle size measurements made for batch J {150.3, 30.1, 700) are shown in
Figure 46. Those for batch K (150.3, 30.1, 1500) are depicted in Figure 47. The average di-
ameter for these two batches was found to be the same at 2.54 um and no appreciable dif-
ference was noted in their size distibution. 58% of their particles were below 1.5 um and
although the weight percent of batch K was 10% higher than that of batch J over the 20-30
um range, the weight percent for both batches was about 80% over the 10 to 30 um range.
This batch had a PVR of 5.

Another set of batches of PVR 5 generated with approximately the same feed flow rates
but with different mixing rates were batch P (46.9, 9.5, 700) and batch Q (46.9, 9.5, 1500). The
particles in batch P had an average diameter of 2.29 um and those of batch Q had an average
diameter of 2.24 um. A negligible difference. Figure 49 and Figure 50 show that of the par-
ticles in batch Q, 32% were between 0.8 and 1.0 um, more than the 18% found for batch P in
this same range but, for the range of 1.0 to 1.5 um batch P had 20% more particles than batch
Q. Towards the center of the distribution, between 1.5 and 4 um, is where batch Q had a
larger number of bubbles. The weight percent graphs of these two batches show that over a
diameter range of 15 to 30 um, the weight percent of batch P was 66 and that of batch Q was
59. The differences were not considered significant.

The differences between batches H (302.4, 20.3, 1500) and | (302.4, 20.3, 700) were also
insignificant. The particles in batch H had an average diameter of 0.36 um and the ones in
batch | had an average diameter of 0.40 um. Figure 44 shows that 94% of the particles in
batch H had diameters smaller than 0.5 um and Figure 45 shows that 90% of the particles in
batch H had diameters smaller than 0.5 um. The weight percent graphs show that there was
little difference in the higher range of the distribution between the two batches. The PVR of

these two batches was equal to 5.
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From these results it was concluded that the mixing rate had a significant effect only on
the polyaphrons of PVR 10. The higher mixing rate of 1500 r.p.m., probably because of the
higher shearing rate, produced smaller sized aphrons than the polyaphrons made at a mixing
rate of 700 r.p.m. Both polyaphron batches of PVR 15 had 90% or more of their particles
smaller than 0.5 um. It would have been difficult to see a shearing effect in a system that had
such small particles to begin with. The PVR 5 polyaphrons were also not affected by the
mixing rate. As has been previously said, some of the water from the lamella of this type of
polyaphrons tended to drain over time. This probably caused some coalescence, especially
among the smaller bubbles. To introduce the water back into the polyaphron matrix, the
polyaphrons were always shaken vigorously. The shaking probably formed some aphrons.
All this possibly had an effect on the particle size distribution of the bubbles which in turn

could have obscured the mixing rate effect.

5.2.6.2 Effect of feed flow rate

As was previously stated, the effect of feed flow rate on the particle size distribution of
polyaphrons was studied by comparing the results obtained from polyaphron batches of equal
PVR that were made with the same mixing rate. Both feed flow rates were increased simul-
taneously so as not to change the PVR of the aphrons.

The particle size distribution of polyaphron batches F (47.2, 4.8, 700), A (97.9, 9.7, 700), C
(197.8, 19.8, 700), and D (300.0, 29.7, 700), listed in order of ascending flow rates, are depicted
in Figure 42, Figure 37, Figure 39, and Figure 40, respectively. The value of the average di-
ameter of the particles from these four batches was as follows: 1.87 um for batch F, 1.37 um
for batch A, 1.13 um for batch C, and 1.65 um for batch D. Batches A, C, and D had average
diameters larger than batch F. Also, these same batches had a greater percent of particles
with diameters under 0.6 um than batch F. Batch A had 42%, batch C had 50%, and batch D
had 20% while batch F had 0%. The weight percent versus diameter graphs for batches F,

A, C, and D show that the weight percent for diameters greater than 15 um was 62% for batch
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F, 47% for A, 55% for C, and 64% for D. Batches A and C had less number of larger bubbles
and batches D and F had approximately the same number. Batch D might appear to not be
following the trend of batches A and C in relation to F, but a comparison of the weight percent
at the 10 to 15 um range shows that batch D had significantly less particles than the other
batches at this range.

The results from batches A, C, and D were all compared against batch F because as was
seen with the photo-microscopy measurements the effect of mixing rate was significant only
when the difference in the residence time of the fluid inside the polyaphron generator was
large enough. The residence time for batch F was 75 minutes, while that for batches A, C, and
D was 36, 18, and 12 minutes, respectively.

The results from batches E (49.4, 4.9, 1500) and G (302.8, 30.0, 1500) showed the same
trends. The average diameter for batch E, 1.50 um, was larger than the one for batch G, 0.97
um. 18% of the particles from batch E and 54% of those from batch G had particles with di-
ameters smaller than 0.6 um. The weight percent for particles larger than 15 um was 66% for
batch E and 32% for batch G. These results are depicted in Figure 41 and Figure 43. The
residence time of batches E and G was 72 and 12 minutes, respectively. The PVR of both
batches was 10.

As was explained when discussing the effect of mixing rate on the particle size distrib-
ution of the polyaphrons, whenever dealing with polyaphrons of PVR 5 the trends are less
obvious. Batch P (46.9, 9.5, 700) had an average diameter of 2.29 um and batch J (150.3, 30.1,
700) had an average diameter of 2.54 um although the residence time of P was 72 minutes
while that of J was only 22 minutes. In Figure 49 it is seen that 18% of the particles from batch
P had diameters between 0.8 and 1.0 um and 50% had particles between 1.0 and 1.5 um.
Figure 46 shows that 27% of the particles from batch J had diameters between 0.8 and 1.0
um and 32% had diameters between 1.0 and 1.5 um. Batch P had less particles in the smaller
range but more in the higher range than batch J. The weight percent graphs show that a

larger number of bubbles was present in batch P than batch J at the 20 to 30 um range.
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The same type of results were observed when the other set of PVR 5 batches were
compared. Batch Q (46.9, 9.5, 1500) had an average diameter equal to 2.24 um, 33% of its
particles were between 0.4 and 0.5 um, 29% of them were between 1.0 to 1.5 um. Also, 59%
of its weight was contributed by particles larger than 15 um. Batch K (150.3, 30.1, 1500) had
an average diameter of 2.54 um, 17% of its particles were between 0.4 and 0.5 um and 41%
of them were between 1.0 and 1.5 um. Particles larger than 15 um had a weight percent of
30. Figure 47 and Figure 50 show these results.

It is clear that polyaphrons of PVR 10 with significant differences in their residence times,
tended to have smaller particles when made at higher flow rates. Polyaphrons of PVR 5, also
with large residence time differences, tended to have less particles with diameters above 15
um when made at higher flow rates. These results were probably a direct effect of

coalescence of the bubbles while inside the generator.

5.2.6.3 Effect of the ratio of the volume of the two phases (PVR)

Different polyaphron batches of PVR 5, 10, and 15 at mixing rates of 700 and 1500 r.p.m.
were generated. As was previously said, a difference in PVR is invariably tied with a differ-
ence in feed flow rates. Since the feed flow rate effect was found to be significant only in cases
where the residence time difference was large, the effect observed in different PVR
polyaphrons was expected to be mainly a direct consequence of the PVR.

Figure 46 and Figure 49 depict the particle size distribution of batches J {150.3, 30.1, 700)
and P (46.9, 8.5, 700). The average diameter for batch J was 2.54 um and for batch P was 2.29
pm. The smallest particles for both batches were found in the 0.8 to 1.0 um range. The PVR
of both batches was approximately 5. Figure 37, Figure 39, Figure 40, and Figure 42 repre-
sent the data for batches A (97.9, 9.7, 700), C (197.8, 19.8, 700), D (300.0, 29.7, 700), and F (47.2,
4.8, 700), respectively. The average diameters of these batches ranged from 1.13 um to 1.87
um. The smallest particles found in batch F were in the 0.6 to 0.8 um range, and the ones in

batch D were in the 0.5 to 0.6 um range. 27% and 19% of the particles from batches A and
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C, respectively, had diameters smaller than 0.5 um. These last four batches had PVRs of
about 10. Figure 45 shows the measurements obtained for batch | (302.4, 20.3, 700}). This PVR
15 batch had an average diameter of 0.40 um and 90% of its particles were found to be smaller
than 0.5 um. Comparison of these resulis showed that as PVR increased the particle size of
the polyaphrons decreased.

The same behaviour was observed with the polyaphrons made at mixing rates of 1500
r.p.m. Batches K (150.3, 30.1, 1500) and Q (46.9, 8.5, 1500) of PVR 5 had larger particles than
batches E (49.4, 4.9, 1500) and G (302.8, 30.0, 1500) of PVR 10. Batch H (302.4, 20.3, 1500) of
PVR 15 had the smallest average diameter at 0.40 um with 94% of its bubbles smaller than
0.5 um. These results were represented in Figure 41, Figure 43, Figure 44, Figure 47, and
Figure 50.

The effect of PVR on the particle size distribution of polyaphrons was not unexpected.
The main difference between polyaphrons of various PVR was the amount of water soluble
surfactant in the system. Since the volume of the aqueous phase was greater in the lower
PVR polyaphrons and the surfactant concentration was kept constant for all batches, the
amount of water soluble surfactant was greater in the lower PVR systems. For an oil,
kerosene in this case, to spread in a surfactant solution, the spreading pressure of the oil must
be greater than the surface pressure produced by the surfactant dissolved in the water. The
higher the amount of surfactant in the water the higher the surface pressure will be. As the
PVR was increased, the difference between the surface and spreading pressures increased
as a direct consequence of the smaller amount of surfactant present, and the oil spread easier

over the water, causing the formation of smaller bubbles.

5.2.6.4 Effect of surfactant

The nature of the surfactant was naturally expected to have an effect on the particle size
distribution of the polyaphrons. All surfactants lower the surface tension of the liquid in which

they are dissolved but the degree to which they lower it varies according to the structure of
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the surfactant molecule. Since surface tension affects both the spreading and surface pres-
sures of oil and aqueous phases, respectively, different surfactants were expected to affect the
size of the individual aphrons in a polyaphron.

Figure 43 and Figure 51 depict the particle size distribution of batches G (302.8, 30.0,
1500) and R (259.2, 25.9, 1500), respectively. Both batches are considered to have been made
under approximately the same conditions, but the surfactant used in the aqueous phase of
batch G was 5 g/L NaDBS and that used in batch R was 5 ml/L Arquad 12/50. With an average
diameter of 0.11 um and almost 100% of its particles with diameters smaller than 0.5 um the
particles from batch R were found to be smaller than those from batch G. Batch G had an
average diameter of 0.97 um and 49% of its particles were smaller than 0.5 um.

Batch S (267.5, 26.7, 1500) was also made under approximately the same conditions as
batch G. The same concentration and type of surfactant was used in the aqueous phase of
both batches but, 0.5 ml/L of Tergitol 15-S-3 were added to the organic phase. The bubbles
from batch S were also found to be smaller than those from batch G. As Figure 52 shows,
batch S had an average diameter of 0.42 um and 92% of all its particles were smaller than

0.5 um.

5.2.7 Comparison of the Methods Used to Determine the Particle Size

Measurements

The principal methods of analysis used to determine the particle size distribution of the
polyaphrons were photo- microscopy and sedimentation. Sedimentation is the method used
by the SA-CP3 Centrifugal Particle Size Analyser. The results from each method gave some-
what different particle size distributions for each polyaphron batch.

The sample size used for both methods was small but, while the entire sample was
scanned with the Particle Size Analyser only a small portion of the sample was photographed

under the microscope. Sample preparation was simple for both methods. The photo-
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microscopy method required many hours of tedious bubble counting and measuring while the
Analyser, in a maximum of three hours would generate a particle size distribution for one
sample. The SA-CP3 Analyser can detect particles between 0.1 um and 30 um. With the
photo-microscopy method particles smaller than 2.0 um were not detected. This was probably
due to the buoyancy of the particles. The smaller ones were most likely positioned under the
larger ones. Also, diffraction might possibly have blurred the image of the smaller particles.
Not being able to detect the smaller particles was probably responsible for not detecting an
effect due to addition of surfactant to the organic phase. An effect was seen with the SA-CP3
Analyser. On a positive note, the photo-microscopy method did not apply any external forces
on the bubbles while the SA-CP3 did. These forces might have affected the bubble size. Also,
the SA-CP3 Analyser used the density of the particles to calculate the size distribution. The
accuracy of the method was dependent largely on the accuracy of the density.

The PAR-TEC 100 Analyzer was the only other instrument that successfully measured the
bubbles of polyaphrons. It was quicker and easier to use than the other two methods, and the
sample size was several times larger. The machine could measure patticles between 1 and
100 um. This method calculated a distribution that extended over a range of less than 2.0
um to 125 um with more than 50% of the particles between 13 and 44 um. High degree of
polyaphron breakage was noticed during the testing period. Thus, this method probably in-

troduced a larger amount of error.
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according to size.

Table 8. Description of the experimental tests designed to characterize polyaphrons

Sample org. Ag. Flow | Mixing PVR

ID Flow Rate Rate
Rate (ml/min) (rpm)
(ml/min) |

A 97.9 Tﬁ 9.7 700 10.0
B 141.6 19.1 700 7.4
C 197.8 19.8 700 10.0
D 300.0 29.7 700 10.0
E 49.4 4.9 1500 10.0
F 47 .2 4.8 700 9.8
G 302.8 30.0 1500 10.0
H 302.4 20.3 1500 15.0
I 302.4 20.3 700 15.0
J 150.3 30.1 700 5.0
K 150.3 30.1 1500 5.0
L 174.5 20.1 1100 8.75
M 174.5 20.1 1100 8.75
N 174.7 20.1 1100 8.75
0o 174.7 20.1 1100 8.75
P 46.9 9.5 700 5.0
Q 46.9 9.5 1500 5.0
R 259.2 25.9 1500 10.0
S 267.5 26.7 1500 10.0
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Table 9. Average diameter of polyaphron batches determined by photo-microscopy.

Sample org. Ag. Flow Mixing Avg.
ID Flow Rate Rate Diameter
Rate (ml/min) (rpm)
(ml/min) (wm)
A 97.9 9.7 700 5.00
B 141.6 19.1 700 6.06
c 197.8 19.8 700 6.30
D 300.0 29.7 700 6.72
E 49.4 4.9 1500 6.58
F 47.2 4.8 700 7.39
G 302.8 30.0 1500 6.48
H 302.4 20.3 1500 6.39
I 302.4 20.3 700 6.80
J 150.3 30.1 700 7.56
K 150.3 30.1 1500 6.59
L 174.5 20.1 1100 6.63
M 174.5 20.1 1100 6.97
N 174.7 20.1 1100 6.21
o} 174.7 20.1 1100 7.50
P 46.9 9.5 700 9.04
Q 46.9 9.5 1500 7.86
R 259.2 25.9 1500 7.66
S 267.5 26.7 1500 7.15
A’ 97.9 9.7 700 6.23
I 302.4 20.3 700 6.86
P’ 46.9 9.5 700 7.60

Note: *»
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Table 10. Density and average diameter of polyaphron batches.

Sample org. Aqg. Flow | Mixing Density Avg.
ID Flow Rate Rate (g/cm®) | piameter
Rate (ml/min) (rpm)
(m1/min) (pm)

A 97.9 9.7 700 0.8246 1.37
B 141.6 19.1 700 0.7926 1.98
C 197.8 19.8 700 0.8250 1.13
D 300.0 29.7 700 0.8248 1.65
E 49.4 4.9 1500 0.8251 1.50
F 47.2 4.8 700 0.8249 1.87
G 302.8 30.0 1500 0.8254 0.97
H 302.4 20.3 1500 0.8190 0.36
I 302.4 20.3 700 0.8253 0.40
J 150.3 30.1 700 0.7571 2.54
K 150.3 30.1 1500 0.7821 2.54
L 174.5 20.1 1100 0.8212 1.94
P 46.9 9.5 700 0.7794 2.29
Q 46.9 9.5 1500 0.8321 2.24
R 259.2 25.9 1500 0.8218 0.11
S 267.5 26.7 1500 0.8281 0.42

A” 97.9 9.7 700 0.8246 0.42

Notes: * Average Diameter was determined by SA-CP3
Particle Size Analyzer

Measurements were made four months after
generating the polyaphrons.
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Figure 11. Design region of the experimental tests designed. (A) Orthogonal design, (B)
non-orthogonal design.
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FIGURE (B)

Figure 12. Photographs of polyaphron samples from batches (A) B and (B) D.
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Figure 13. Particle Size Distribution for Batch A (97.9, 9.70, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 14. Particle Size Distribution for Batch B (141.6, 19.1, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 15. Particle Size Distribution for Batch C (197.8, 19.8, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.

DETERMINATION OF THE SIZE DISTRIBUTION OF POLYAPHRONS

82



FIGURE (A)

50
- PHOTO-MICROSCOPY (D) 1
—~ - Ave. D=86.72 .
® 40
- - )
<3 - 4
- L -
2 30
@ ]
m r 4
e i ]
© 20
5 - -
@ C v ]
2 10 i // A /] ]
B 77 1
O L ‘l/ T ﬁ// T T 4"7 T/ l/ le} T i
ln. <+ [Te] w0 ~ o (=23 o ~N ~ w0 @ o o~
T S S N N T N
- > 2 ¢ 3 e 2 g
DIAMETER (micron)
FIGURE (B)
60
E PHOTO—-MICROSCOPY (D)
50 .
S . Ave. D=13.6 ]
e 40 F .
& F ]
S sof —
& 30 F
A, C ]
=k :
%5 20 Ff -
10 F =
O i L L ¥ T T T T —I :
Te ST 2Ty TR 2 8 8
¢+ b & @ I IR I w oo 1 g & 4
- - «

DIAMETER (micron)

Figure 16. Particle Size Distribution for Batch D (300.0, 29.7, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 17. Particle Size Distribution for Batch E (49.4, 4.9, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 18. Particle Size Distribution for Batch F (47.2, 4.8, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 19. Particle Size Distribution for Batch G (302.8, 30.0, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 20. Particle Size Distribution for Batch H (302.4, 20.3, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 21. Particle Size Distribution for Batch | (302.4, 20.3, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 22, Particle Size Distribution for Batch J (150.3, 30.1, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 23, Particle Sixe Distribution for Batch K (150.3, 30.1, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 24. Particle Size Distribution for Batch L (174.5, 20.1, 1100), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), {B) Weight percent.
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Figure 25. Particle Size Distribution for Batch M (174.5, 20.1, 1100), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 26. Particle Size Distribution for Batch N (174.7, 20.1, 1100), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 27. Particle Size Distribution for Batch O (174.7, 20.1, 1100), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 28. Particle Size Distribution for Batch P (46.9, 9.5, 700), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent,
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Figure 29. Particle Size Distribution for Batch Q (46.9, 9.5, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 30. Particle Size Distribution for Batch R (259.2, 25.9, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 31. Particle Size Distribution for Batch S (267.5, 26.7, 1500), as Determined by
Photo-Microscopy. (A) Number of bubbles (%), (B) Weight percent.
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Figure 32. Particle Size Distribution for Batch A (97.9, 8.7, 700), as Determined by
Photo-Microscopy Four Months After the Aphrons Were Made. (A) Number
of bubbles (%), (B) Weight percent.
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Figure 33. Particle Size Distribution for Batch | (302.4, 20.3, 700), as Determined by
Photo-Microscopy Four Months After the Aphrons Were Made. (A) Number
of bubbles (%), (B) Weight percent.
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Figure 34. Particle Size Distribution for Batch P (46.9, 8.5, 700), as Determined by
Photo-Microscopy Four Months After the Aphrons Were Made. (A) Number
of bubbles (%), (B) Weight percent.
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Figure 35. Particle Size of Polyaphrons, Determined with a Coulter Counter

DETERMINATION OF THE SIZE DISTRIBUTION OF POLYAPHRONS

102



FIGURE (A)

9 i3
2 % il
5 W
Lr—— |

31 & 15 % W 1

DIAMETER (micron)

FIGURE (B)

NUMBER OF BUBBLES (%)

]

@1 1 % 1B B W W o

DIAMETER (micron)

Figure 36. Particle size distribution for Batch H (302.4, 20.3, 1500), as determined by the
PAR-TEC 100 Analyzer (A) immediately after testing started, (B) eight minutes.
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Figure 37. Particle Size Distribution for Batch A (97.9, 9.7, 700), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) Weight percent.
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Figure 38. Particle Size Distribution for Batch B (141.6, 1.1, 700), as Determined with the

SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 39. Particle Size Distribution for Batch C (197.8, 19.8, 700), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 40. Particle Size Distribution for Batch D (300.0, 29.7, 700}, as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 41. Particle Size Distribution for Batch E (49.4, 4.9, 1500), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 42. Particle Size Distribution for Batch F (47.2, 4.8, 700), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 43. Particle Size Distribution for Batch G (302.8, 30.0, 1500), as Determined with
the SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 44. Particle Size Distribution for Batch H (302.4, 20.3, 1500), as Determined with
the SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 45. Particle Size Distribution for Batch | (302.4, 20.3, 700), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 46. Particle Size Distribution for Batch J (150.3, 30.1, 700), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 47. Particle Size Distribution for Batch K (150.3, 30.1, 1500), as Determined with
the SA-CP3 Analyser. (A) Number of bubbles (%), (B) Weight percent.
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Figure 48. Particle Size Distribution for Batch L (174.5, 20.1, 1100), as Determined with
the SA-CP3 Analyser. (A) Number of bubbles (%), (B} weight percent.
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Figure 49. Particle Size Distribution for Batch P (46.9, 9.5, 700), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 50. Particle Size Distribution for Batch Q (46.9, 9.5, 1500), as Determined with the
SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 51. Particle Size Distribution for Batch R (259.2, 25.9, 1500), as Determined with
the SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.
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Figure 52. Particle Size Distribution for Batch S (267.5, 26.7, 1560), as Determined with
the SA-CP3 Analyser. (A) Number of bubbles (%), (B) weight percent.

DETERMINATION OF THE SI1ZE DISTRIBUTION OF POLYAPHRONS 119



FIGURE (A)

S SA-CP3 (A)
2 Ave. D=0.55 é
1
m .
5 ]
m
< ]
o 3
o 3
3]
m ]
= 3
o
= ]
i | | | | — - o~ "
~N o] <+ n © | | | |
o (] n o
- -
DIAMETER (micron)
FIGURE (B)
50
[ ]
__ 40} ]
3 [ SA-CP3 (A) ]
E.‘ - .
[ Ave. D=17.0
& 30 7
@] - 4
m r -
= L
e L ]
e 20| -
2z X
&= L ]
= L ]
10 7
L 4
0 i :

1-1.5

0
v N M T 0 ©

15-20

10-15
20-30

DIAMETER (micron)

Figure 53. Particle size distribution for Batch A (97.9, 9.7, 700), determined with the
SA-CP3 Analyzer, 4 months after aphrons were generated (A) Number of
bubbles (%), (B) weight percent.

DETERMINATION OF THE SIZE DISTRIBUTION OF POLYAPHRONS 120



6.0 CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION

OF COPPER IN A BATCH REACTOR

In the process of solvent extraction it is important to create a large surface area between
the extracting solvent and the feed solution containing the solute in order to achieve rapid
approach to equilibrium by facilitating mass transfer of the solute across the interface. Con-
ventional solvent extraction relies on mechanical contactors that employ mechanical energy
input to achieve high rates of mass transfer. Contactors can be expensive and energy costs
can be significantly high especially for very dilute feed solutions. Predispersed solvent ex-
traction (PDSE), depends on the large surface area created by making the solvent into a
polyaphron before contacting the two phases to achieve high rates of mass transfer. The
energy costs are low and no special equipment is required to carry out the extraction. In dif-
ferent manners both processes achieve high rates of mass transfer; however, the performance
of the two processes under similar conditions had never been compared. To determine
whether a higher rate of mass transfer can be achieved with PDSE, batch copper extractions

were carried out in a batch reactor operated isothermally.

6.1 Experimental Procedure

Several batch extractions of copper were done to compare the dynamics of conventional
solvent extraction to that of predispersed solvent extraction (PDSE). PDSE tests were carried
out with aphrons of PVR 5, 10, and 15 at a temperature of about 26°C. The aqueous phase of
the aphrons was made of 5 g/L sodium dodecylbenzenesulfonate (NaDBS), in deionized water.
The initial concentration of copper in the aqueous phase ranged from about 0.0318 to 3.812

g/L. Another set of extractions was carried out with the same type of PVR 10 aphrons at 5,
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15, 35, and 45°C. The initial concentration of copper for these set of extractions was kept at
around 3.177 g/L. A set of extractions was also done with PVR 10 aphrons with an aqueous
phase of 5 ml/L dodecyltrimethyl ammonium chloride (Arquad 12/50), in deionized water and
a temperature of around 26°C. The initial concentration of copper in the aqueous phase for
these extractions also ranged from about 0.0318 to 3.812 g/L. All extractions were carried out
at a pH of approximately 2.0. Conventional batch extractions were done with various initial
concentrations ranging from 3.8124 g/L to 0.0377 g/L and at a temperature of about 26°C. Also,
four extractions were carried out over a pH range of 1.0 to 4.38 and five extractions were done
over a temperature range of 5 to 45°C and a pH of around 2.0. The initial copper concentration
for the last nine extractions was kept between 3.2 and 3.8 g/L. Table 11 and Table 12 outline
all the tests done.

Every batch of polyaphrons used for each PDSE extraction was made separately and by
hand. This ensured that the volume of solvent used in each extraction was the same. A
schematic of the equipment used is shown in Figure 3. The following experimental procedure

was followed for all tests.

1. The refrigerator bath was filled with deionized water.

2. The constant temperature circulator and refrigerator bath were turned on.

3. The temperature controller of the circulator was set at the desired temperature and the

water temperature in the bath allowed to equilibrate.

4. A solution of 250 ml of 10% LIX-64N in kerosene or a volume of aphrons that contained
250 ml of the same kerosene solution was poured into the two neck round bottle flask.

The flask was immersed in the bath water and held in place with a clamp.

5. 250 ml of copper sulfate solution was prepared by diluting a stock solution of copper

sulfate to the desired concentration. The pH of the solution was determined with a Fisher

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A
BATCH REACTOR 122



10.

1.

pH meter. The pH was adjusted to about 2.0 with concentrated sodium hydroxide. The
solution was poured into a 300 m! erlenmeyer flask which was immersed in the bath water

and held in place with a clamp.

After the two solutions, organic and aqueous, had equilibrated to the desired temper-

ature, the stirrer was positioned in the round bottom flask and started.

The erlenmeyer flask containing the aqueous solution was removed from the water bath

and the solution quickly poured into the round bottom flask. A stopwatch was started.

Samples were taken often and the sampling time recorded. Samples were taken by
drawing from the extracting vessel and into a test tube about 10 ml of a mixture of

aqueous and organic phases. A peristaltic pump was used to remove the samples.

In the case of conventional extraction, the two phases in the samples were allowed to
separate by gravity. As soon as possible each phase was removed and placed in sepa-

rate test tubes. The test tubes were sealed with parafilm.

In the case of PDSE, immediately after the samples were taken from the extraction vessel,
they were centrifuged to separate the two phases. Later, each phase was removed and

placed in separate test tubes. The test tubes were sealed with parafilm.

All organic and aqueous samples collected were analyzed for copper content with an

atomic absorption spectrophotometer.

6.2 Results and Discussion

Copper was extracted from dilute solutions of copper sulphate using a 10% solution of a

liquid ion exchanger, LIX-64N, an alpha-hydroxyoxime, in kerosene. The use of LIX in the
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hydrometallurgical field has met with considerable success, especially in the area of ex-
traction of metallic ions from solutions. Several LIX reagents exist in the market these days
with LIX-84 and LIX-984 considered better copper chelating agents than LIX-64N. When this
study started, LIX-64N was the best one in existence and by the time Henkel Corporation
started manufacturing LIX-84 and LIX-984 this study was well under way. Since the objective
of this study was the dynamics of the PDSE process, it was considered unnecessary to change
reagent.

The extraction of copper using LIX-64N involves the contacting of a solvent containing
LIX-64N with the copper containing feed, to yield a LIX-copper complex. The chelating action

of LIX-64N can be represented in an equation form as:
++ = =
[2RH]org + [CU™ ™ + 8047 1aq == [RoCulorg+ [2H'S0,™ 1,4 (6.1)

As can be seen, the reaction is reversible, but for the reverse reaction to be important, the
pH has to be in the range of 0.5 to 0.9.

LIX-64N is a viscous amber colored liquid. Before contacting the LIX with the feed sol-
ution it is first diluted in a hydrocarbon which is referred to as the carrier. Industrially,
kerosene is the carrier of choice because of its low cost. For this study, there was concern
that the use of kerosene might present a problem because of its complexity. It is composed
of a variety of hydrocarbons and the composition of each lot of kerosene is different. The use
of a pure hydrocarbon such as decane was suggested. Unfortunately, even for use at labo-
ratory scale, the cost was high. Therefore, kerosene was used as the carrier but, all the
kerosene used for the batch extractions described in this section was bought from the same
supplier and the same lot. The kerosene was stored in 5 gallon containers and whenever a
container was opened, the surface tension and the viscosity of the kerosene were determined.
The surface tension varied from 28.2 to 28.5 dynes/cm and the viscosity was always around
1.63cp.
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The LIX concentration used for all tests was 10 volume percent in kerosene. LIX-64N can
be used in concentrations up to 30 volume percent. Above this level aqueous entrainment can
occur; therefore, it is recommended that LIX-64N not be used in cencentrations above 30
percent. 10 volume percent is the recommended concentration for extraction of copper from
feed solutions of around 3.0 g/L. Lower LIX concentrations can be used with feeds containing
lower copper concentrations but since for this study it was desired to keep the LIX concen-

tration constant, a 10 percent concentration was used throughout.

6.21 Conventional Extractions

Figure 54 and Figure 55 show concentration-time curves for the first four copper ex-
tractions done. The temperature was kept constant at 26°C for all tests. Temperature vari-
ation throughout the entire testing time was negiligible. Equal volumes, 250 ml, of each phase
were contacted in a 1000 ml two neck round bottom flask. The mixture in the flask was con-
tinuously stirred at the same rate for all tests. The pH of the aqueous phase was adjusted
with concentrated sodium hydroxide to what at the time was thought to be 2.0. The uncertainty
was due to problems that were being experienced with the pH meter. Initially, the response
of the meter was slow, but by the time the aqueous solution was being prepared for a fifth test,
the pH meter readings were drifting. At this point the electrode was replaced but, there was
a large degree of uncertainty as to the actual pH of the four tests already done.

The thing to note from these tests is the amount of time it took for the reaction to reach
equilibrium. Equilibrium conditions were expected to be approached in 1 or 2 minutes. In-
stead, tests 1-and 2 with initial concentrations equal to 3.8124 g/L and 1.5250 g/L, respectively,
took up to 60 minutes to reach equilibrium. The other two tests, one with an initial copper
concentration of 0.7625 g/L and the other with an initial copper concetration of 0.3177 took 15
and 8 minutes, respectively, to reach equilibrium. This was considerable less time than the

first two but, still much longer than expected. The percent of copper extracted with each test
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increased as the initial concentration of copper in the aqueous feed decreased. The percent
extractions for the four tests were 56.7%, 69.6%, 91.7%, and 99.4%, in order of decreasing
initial copper concentration. These results were expected because as the LIX approaches its
maximum copper loading capacity, the mass transfer rate decreases.

Since there was uncertainty as to the acidic strength of the feed solutions in the first four
tests done, these tests were repeated and two exira tests were done to study the dynamics
of the extraction over a range of initial copper concentrations of 3.2215 to 0.0377 g/L. All six
tests were done under similar conditions. The temperature was kept at 26°C with negligible
temperature variation during and between tests. The pH of the feed solutions was adjusted
to around 2.0 with a variation no greater than 0.08 between tests. The mixing rate was also
kept constant. Figure 56, Figure 57, and Figure 58 show the concentration versus time curves
for these tests. The feed concentration of the first test in this series was 3.2215 g/L, that of the
second test was 1.4360 g/L and the last four tests had feed concentrations of 0.7180, 0.3666,
0.0718, and 0.0377 g/L. The percent of copper extracted was 80.3%, 95.3%, 98.3%, 98.3%,
99.3%, and 99.5%, in order of decreasing feed concentrations. The copper recovery was
significantly higher than in the first series of tests. An indication that the conditions in the first
series of tests were questionable as suspected. As was seen before, the copper recovery
increased as the feed concentration decreased, except that in this case, the increase was
significant only between the three tests with the higher feed concentrations. For feed con-
centrations between 0.7180 and 0.0377 g/L the copper recovery ranged from 98.3% to 899.5%.
Since these feed concentrations were much lower than the saturation point of a pH 2.0, 10
volume percent LIX-64N solution which is somewhere between 2.8 and 3.0 g/L of copper, close
to complete recovery was expected. Another significant difference between this series of tests
and the first series was the time required to reach equilibrium. Again, the time was longer
than expected but this time it ranged from 15 minutes for the test with the higher feed con-
centration to 6 minutes for the one with the lower feed concentration. A significant improve-

ment.
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A third series of 5 tests was done to observe the effect of temperature on the copper ex-
traction. The feed copper concentrations were between 3.2 and 3.3 g/L for all tests. The pH
was kept constant at about 2.0 and equal volumes of the two phases were contacted in the
reactor vessel. The mixture was mixed at approximately the same rate during all tests. The
temperatures ranged from 5 to 45°C with each test done at 10 degree intervals. Figure 56,
Figure 59, and Figure 60 show the concentration versus time curves for these tests. For the
test done at 5°C the copper recovery was 70.9% and the reaction took 20 minutes to reach
equilibrium. A 75.5% copper extraction was achieved in 15 minutes when the temperature
was raised 10° to 15°C. Another 5% increase in copper recovery was achieved by raising the
temperature to 26°C but the time required to reach equilibrium remained at around 15 min-
utes. No appreciable change was observed when the temperature was raised from 26 to
35°C. The percent extraction achieved went from 80.3% to 80.9% and the equilibrium time
decreased by two minutes from 15 to 13. A slightly higher recovery of 83.2% was attained at
45°C. The equilibrium time remained at around 12 minutes. Obviously the extraction is en-
hanced when the temperature is raised from 5 to 26°C but increasing the temperature from
26 to 45° makes little difference. The increase in copper recovery from 80.9% to 83.2% when
the temperature was raised from 35 to 45°C might imply that raising the temperature above
45° would again enhance the extraction considerably. This was not investigated further.

As was previously stated, the difference between the results obtained in the first series
of tests and the second one demonstrated that there was a difference in the conditions under
which the extractions had been carried out. An attempt to shed some light as to the acidic
conditions under which these tests had been done led to a fourth series of extractions. These
extractions were carried out at pH 1.0, 2.98, 3.93, and 4.38. The pH of the first three solutions
was adjusted with concentrated sodium hydroxide while no pH adjustment was done for the
last test. The temperature for all tests was kept at 26°C and the feed concentrations were kept
somewhere between 3.6 and 3.8 g/L of copper. By the time it was decided to do this series
of tests, the extraction apparatus had to be reassembled because it had already been dis-

mantled. Unfortunately, the stirrer that had been used for all previous tests was no longer
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available so another one had to be used. It should be noted that the mixing rate achieved
with this stirrer was higher than the previous one. Figure 61 and Figure 62 show the con-
centration versus time curves for these tests. The copper recovery for these four tests was
49.8%, 81.4%, 83.7%, and 81.1%, in order of ascending pH. The increase in copper recovery
with a pH increase from 1.0 to 2.98 is higher than 30%. At a pH of 1.0 it took 25 minutes for
the reaction to reach equilibrium while for the other three tests equilibrium was reached in
only 6.5 minutes. Increasing the pH above 2.98 had an insignificant effect on the extraction.
A comparison of these results with those obtained for test 1 from series 2 which was done at
pH 2.0, 26°C and with a 3.2215 g/L feed concentration, shows that the copper recovery was
similar at 80.3% to the recovery achieved at pH above 2.98. Equilibrium was reached in 15
minutes when the extraction was carried out at a pH of 2.0 while it took 6.5 minutes for all tests
carried out at higher pH. This difference in equilibrium time is thought to be more an effect
of mixing rate than a pH effect. In effect, the unintentional higher rate at which the tests in this
series were mixed demonstrated that the longer than expected times taken to reach equilib-
rium in all tests was because of relatively low mixing rates. The special contactors used in
industry must provide higher contact than that achieved with the stirrer used for this study,
explaining the lower equilibrium times reported in the literature. From these results it ap-
pears that the pH of the first series of tests was closer to 1.0 than to 2.0. A summary of the

results from all preceding tests is shown in Table 11.

6.2.2 Predispersed Solvent Extractions

All batch extractions done with aphrons were carried out in the same manner as the
conventional batch extractions. 250 ml of 10 volume percent LIX-64N in kerosene were formed
by hand into a polyaphron. The polyaphron was contacted with 250 mi of a copper sulfate
solution in a batch reactor. The reactor contents were continuously mixed at a constant rate

Usually, polyaphrons are diluted with water before contacting them with the feed because
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the high cohesion forces between the aphrons slows the rate at which they spread through the
liquid. However, for all the batch tests done the polyaphrons were not diluted because it was
felt that the mechanical mixing would take care of spreading the polyaphrons without resorting
to dilution. In a continuous or semi-batch process the polyaphrons are pumped into the
system and the movement of the aphrons through the fluid creates sufficient contact so that
mechanical mixing is not necessary. In the case of the batch tests done for this study, the
copper loaded feed solution was poured into the reactor which already contained the
polyaphrons. Without mechanical mixing, the rate of diffusion of the aphrons through the fluid
would have been extremely slow.

All samples taken from the reactor had to be centrifuged to separate the two phases
quickly. The samples removed were a mixture of raffinate, extract, and polyaphrons because
the polyaphrons did not break all at once when contacted with the aqueous phase. The
polyaphrons were usually distributed through both the aqueous and the organic phases and
it was important to remove the aphrons quickly from the aqueous pr;ase to prevent further
transfer of mass.

The first series of six tests were done with polyaphrons of PVR 10. The surfactant used
in the aqueous phase of the polyaphrons was 5 g/L sodium dodecylbenzenesulfonate
(NaDBS). These tests were comparable to the second series of tests done by conventional
extraction. The feed copper concentrations were 2.9228, 1.5250, 0.7815, 0.4244, 0.0820, and
0.04448 g/L. The temperature was kept constant at 26.0°C and the pH was around 2.0 for all
tests. The mixture in the reactor was stirred at approximately the same rate as that used in
the conventional extraction tests. The copper recoveries were 76.1%, 96.7%, 98.1%, 99.3%,
99.4%, and 99.1%, in order of decreasing feed concentrations. These results are similar to
those obtained by conventional extraction. The time required to reach equilibrium was 12.5
minutes for the test with initial feed concentration of 2.9228 g/L. The other five tests reached
equilibrium within the first 0.5 minute. A great improvement over conventional extraction.

Figure 63, Figure 64, and Figure 65 show concentration versus time curves for these tests.
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A second series of tests was done with the same type of polyaphrons as the ones used
in the previous tests. Figure 66 and Figure 67 show the concentration versus time curves for
these tests. The feed concentration for test 1 was 3.3041 g/L and the extraction was carried
out at 5°C. A copper recovery of 76.2% was achieved in 12.5 minutes. The feed concentration
of test 2, which was carried out at 10°C, was 3.3041 g/L. It took 7.5 minutes to recover 78.9%
of the copper. Tests 3 and 4 also had feed concentrations of 3.3041 g/L but the extractions
were carried out at 35°C for test 3 and at 45°C for test 4. The percent extraction for these tests
was similar with 84.8% for test 3 and 84.0% for test 4. Both reactions reached equilibrium
within 0.5 minute. The pH for all four tests was around 2.0. These tests show that the ex-
traction is enhanced with an increase in temperature. When the temperature was raised from
5 to 15°C the percent extraction increased by almost 3%. An even larger increase of about
6.0% was seen when the temperature was raised from 15 to 35°C. Raising the temperature
from 35 to 45°C had no effect on the extraction. More importantly, the time required to reach
equilibrium was decreased from 12.5 minutes for test 1 to 0.5 minute for tests 3 and 4. Also,
when comparing these results to those of similar tests done with conventional extraction, it
is noted that equilibrium conditions are approached much quicker with PDSE.

A third series of six tests were done with PVR 5 polyaphrons. The polyaphrons were
again made with an aqueous phase of 5 g/L NaDBS. These tests were comparable with those
from series 1. The temperature was kept constant at 26.0°C and the pH was around 2.0. For
test 1, with an initial feed concentration of 3.5011 g/L and an 83.8% copper recovery, equilib-
rium was reached in 0.5 minute. An increase in copper recovery to 96.3% was seen when the
feed concentration was decreased to 1.6457 g/L for test 2. For this test equilibrium was also
reached within 0.5 minute. By further decreasing the feed concentration, a small increase in
copper recovery was noted. The percent extractions for tests of feed concentrations of 0.8769,
0.4022, 0.07625, and 0.03971 g/L were 98.0%, 98.9%, 99.4%, and 99.5%, respectively. Equi-
librium was reached in 0.5 minute for all four tests. These results are similar to those ob-

tained with PVR 10 polyaphrons except for the fact that for test 1 done with polyaphrons of PVR
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5 equilibrium was reached much faster than for test 1 done with polyaphrons of PVR 10. Fig-
ure 68, Figure 69, and Figure 70 show concentration versus time curves for these tests.

A fourth series of six tests comparable to the above six tests was done, except that the
polyaphrons used were of PVR 15. Similar results were obtained. The feed concentrations
ranged from 3.614 g/L for test 1 to 0.04175 g/L for test 6. The temperature was held constant
at 26.0°C. The pH was around 2.0 for all tests and the mixture was stirred at the same rates.
The percent of copper extracted increased from 85.3% for test 1 to 99.8% for test 6 as the feed
concentration was decreased. Test 1 took 7 minutes to reach equilibrium and all other five
tests took onlyv 0.5 minute. Figure 71 through Figure 73 show the concentration-time curves
for this series of tests.

Finally, a fifth and last series of 6 tests was done to observe the effect that using a dif-
ferent water soluble surfactant to make the polyaphrons would have on the extraction. The
surfactant used was Arquad 12/50 at a concentration of 5 ml/L. Again, this series of tests was
comparable to the previous series. Temperature, pH, and mixing conditions were the same.
The feed concentrations ranged from 3.5011 g/L for test 1 to 0.04842 g/L for test 6 and the
percent extraction increased from 80.9% to 99.5%. The equilibrium time for test 1 was 7
minutes, that for test 2 was 3 minutes, and all other tests reached equilibrium within the first
0.5 minute. These results are similar to the results obtained for all other series of tests done
with polyaphrons of various types. Figure 74 through Figure 76 show the concentration-time
curves for these tests. A summary of the results of all the preceding tests is shown in

Table 12.

6.2.3 Determination of Equilibrium

The copper concentration in the aqueous and organic phases was plotted over time to
determine the ultimate equilibrium concentrations for each experiment. Since there is some

experimental error involved in the experimental points, a best fit curve was drawn through the
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points. A certain amount of fluctuation was repeatedly observed in the concentration data
beyond the time after which the tests were considered to have reached equilibrium, especially
with the copper concentration in the organic phase. Whenever this happened, an average of
all the concentrations beyond what was estimated to be the equilibrium point was calculated
and this was determined to be the ultimate equilibrium concentration for a particular exper-
iment. Figure 54 through Figure 76 show the concentration versus time curves for all the
tests.

As has been previously mentioned, the LIX solvents operate by replacing the hydrogen

atoms of two solvent molecules with an absorbed copper atom. The general reaction is:

++ = __. =
[2RH]org + [Cu™ ™ + 80, lag= [RyCulyg+ [2HTS0,™ 1o (6.1)

It has been suggested that the equilibrium constant for this reaction can be written as:

[RoCullH* T
Keq= s > (6.2)

[Cu ™ "]I[RH]
This equation was solved for K., using the experimental equilibrium data. The concentration
of the LIX/copper complex, [R:Cu], is equal to the ultimate copper equilibrium concentration
in the organic phase, C'.y. The concentration of copper ions, Cu**, is equal to the ultimate

copper equilibrium concentration in the aqueous phase, C°,,. The concentration of hydrogen

ions at equilibrium was calculated as follows:
[H1eq=100"P" 4 o0c, 0] (6.3)
The final LIX concentration was calculated from:
[RH]leq = [RH]inmiAL — 2[c'org] (6.4)

Now, in equation 4 the initial LIX concentration was not known because LIX-64N is described

by the manufacturer as “a mixture of 2-hydroxy-5nonylbenzo-phenoneoxime and 5,8-diethyl-7-
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hydroxydodecan-6-oxime in kerosene”. The density of the mixture was known but not the
percentage of each of the components. But, if it is assumed that the amount of LIX initially
present is equal to the maximum copper loading capacity achieved with the test from each
series done at the highest initial feed concentration, the initial LIX concentration can be esti-
mated. The values of the parameters used to solve equation 2 and the equilibrium constants
calculated for two of the series of tests done, one using conventional extraction and one using
PDSE, are tabulated in Table 59 and Table 60. The values calculated for the equilibrium
constant, which should not be affected by initial feed concentration, decreased with decreas-
ing initial feed concentration. The difference between K., for the first and second tests of each
series is extremely large, with the values for the first tests being surprisingly high. Now, if
instead one assumes that the original LIX/kerosene mixture as supplied by the manufacturer
contains no kerosene and that the other two components are found in equal quantities, the
concentration of LIX in a 10 volume percent solution with kerosene was calculated to be 0.4M.
Although this concentration value is unreasonably high, it was noted that by increasing the
value of the initial LIX concentration when solving for K., the difference between the equilib-
rium constants for each test became smaller. However, the value of the equilibrium constant
for test 1 of each series was always higher than the rest.

In the equilibrium expression represented by equation 2, ideal conditions were assumed.
If ideal conditions do not hold, the equilibrium expression is no longer a ratio of the concen-
trations but a ratio of the activities. The acidity of the initial feed solutions used in all tests
was very low at pH of about 2.0. Also, the acidity of the solution changed over time since two
hydrogen ions were produced for each copper ion that complexed with the LIX. It is noted that
the final hydrogen ion concentration calculated for each test decreases with decreasing initial
feed concentration and that the difference between test 1 and test 6 of each series can be up
to 10 fold. Under such highly variable ionic conditions the ideal assumptions might not hold.
Thus, it is possible that the change seen in the equilibrium constant is because the values
calculated are factors of K., and the effect of the activity changes. Since there was no way to

determine the separate activities of LIX and the LIX/copper complex, and the initial LIX con-
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centration was unknown, it was decided instead to determine only an empirical relationship
between C’,; and C’,yq.

The ultimate equilibrium concentrations for each series of reactions done at a temper-
ature of 26.0°C and a pH of 2.0 were used to develop empirical equilibrium isotherms. The
isotherms were plotted as the natural logarithm of the copper equilibrium concentration in the
organic phase versus the natural logarithm of the copper equilibrium concentration in the
aqueous phase for each series of experiments. A best fit curve was drawn through the points.
These empirical equilibrium isotherms are depicted in Figure 77 to Figure 79. It should be
noted that the first four or five points in all the empirical equilibrium isotherm curves fell in a
straight line and the last point or two curved towards an asymptote. For example, the re-
lationship between C*,, and C’,,, for the second series of tests done by conventional extraction

can be approximated by the following expression:

0.6508

* c aq
C’org = 9.994 : (6.5)
[7.824C 5o + 1]

This is represented in Figure 77 (B). The equilibrium curve starts to bend as the LIX ap-
proaches its maximum loading capacity or saturation point.

Empirical equilibrium isotherms were not developed for the third and fourth series of tests
done by conventional extraction and for the second series of tests done by predispersed soil-
vent extraction. Each test from each of these series was done either at a different temperature
or at a different pH to observe the effect of these variables on the ultimate equilibrium con-
centrations. These fragmented data was not sufficient to make equilibrium isotherms since

curves could not be drawn with only one data point.
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6.2.4 Correlation of Batch Reactor Data

When doing the batch tests, the copper concentration of each phase was followed over
time with the purpose of being able to determine the ultimate equilibrium of each experiment.
In doing this several interesting and unexpected observations were made. For example, each
experiment was expected to reach equilibrium in three or four minutes but it took some tests
almost 60 minutes to do so. Also, the rate of approach to equilibrium was not expected to be
affected by initial feed concentration. However, every test done showed that the rate of ap-
proach to equilibrium depended on the initial feed concentration. These observations led to
a study of the dynamics of each test.

The dynamics of each experiment were modeled according to the film theory. The film
theory is based upon a model in which the entire resistance to diffusion is assumed to occur
in films at the interface. If, for the specific case of the diffusion of copper ions from the
aqueous film to the LIX containing organic film, it is assumed that the organic phase is the
one offering resistance to mass transfer; then, the concentration of copper ions in the bulk
water, C,q, is equal to the concentration of copper ions in the aqueous phase at the interface
of the two phases. Then, for the copper/LIX reaction, the rate equation may be written:

dCOF 2]

“dt k(C org — Corg) (6.6)

where, C,, is the copper concentration in the bulk organic phase, C’,, is the organic copper
concentration in equilibrium with C,q, k is the mass transfer coefficient, and ¢t is time.
Equation 6 was used to calculate the mass transfer coefficients for all the batch reactions
done at 26°C and a pH of 2.0. The parameters needed in the equation were calculated in the
following manner. At any time, ¢, C,, was determined from the smooth curve drawn through
the experimental points in the concentration-time curves. Knowing Caq. C'org Was determined

from the equilibrium isotherms developed earlier. C,, was determined from the smooth curve
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drawn through the experimental points in the concentration-time curves. Now, solving

equation 6 for the change in C,, and changing the derivative to a discrete change gives,

ACorg=k(C org — Corg) AT (6.7)

This equation was solved by inputing the values of C,,y and C%,, at 1 minute intervals from time
equal to zero to the equilibrium time. A value for k was initially guessed. From the value
calculated for the change in C,r, Cory Was calculated and compared to the inputed C,,4 values.
The value for the mass transfer coefficient was adjusted to give an optimum fit of the exper-
imental data. All the parameters used to solve the equation and the calculated values of C,y
for each test done by conventional extraction are tabulated in Table 13 to Table 22. The pa-
rameters for the tests done by PDSE are tabulated in Table 31, Table 47, Table 52, and
Table 54. This scheme was used to determine k for all reactions that reached equilibrium in
three minutes or more. For all the reactions in which equilibrium was reached within 0.5
minute, equation 4 was solved for k directly.

The correlation between the experimental data and the values predicted by the film the-
ory for each test was good. Figure 54 to Figure 58, and Figure 63, Figure 71, and Figure 74.
show the calculated and experimental curves. The problem with the model is that for each
series of tests, which only differ in the initial copper concentration used, a different mass
transfer coefficient was required to fit the data and according to the film theory the mass
transfer coefficient should not vary with initial feed concentration. The mass transfer coeffi-
cients calculated for each test are tabulated in Table 59 to Table 64. Table 59 and
Table 60. demonstrate that for both series 1 and 2 done by conventional extraction, the value
of the mass transfer coefficient decreases with decreasing feed concentration. For the series
of tests 1, 4 and 5 done by PDSE the mass transfer coefficient increases at first but then it
starts to decrease with decreasing feed concentration. For example, from Table 61 it is seen
that when the feed concentration decreases from 2.9228 g/L to 1.525 g/L, k increases from

0.535 to 2.654 min—' but as the feed concentration decreases further to 0.7815 g/L, the k de-
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creases to 1.380 min-'. The mass transfer coefficient continues to decrease as the feed con-

centration decreases.
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Table 11. Description of copper extraction tests done in a batch reactor using conven-
tional solvent extraction

Series | Test c* Temp C pH Percent t®
ID ID (g/L) Ext. (%)
1 1 3.8124 26.0 ? 56.7 60.0
1 2 1.5250 26.0 ? 69.6 60.0
1 3 0.7625 26.0 ? 91.7 15.0
1 4 0.3177 26.0 ? 99.4 8.0
2 1 3.2215 26.0 2.01 80.3 12.0-
15.0
2 2 1.4360 26.0 2.01 95.3 13.0
2 3 0.7180 26.0 2.08 98.3 10.0
2 4 0.3666 26.0 2.01 98.3 10.0
2 5 0.0718 26.0 2.03 99.3 9.0
2 6 0.0377 26.0 2.04 99.5 6.0
3 1 3.2088 5.0 2.06 70.9 20.0
3 2 3.3041 15.0 2.03 75.5 15.0
3 3 3.3041 35.0 2.05 80.9 13.0
3 4 3.3041 45.0 2.00 83.2 12.0
4 1 3.6218 26.0 1.00 49.9 25.0
4 2 3.8124 26.0 2.98 8l1.4 6.5
4 3 3.8124 26.0 3.93 83.7 6.5
4 4 3.8124 26.0 4.38 81.1 6.5

-4
Q
8
0
"

. Initial copper feed concentration

-

t
»

"

Time required for the reaction to reach equilibrium
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Figure 54. Concentration versus time curves of the experimental and film theory values
for the conventional solvent extraction of copper in a batch reactor at T=26.0
°C.: Data found Table 13 and Table 14.
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Table 13.

Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at

C,=3.8124 g/L, and T=26.0°C.

: 2 b ¢ * d e f
mim | (@ | (of ggﬁ) (a7E) (i"/'jx'.) (caTe)
0 3.8124 0.0 3.8124 2.25 0.00 0.0

0.5 3.2405 0.6354 - 2.25 - -
1.0 2.9864 0.8896 - 2.25 - -
2.0 2.7958 1.3343 2.825 2.25 0.74 0.71
4.0 - - 2.489 2.25 1.30 1.18
5.0 2.2874 1.0166 - 2.25 - -
6.0 - - 2.275 2.25 1.60 1.49
8.0 - - 2.113 2.25 1.78 1.70
10.0 2.0968 1.7156 2.000 2.25 1.92 1.85
12.0 - - 1.913 2.25 2.00 1.96
14.0 - - 1.838 2.25 2.06 2.04
l16.0 - - 1.788 2.23 2.12 2.10
18.0 - - 1.750 2.23 2.15 2.14
20.0 1.7156 2.1604 1.713 2.22 2.17 2.16
40.0 1.8427 2.2239 1.675 2.21 2.21 2.26
60.0 1.5885 2.5416 1.652 2.21 2.21 2.26
80.0 1.6520 2.2239 1.652 2.21 2.21 2.26
90.0 1.6520 2.0968 1.652 2.21 2.21 2.26
NOTES: * C, = Aqueous copper concentration (experimental points)
b C,; = Organic copper concentration (experimental points)
¢ C, = Smooth curve drawn through C,
d C. = Organic copper concentration in equilibrium with C,,
¢ Coy = Smooth curve drawn through C.,
f e, (Calc) = values calculated from film theory
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Table 14.

Concentration values determined experimentally and calculated from film the-
ory for conventional solvent extraction of copper in a batch reactor at

C,=1.5250 g/L., and T=26.0°C.

Time C.' Cor Cops’ Clor’ Corgs’ Corg'
(min) (g/L) (g/L) (g/L) (g/L) (g/L) | (calc)
——— — —
4] 1.525 0.0 1.525 2.45 0.0 0.0
0.5 1.644 0.075 1.510 2.44 0.0150 | 0.0150
1.0 1.443 0.061 1.490 2.42 0.0300 | 0.0298
2.0 1.423 0.102 1.460 2.40 0.0590 | 0.0589
5.0 1.378 0.183 1.370 2.38 0.143 0.143
10.0 1.345 0.196 1.223 2.31 0.280 0.280
20.0 1.089 0.440 0.972 2.15 0.528 0.528
40.0 0.648 0.872 0.645 1.80 0.860 0.867
60.0 0.465 1.061 0.500 1.57 1.061 1.034
80.0 0.395 1.061 0.464 1.52 1.061 1.115
90.0 0.287 1.050 0.464 1.52 1.061 1.089
NOTES: * C, = Aqueous copper concentration (experimental points)
b C,; = Organic copper concentration (experimental points)
¢ C, = Smooth curve drawn through C,
d Czu = Organic copper concentration in equilibrium with C,,
¢ Cuy = Smooth curve drawn through C
f Cc, (Calc) = values calculated from film theory

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A
BATCH REACTOR

143



C,=0.7625g/L

o Organic
O Agqueous
—Smooth Fit

- Film Theory

c/C,

L M| b PR | PP |
7

0 5 10 15 20 40 60 80 100

TIME (min)
FIGURE (A)

C,=0.3177g/L

L !

1.2

o Organic

O Aqueous B
——Smooth Fit
-——Film Theory

c/Cq

A4 \>4 O o—0O 4
L 1 L A 1 L

0 5 10 15 20 40 60 80 100

TIME (min)
FIGURE (B)

Figure 55. Concentration versus time curves of the experimental and film theory values
for the conventional solvent extraction of copper in a batch reactor at T=26.0
°C.: Data found in Table 15 and Table 16.
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Table 15. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at
C,=0.7625 g/L, and T=26.0°C.

Time C.'
(min) | (g/L)
0 0.7625
0.5 10.426
1.0 10.286
2.0 0.305
4.0 |-
5.0 [0.235
6.0 |-
8.0 |-
10.0 |0.102
12.0 |-
14.0 |-
16.0 |-
18.0 |-
20.0 [0.0635
40.0 |0.0509
60.0 |0.0635
80.0 |[0.0509

90.0 [0.0635

b
Corg

(g/L)

0.0

0.292
0.349
0.362

0.521

0.629

0.6990
0.6799
0.6990
0.6354
0.6354

c * d e f

(/i) 3;7'1'-)1(3'7’1'.) (cate)
0.7625 | 2.250 (0.0 0.0
0.540 - 0.220 -
0.465 - 0.280 -
0.380 1.700 |0.3825 0.255
0.265 1.450 [0.4975 0.417
0.222 - 0.542 -
0.185 1.220 |0.577 0.531
0.130 1.020 [0.633 0.605
0.097 0.910 [0.666 0.350
0.079 0.850 [0.690 0.679
0.067 0.733 10.696 0.693
0.065 0.714 |0.698 0.697
0.064 0.704 [0.699 0.699
0.0635| 0.699 [0.699 0.699
0.0635 | 0.699 |0.699 0.699
0.0635 | 0.699 |[0.699 0.699
0.0635| 0.699 |0.699 0.699
0.0635 | 0.699 |0.699 0.699

NOTES:

C
C

C, =
Cog =
C? =
C =

org
orgs
org

(Calc) = Values calculated from film theory

Aqueous copper concentration (experimental points)
Organic copper concentration (experimental points)
Smooth curve drawn through C,
Organic copper concentration in equilibrium with C,
Smooth curve drawn through C,,
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Table 16. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at
C,=0.3177 g/L, and T=26.0°C.

Time c.' Corg” Cane’ Cloms’ Corgs’ Corg'
(min) (g/L) (g/L) (g/L) (g/L) (g/L) | (calc)
0 0.3177 0.0 0.3177 1.580| 0.0 0.0

0.5 0.1906 | 0.1271 | 0.1950 - 0.130 -
1.0 0.1271 | 0.1906 | 0.1275 1.250| 0.190 0.150
2.0 0.0635 | 0.2542 | 0.0625 0.693 | 0.250 0.236
3.0 - - 0.0360 0.528 | 0.286 0.275
4.0 - - 0.0200 0.429 | 0.309 0.296
5.0 0.0127 | 0.3159 | 0.0125 0.382 | 0.316 0.306
6.0 - - 0.0075 0.351 | 0.316 0.312
7.0 - - 0.0040 0.330| 0.316 0.315
8.0 - - 0.0018 0.316 | 0.316 0.316
9.0 - - 0.0018 0.316 | 0.316 0.316
10.0 0.0018 | 0.3159 | 0.0018 0.316 | 0.316 0.316
20.0 0.0012 | 0.3159 | 0.0018 0.316 | 0.316 0.316
40.0 0.0012 | 0.3159 | 0.0018 0.316 | 0.316 0.316
60.0 0.0012 | 0.3159 | 0.0018 0.316 | 0.316 0.316
80.0 0.0006 | 0.3159 | 0.0018 0.316 | 0.316 0.316
90.0 0.0006 | 0.3159 | 0.0018 0.316 | 0.316 0.316
NOTES: * C,, = Aqueous copper concentration (experimental points)
* C, = Organic copper concentration (experimental points)
¢ C, = Smooth curve drawn through C,
¢ C,; = Organic copper concentration in equilibrium with Cos
® Cogp = Smooth curve drawn through C
f Cxy (Calc) = Values calculated from film theory
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Figure 56. Concentration versus time curves of the experimental and film theory values
for the conventional solvent extraction of copper in a batch reactor at T=26.0
°C and pH=2.0.. Data found in Table 17 and Table 18.
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Table 17. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at

C.=3.2215 g/L, T=26.0°C, and pH=2.01.

: a b
mim | @ | @
0 3.2215 0.0 3.2215 3.00 0.0 0.0
0.5 1.7219 0.7561 | 2.577 3.00 0.644 -
1 1.6203 0.9658 | 2.225 3.00 1.025 0.657
2 1.3280 1.3153 ) 1.775 3.00 1.400 1.129
3 1.0357 1.5885 | 1.450 2.975 1.675 1.511
4 0.7498 2.0079 | 1.215 2.915 1.910 1.816
5 1.3343 2.0968 | 1.050 2.860 2.085 2.051
6 1.1882 2.1985 | 0.945 2.810 2.225 2.230
7 1.2899 2.3319 | 0.863 2.760 2.350 2.361
8 1.0484 2.3637 | 0.788 2.710 2.440 2.151
9 1.0103 2.4145 | 0.737 2.660 2.515 2.506
10 0.9722 2.4717 | 0.700 2.630 2.550 2.536
15 0.6354 2.5226 | 0.635 2.5861 | 2.5861 | 2.589
20 0.6227 2.5797 | 0.635 2.5861|2.5861 | 2.589
25 0.6481 2.7894 | 0.635 2.5861 | 2.5861 | 2.589
30 0.6163 2.8466 | 0.635 2.5861 | 2.5861 | 2.589
40 0.5909 2.8466 | 0.635 2.5861 | 2.5861 | 2.589
50 0.6036 2.4717 | 0.635 2.5861 |2.5861 | 2.589
60 0.6036 2.7386 | 0.635 2.5861 | 2.5861 | 2.589
70 0.5655 2.7386 | 0.635 2.5861 | 2.5861 | 2.589
80 0.0636 2.6306 | 0.635 2.5861 12.5861 | 2.589
90 0.6227 2.6814 | 0.635 2.5861 |2.5861 | 2.589
NOTES: C Aqueous copper concentration (experimental points)

aq
org

nnan

w
org

Q

orgs
- (Calc)

-~ 0 Ao 0o o =

0

= Values calculated from film theory

= Organic copper concentration (experimental points)

= Smooth curve drawn through C,

= Organic copper concentration in equilibrium with C,,
= Smooth curve drawn through C,,
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Table 18. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at

C.=1.4360 g/L., T=26.0

Time C." Corg Cogs’ Clos’ Corgs’ Corg'
(min) (g/L) (g/L) (g/L) (g/L) (g/L) | (calc)
0 1.4360 | 0.0 1.4360 2.975 0.0 ] 0.0

0.5 0.8514 | 0.3050 1.100 - 0.215 | -
1 0.9023 | 0.2574 0.930 2.800 0.450 0.298
2 0.6100 | 0.7815 0.700 2.635 0.685 0.544
3 0.5782 | 0.9912 0.550 2.485 0.848 0.744
4 0.4003 | 1.0484 0.420 2.315 0.975 0.907
5 0.3050 | 1.0484 0.320 2.150 1.080 1.036
6 0.2796 | 1.1564 0.260 2.000 1.165 1.135
7 0.2160 | 1.2073 0.210 1.825 1.235 1.207
8 0.1970 | 1.1818 0.175 1.750 1.285 1.259
9 0.1525 | 1.2899 0.145 1.650 1.325 1.297
10 0.1334 | 1.3407 0.120 1.540 1.350 1.322
15 0.0699 | 1.3407 0.070 1.3732 1.368 1.371
20 0.0629 | 1.3979 0.068 1.3680 1.368 1.372
25 0.0566 | 1.3979 0.068 1.3680 1.368 1.372
30 0.0826 | 1.3725 0.068 1.3680 1.368 1.372
NOTES: * C,, = Aqueous copper concentration (experimental points)
* C,; = Organic copper concentration (experimental points)
¢ Cue = Smooth curve drawn through C,,
¢ C'y = Organic copper concentration in equilibrium with C,,
® Coy = Smooth curve drawn through C,,
f Coy (Calc) = Values calculated from film theory
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Figure 57. Concentration versus time curves of the experimental and film theory values
for the conventional solvent extraction of copper in a batch reactor at T=26.0
°C and pH=2.0.. Data found in Table 19 and Table 20.
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Table 19. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at

C,=0.7180 g/L, T=26.0°C, and pH=2.08.

Time C. (S Coe’ Clorpe’ Corgs’ Corg'
(min) (g/L) (g/L) (g/L) (g/L) (g/L) | (calc)
— — —m
0.0 0.7180 0.0 0.7180 2.65 0.0 0.0
0.5 0.5115 0.2071 | 0.5115 - 0.2065 -
1.0 0.4213 0.2618 | 0.4125 2.313 0.3055| 0.165
2.0 0.2904 0.4372 | 0.2904 2.088 0.4276 0.294
3.0 0.2084 0.5140 | 0.2084 1.825 0.5096 0.398
4.0 0.1576 0.2795 | 0.1500 1.650 0.5680 0.480
5.0 0.1106 0.6011 | 0.1100 1.450 0.6080 0.546
6.0 0.0394 0.6240 | 0.0794 1.3973 |10.6386 0.601
7.0 0.0585 0.6418 | 0.0550 1.2132 | 0.6630 0.645
8.0 0.0445 0.6672 | 0.0380 1.0106 | 0.6800 0.674
9.0 0.0318 0.6926 | 0.0318 0.9368 [ 0.6862 0.693
10.0 0.0261 0.6799 | 0.0261 0.8688 | 0.6919 0.707
15.0 0.0133 0.6989 | 0.0133 0.7164 | 0.7047 0.738
20.0 0.0114 0.7244 | 0.0124 0.7056 | 0.7056 0.740
25.0 0.0114 0.6862 | 0.0124 0.7056 | 0.7056 0.740
30.0 0.0133 0.7423 | 0.0124 0.7056 | 0.7056 0.740
NOTES: * C,, = Aqueous copper concentration (experimental points)
b Co; = Organic copper concentration (experimental points)
¢ C, = Smooth curve drawn through C,_
d C'oy = Organic copper concentration in equilibrium with C.,
® Cop = Smooth curve drawn through C
! C,; (Calc) = Values calculated from film theory
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Table 20. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at
C,=0.3666 g/L, T=26.0°C, and pH=2.01.

3 b * d f
Time C. Core Cugs’ Cores Corgs Core
(min) (g/L) (g/L) (g/L) (g/L) (g/L) (Calc)

_________========ﬁ

0.0 0.3666 | 0.0 0.3666 2.2215 | 0.0 0.0

0.5 0.2770| 0.1639 | 0.2688 - 0.0896 -

1.0 0.2287 | 0.1379 | 0.2300 1.93 0.138 0.070

2.0 0.1716 | 0.2129 | 0.1713 1.75 0.203 0.128

3.0 0.1366 | 0.2262 | 0.1325 1.60 0.235 0.179

4.0 0.1010 | 0.2847 | 0.1000 1.45 0.267 0.223

5.0 0.0782 ]| 0.3044 | 0.0725 1.3796 | 0.292 0.262

6.0 0.0496 | 0.3431 | 0.05 1.1536 | 0.313 0.295

7.0 0.0400 | 0.3171 | 0.035 0.9749 | 0.327 0.321

8.0 0.0311 | 0.3266 | 0.0225 0.8260 | 0.337 0.340

9.0 0.0254 | 0.3266 | 0.0125 0.7068 | 0.344 0.354
10.0 0.0121 | 0.3495 | 0.0063 0.3603 | 0.350 0.360
15.0 0.0057 | 0.3558 | 0.0063 0.3603 | 0.355 0.360
20.0 0.0044 | 0.3558 | 0.0063 0.3603 | 0.355 0.360
25.0 0.0044 | 0.3526 | 0.0063 0.3603 | 0.355 0.360
30.0 0.0051 | 0.3463 | 0.0063 0.3603 | 0.355 0.360

NOTES: *° C,, = Aqueous copper concentration (experimental points)

b Co; = Organic copper concentration (experimental points)

¢ Cie = Smooth curve drawn through C,

¢ €,y = Organic copper concentration in equilibrium with C,,
® Cog = Smooth curve drawn through C

f Cuy (Calc) = Values calculated from film theory
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Figure 58. Concentration versus time curves of the experimental and film theory values
for the conventional solvent extraction of copper in a batch reactor at T=26.0
Data found in Table 21 and Table 22

°C and pH=2.0.:
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Table 21. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at
C,=0.0718 g/L, T=26.0°C, and pH=2.03.
: b ¢ * d e t
mim | (/) (g"/z) (gﬁa_r i | o7 | cater
0.0 0.0718 0.0 0.0718 | 1.3778 |0.0 0.0
0.5 0.0394 0.0255 | 0.0431 ]| 1.0273 [0.015 -
1.0 0.0299 0.0287 | 0.0296 | 0.9105 |0.0283 | 0.0221
2.0 0.0191 0.0477 | 0.0182 | 0.7747 |0.0460 | 0.0379
3.0 0.0114 0.0582 | 0.0115 | 0.6547:{0.0572 | 0.0509
4.0 0.0064 0.0648 | 0.0067 | 0.3830 |0.064 0.0599
5.0 0.0051 0.0654 | 0.0043 | 0.2607 |0.0678 | 0.0649
6.0 0.0020 0.0680 | 0.0027 | 0.1809 |0.070 0.0679
7.0 0.0022 0.0699 | 0.0017 | 0.1311 |0.071 0.0696
8.0 0.0015 0.0712 | 0.0012 | 0.1062 |0.0711 | 0.0705
9.0 0.0011 0.0699 | 0.0008 | 0.0863 |10.0712 | 0.0710
10.0 0.00083 | 0.0813 | 0.0005| 0.0713 |0.0713 | 0.0712
15.0 0.00050| 0.0750 | 0.0005| 0.0713 [0.0713 | 0.0712
20.0 0.00043 | 0.0750 | 0.0005 | 0.0713 |0.0713 | 0.0712
25.0 0.00048 | 0.0737 | 0.0005| 0.0713 |0.0713 | 0.0712
30.0 0.00046 | 0.0731 | 0.0005| 0.0713 |0.0713 | 0.0712
40.0 0.00044 ) 0.0718 | 0.0005 | 0.0713 |(0.0713 | 0.0712
50.0 0.00044 | 0.0712 | 0.0005| 0.0713 |0.0713 | 0.0712
60.0 0.00039 | 0.0718 | 0.0005| 0.0713 |0.0713 | 0.0712
70.0 0.00044 ) 0.0718 | 0.0005 | 0.0713 (0.0713 | 0.0712
80.0 0.00045 | 0.0731 | 0.0005 | 0.0713 |0.0713 |{ 0.0712
90.0 0.00044 | 0.0762 | 0.0005 | 0.0713 |0.0713 | 0.0712
NOTES: * C,, = Aqueous copper concentration (experimental points)
* Cx = Organic copper concentration (experimental points)
¢ Cy = Smooth curve drawn through C,
¢ ¢, = Organic copper concentration in equilibrium with Cos
® Cop = Smooth curve drawn through C,,
f Cq (Calc) = Values calculated from film theory
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Table 22. Concentration values determined experimentally and calculated from film the-
ory for the conventional solvent extraction of copper in a batch reactor at
C.=0.0377 g/L, T=26.0°C, and pH=2.04.

Time C,." Corg’ Cope’ Clores Corgs’ Corg.
| (min) | (g/B) | (g/B) | (g/1) | (g/1) | (g/1) | (cale)
0.0 0.0377 0.0 0.0377 0.875 0.0 0.0
0.5 0.0194 0.0155 | 0.0220 0.730 0.012 -
1.0 0.0170 0.0130 | 0.0143 0.600 0.0183 | 0.0172
2.0 0.0069 0.0265 | 0.0069 0.450 0.0265 | 0.0279
3.0 0.0032 0.0323 | 0.0033 0.215 0.0316 | 0.0334
4.0 0.0043 0.0349 | 0.0014 0.1125 | 0.0350 | 0.0360
5.0 0.00053 | 0.0365 | 0.0005 0.650 0.0368 | 0.0372
6.0 0.00028 | 0.0333 | 0.00019 | 0.0375| 0.0375 | 0.0375
7.0 0.00020 | 0.0386 | 0.00019 | 0.0375 | 0.0376 | 0.0375
8.0 0.00018 | 0.0383 | 0.00019| 0.0375| 0.0376 | 0.0375
8.0 0.00017 ) 0.0386 | 0.00019 | 0.0375| 0.0376 | 0.0375
10.0 0.00017 | 0.0374 | 0.00019 | 0.0375 | 0.0376 | 0.0375
15.0 0.00018 | 0.0402 | 0.00019 | 0.0375 | 0.0376 | 0.0375
20.0 0.00017 | 0.0396 | 0.00019 | 0.0375| 0.0376 | 0.0375
25.0 0.00017 | 0.0396 | 0.00019 | 0.0375 | 0.0376 | 0.0375
30.0 0.00017 | 0.0399 | 0.00019 | 0.0375 | 0.0376 | 0.0375
40.0 0.00017 | 0.0386 | 0.00019 | 0.0375 | 0.0376 | 0.0375
50.0 0.00016 | 0.0376 | 0.00019 | 0.0375 | 0.0376 | 0.0375
60.0 0.00015| 0.0381 | 0.00019 | 0.0375 | 0.0376 | 0.0375
70.0 0.00018 | 0.0403 | 0.00019 | 0.0375 | 0.0376 | 0.0375
80.0 0.00014 | 0.0408 | 0.00019 | 0.0375 | 0.0376 | 0.0375
90.0 0.00014 | 0.0381 | 0.00019 | 0.0375 | 0.0376 | 0.0375
NOTES: ' C,, = Aqueous copper concentration (experimental points)
* C,; = Organic copper concentration (experimental points)
¢ C,y = Smooth curve drawn through C,
¢ C°,; = Organic copper concentration in equilibrium with Coae
® Cop = Smooth curve drawn through C
f Cxy (Calc) = Values calculated from film theory

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A
BATCH REACTOR

155



o
CO=3.2088g/L, T=5 C
1.2 4

o Organic
© Aqueous .

c/c,

0 5 10 15 20 40 60

TIME (min)
FIGURE (A)

o
Co=3.3041g/L, T=15 C

1.2 —

c/C,

o Organic
O Aqueous

oa o—L—o—p o © .
L LZO 40 N 60 |

TIME (min)
FIGURE (B)

Figure 59. Experimental values of the concentration versus time curves for the conven-

tional solvent extraction of copper in a batch reactor at pH=2.0.: Data found
in Table 23 and Table 24.
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Table 23. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.2088 g/L, T=5.0°C, and pH=2.06.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C.q Core
(min) (g/L) (g/L)
0 3.2088 0.0
0.5 2.0778 0.4067
1.0 1.8998 0.4702
2.0 1.7664 0.7053
3.0 1.4551 1.1767
4.0 1.4551 1.1767
5.0 1.3026 1.675
6.0 1.4042 1.5098
7.0 1.6965 1.629
8.0 1.4233 1.4169
9.0 1.3661 1.549
10.0 1.0738 1.7156
15.0 1.0039 2.170
20.0 0.9340 2.1349
25.0 0.8832 2.3129
30.0 1.1374 2.4272
35.0 1.0802 2.313
40.0 1.8387 2.1551
45.0 0.9213 2.1987
50.0 0.8896 2.4272
55.0 0.8387 2.313
60.0 0.8896 2.313
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Table 24. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.3041 g/L, T=15.0°C, and pH=2.03.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

wim | ] gR,
0 3.3041 0.0
0.5 2.0714 0.5401
1.0 2.1731 0.7244
2.0 1.7279 1.0865
3.0 1.4233 1.5186
4.0 1.4678 2.006
5.0 1.4233 1.6965
6.0 1.1691 2.1516
7.0 0.8832 2.2513
8.0 1.2835 2.3115
9.0 1.0802 2.1286
10.0 1.0166 2.2493
15.0 0.8451 2.4908
20.0 0.9467 2.4050
25.0 0.7815 2.5756
30.0 0.8959 2.5758
35.0 0.8260 2.5758
40.0 0.8387 2.5788
45.0 0.7752 2.4050
50.0 0.7371 2.4050
55.0 0.6735 2.475
60.0 0.7752 2.5300
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Figure 60. Experimental values of the concentration versus time curves for the conven-

tional solvent extraction of copper in a batch reactor at pH=2.0.: Data found
in Table 25 and Table 26.
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Table 25. Experimental concentration values for the conventional solvent extraction of
copper in a batch reactor at C,=3.3041 g/L, T=35.0°C, and pH=2.05.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

(min) (g7 (9%
0 3.3041 0.0
0.5 1.8427 0.9658
1.0 1.8045 1.2390
2.0 1.5504 1.7346
3.0 1.2581 2.2811
4.0 1.0293 2.4463
5.0 1.1437 2.2195
6.0 0.7561 2.5797
7.0 1.8832 2.375
8.0 0.8514 2.6705
9.0 0.7752 2.6703

10.0 0.7371 2.50

15.0 0.6418 2.7436

20.0 0.6418 2.5797

25.0 0.6100 2.7436

30.0 0.5464 2.5797

35.0 0.7244 2.5797

40.0 0.6608 2.5797

45.0 0.6036 2.8275

50.0 0.3418 2.5797

55.0 0.6608 2.5797

60.0 0.5655 2.8275
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Table 26. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.3041 g/L, T=45.0°C, and pH=2.00.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0

=5qc/"1'm (gt

3.3041 0.0
1.4487 1.2073
1.3089 1.7410
0.9976 2.1286
1.1437 2.4082
0.9340 2.2506
0.8641 2.521
0.8133 2.629
0.7434 2.5145
0.7625 2.5145
0.6545 2.5755
0.5846 2.8125
0.5655 2.6173
0.5337 2.8397
0.5528 2.7253
0.2337 2.7825
0.6036 2.7253
0.5337 2.7253
0.5147 2.7253
0.6036 2.7253
0.5528 2.6173
0.5337 2.7253
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Figure 61. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at T=26.0°C.: Data
found in Table 27 and Table 28.
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Table 27. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.6218 g/L, T=26.0°C, and pH=1.00.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPERIN A

BATCH REACTOR

(min) (;ﬁ.) (a7t
0 3.6218 0.0
0.5 2.9864 0.3730
1.0 2.9864 0.4244
2.0 2.9038 0.6443
3.0 2.7513 0.7517
4.0 2.6178 0.9531
5.0 2.5988 1.0421
6.0 2.5543 1.0738
7.0 2.4654 1.2263
8.0 2.4018 1.3470
9.0 2.2938 1.3915

10.0 2.2112 1.4297

15.0 1.9062 1.6330

20.0 1.9888 1.7156

25.0 1.8172 1.8427

30.0 1.8172 1.8681

40.0 1.8172 1.8554

50.0 1.8617 1.8681
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Table 28. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.8124 g/L, T=26.0°C, and pH=2.98.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C. Corg
(min) | (g/L) | (g/L) |
0 3.8124 | 0.0
0.5 1.7474 | 1.3534
1.0 1.2327 | 0.7283
2.0 0.9722 | 2.4526
3.0 1.0657 | 2.8148
4.0 0.9023 | 3.1643
5.0 0.8705 | 3.2342
6.0 0.8070 | 3.1643
7.0 0.6608 | 3.0944
8.0 0.8070 | 3.1643
9.0 0.7752 | 3.1325
10.0 0.6989 | 3.1643
15.0 0.7244 | 3.5900
20.0 0.6672 | 3.1643
25.0 0.6481 | 3.2342
30.0 0.6545 | 3.1643
40.0 0.6418 | 3.2342
50.0 0.6418 | 3.2342
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Figure 62. Experimental values of the concentration versus time curves for the conven-

tional solvent extraction of copper in a batch reactor at T=26.0°C.: Data
found in Table 29 and Table 30.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPERIN A

BATCH REACTOR

165



Table 29. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.8124 g/L, T=26.0°C, and pH=3.93.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time Cu Corg
(min) (g/L) | (g/L)
0 3.8124 0.0
0.5 1.1374 1.4830
1.0 1.475 1.8509
2.0 1.0548 2.1623
3.0 0.9912 2.5751
4.0 0.8070 2.9985
5.0 0.8324 2.6819
6.0 0.6799 2.8695
7.0 0.6443 2.8047
8.0 0.6113 3.3219
9.0 0.6360 3.3219
10.0 0.5617 3.0519
15.0 0.6278 3.4509
20.0 0.6278 3.0519
25.0 0.6443 3.3219
30.0 0.6278 3.0519
40.0 0.6278 3.0519
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Table 30. Experimental concentration values for the conventional solvent extraction of

copper in a batch reactor at C,=3.8124 g/L, T=26.0°C, and pH=4.38.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time Cu Corg
(min) (g/L) | (g/L)
0 3.8124 0.0
0.5 1.7464 1.3903
1.0 1.2930 1.5713
2.0 1.2594 2.4253
3.0 0.9683 2.4171
4.0 1.0274 2.9251
5.0 0.9093 2.907
6.0 0.6551 2.8695
7.0 0.7822 3.1281
8.0 0.7822 3.0009
9.0 0.7142 3.0009
10.0 0.6125 3.1965
15.0 0.6805 3.2571
20.0 0.5960 3.2571
25.0 0.5871 3.0009
30.0 0.5788 3.0009
40.0 0.5109 3.2571
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Figure 63. Concentration versus time curves of the experimental and film theory values
for the PDSE of copper in a batch reactor at T=26.0°C and

pH=2.0.: Polyaphrons made with § g/L NaDBS; PVR=10. Data found in Table 31
and Table 32.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A
BATCH REACTOR 168



Table 31. Concentration values determined experimentally and calculated from film the-
ory for PDSE of copper in a batch reactor at C,=2.9228 g/L, T=26.0°C, and

pH=2.01. Polyaphrons made with 5§ g/L NaDBS; PVR=10.

: s b c * d c f
min | ot | o | o | @B | @ | eate
0 2.9228 |1 0.0 2.9228 | 2.400 0.0 0.0

0.5 1.0738 | 1.0611 1.860 2.400 0.940 -
1.0 1.0484 | 1.0865 1.420 2.400 1.230 0.955
2.0 0.9086 | 0.4805 0.950 2.320 1.590 1.460
3.0 0.8006 | 1.6584 0.800 2.275 1.815 4.780
4.0 0.8197 | 1.8998 0.730 2.250 1.955 1.980
5.0 0.6545 | 2.0269 0.705 2.230 2.060 2.110
6.0 0.8197 | 2.0523 0.700 2.223 2.135 2.180
7.0 0.7879 | 2.1095 0.700 2.223 2.185 2.210
8.0 0.7307 | 2.1604 0.700 2.223 2.223 2.220
9.0 0.8006 | 2.2112 0.700 2.223 2.223 2.220
10.0 0.7688 | 2.2112 0.700 2.223 2.223 2.220
15.0 0.6735 | 2.3383 0.700 2.223 2.223 2.220
20.0 0.6735 | 2.3129 0.700 2.223 2.223 2.220
25.0 0.7688 | 2.2112 0.700 2.223 2.223 2.220
30.0 0.6672 | 2.2557 0.700 2.223 2.223 2.220
40.0 0.6481 | 2.4272 0.700 2.223 2.223 2.220
50.0 0.6672 | 2.2557 0.700 2.223 2.223 2.220
60.0 0.6735 | 2.3001 0.700 2.223 2.223 2.220
70.0 0.6735 | 2.4018 0.700 2.223 2.223 2.220
80.0 0.6735 | 2.3256 0.700 2.223 2.223 2.220
90.0 0.6481 | 1.8871 0.700 2.223 2.223 2.220
NOTES: ' C,, = Aqueous copper concentration (experimental points)
b C.; = Organic copper concentration (experimental points)
¢ Cye = Smooth curve drawn through C,
¢ C'py = Organic copper concentration in equilibrium with C,,
® Cuy = Smooth curve drawn through C,
f C, (Calc) = Values calculated from film theory
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Table 32. Concentration-time values for the PDSE of copper in a batch reactor at
C.=1.5250 g/L, T=26.0°C, and pH=2.00. Polyaphrons made with 5 g/L NaDBS;

PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time Cu Core
(min) (g/L) (g/L)
0 1.5250 0.0
0.5 0.0566 1.5313
1.0 0.0566 1.4741
2.0 0.0566 1.4741
3.0 0.0515 1.4741
4.0 0.0553 1.4932
5.0 0.0515 1.3280
6.0 0.0527 1.3280
7.0 0.0502 1.2009
8.0 0.0515 1.2200
9.0 0.0496 1.3280
10.0 0.0515 1.4995
15.0 0.527 1.4106
20.0 0.0502 1.3852
25.0 0.0489 1.4551
30.0 0.0502 1.4741
40.0 0.0489 1.4297
50.0 0.0515 1.4741
60.0 0.0502 1.3852
70.0 0.0789 1.3852
80.0 0.0496 1.4297
90.0 0.0789 1.4551
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Figure 64. Experimental values of the concentration versus time curves for the predis-
persed solvent extraction of copper in a batch reactor at T=26.0°C and
pH=2.0.: Polyaphrons made with 5 g/L. NaDBS; PVR=10. Data found in Table 33
and Table 34.
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Table 33. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C.=0.7815 g/L, T=26.0°C, and pH=2.03,

NaDBS; PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

C

C

(min) (g/L) (g/L)
0 0.7815 0.0
0.5 0.0172 0.7244
1.0 0.0152 0.7307
2.0 0.0159 0.7561
3.0 0.0159 0.7325
4.0 0.0159 0.7561
5.0 0.0146 0.7561
6.0 0.0146 0.7752
7.0 0.0146 0.7371
8.0 0.0146 0.7752
9.0 0.0172 0.7498

10.0 0.0146 0.7498

15.0 0.0133 0.7815

20.0 0.0140 0.7752

25.0 0.0146 0.7688

30.0 0.0140 0.8070

40.0 0.0146 0.7815

50.0 0.0127 0.7943

60.0 0.0146 0.8006

70.0 0.0146 0.7815

80.0 0.0146 0.7815

90.0 0.0146 0.8133
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Table 34. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=0.4244 g/L, T=26.0°C, and pH=2.02.

NaDBS; PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPERIN A

BATCH REACTOR

Time Cu Corg
(min) (g/L) (g/L)
0 0.4244 0.0
0.5 0.0034 0.3685
1.0 0.0031 0.3939
2.0 0.0029 0.4130
3.0 0.0029 0.4130
4.0 0.0028 0.4257
5.0 0.0026 0.4130
6.0 0.0027 0.4257
7.0 0.0026 0.4511
8.0 0.0026 0.4257
9.0 0.0026 0.4130
10.0 0.0025 0.4257
15.0 0.0025 0.4130
20.0 0.0025 0.4384
25.0 0.0024 0.4257
30.0 0.0025 0.4384
40.0 0.0024 0.4130
50.0 0.0024 0.4384
60.0 0.0025 0.4384
70.0 0.0025 0.4257
80.0 0.0024 0.4130
90.0 0.0030 0.4257
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Figure 65. Experimental values of the concentration versus time curves for the predis-
persed solvent extraction of copper in a batch reactor at T=26.0°C and

pH=2.0.:

and Table 36.

Polyaphrons made with § g/L NaDBS; PVR=10. Data found in Table 35
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Table 35. Concentration-time values for the PDSE of copper Iin a batch reactor at
Polyaphrons made with 5 g/L

C,=0.0820 g/L, T=26.0°C, and pH=2.00,

NaDBS; PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time Cu
éin) (g/L)
0 0.0820
0.5 0.00057
1.0 0.00051
2.0 0.00047
3.0 0.00043
4.0 0.00043
5.0 0.00050
6.0 0.00046
7.0 0.00046
8.0 0.00044
9.0 0.00044
10.0 0.00041
15.0 0.00041
20.0 0.00043
25.0 0.00043
30.0 0.00044
40.0 0.00037
50.0 0.00038
60.0 0.00039
70.0 0.00037
80.0 0.00040
90.0 0.00041

Corg
(g/L)

0.0

0.08305
0.07987
0.07987
0.08305
0.07987
0.08216
0.08216
0.08552
0.08324
0.07987
0.07873
0.08101
0.08101
0.08216
0.07987
0.08101
0.08101
0.08552
0.08101
0.07873
0.08101
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Table 36. Concentration-time values for the PDSE of copper in a batch reactor at
C,=0.04448 g/L, T=26.0°C, and pH=2.02. Polyaphrons made with 5 g/L
NaDBS; PVR=10. .

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C. Corg
(min) (g/L) (g/L)
0 0.04448 0.0
0.5 0.00038 0.04347
1.0 0.00038 0.04347
2.0 0.00064 0.04002
3.0 0.00057 0.04347
4.0 0.00057 0.04347
5.0 0.00044 0.04683
6.0 0.00038 0.04683
7.0 0.00044 0.04797
8.0 0.00032 0.04232
9.0 0.00032 0.04232
10.0 0.00038 0.04117
15.0 0.00032 0.03774
20.0 0.00038 0.03774
25.0 0.00026 0.03887
30.0 0.00034 0.03887
35.0 0.00028 0.04342
40.0 0.00029 0.04115
45.0 0.00029 0.03659
50.0 0.00030 0.03774
55.0 0.00037 0.03546
60.0 0.00030 0.03887
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Figure 66. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at pH=2.0.: Polyaphrons
made with 5 g/L NaDBS; PVR=10. Data found in Table 37 and Table 38.
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Table 37. Concentration-time values for the PDSE of copper in a batch reactor at
C,=3.3041 g/L, T=5.0°C, and pH=2.06. Polyaphrons made with 5 g/L NaDBS;

PVR =10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C.q Corg
(min) (g/L) (g/L)
0 3.3041 0.0
0.5 1.1437 1.6330
1.0 1.1755 1.9634
2.0 1.0039 1.9634
3.0 1.0230 2.125
4.0 0.9340 2.2874
5.0 1.1755 2.125
6.0 1.1056 2.125
7.0 1.1056 2.3259
8.0 0.9912 2.5991
9.0 0.9785 2.5483
10.0 0.9658 2.7643
15.0 0.8260 2.4567
20.0 0.7307 2.4567
25.0 0.9785 2.4567
30.0 0.6989 2.4567
35.0 0.7180 2.4567
40.0 0.6036 2.4567
45.0 0.6862 2.5755
50.0 0.6989 2.5755
55.0 0.6672 2.4567
60.0 0.6989 2.5755
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Table 38. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=3.3041 g/L, T=15.0°C, and pH=2.03.

NaDBS; PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time Cu Corg
(min) (g/L) (g/L)
0 3.3041 0.0
0.5 1.2136 1.9634
1.0 1.1120 2.1477
2.0 0.9722 2.4526
3.0 0.9213 2.4526
4.0 0.7625 2.3750
5.0 0.8006 2.49557
6.0 0.7688 2.6164
7.0 0.7498 2.5593
8.0 0.7180 2.6164
9.0 0.7688 2.6164
10.0 0.6862 2.7435
15.0 0.6672 2.8007
20.0 0.6672 2.8007
25.0 0.6862 2.7435
30.0 0.6227 2.7435
35.0 0.7053 2.680
40.0 0.6354 2.6164
45.0 0.6799 2.7435
50.0 0.6354 2.7118
55.0 0.6354 2.7435
60.0 0.6672 2.7435
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Figure 67. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at pH=2.0.: Polyaphrons
made with § g/L NaDBS; PVR=10. Data found in Table 39 and Table 40.
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Table 39. Concentration-time values for the PDSE of copper in a batch reactor at
C,=3.30410 g/L, T=35.0°C, and pH=2.05. Polyaphrons made with 5 g/L
NaDBS; PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPERIN A

BATCH REACTOR

(min) (b (9%
{o/L)
(0] 3.3041 0.0
0.5 0.5306 2.5797
1.0 0.5979 2.7469
2.0 0.5134 2.5245
3.0 0.5642 2.7469
4.0 0.5342 2.6897
5.0 0.5134 2.5817
6.0 0.5134 2.6897
7.0 0.5306 2.6897
8.0 0.5471 2.6897
9.0 0.7962 2.6897
10.0 0.5306 2.6897
15.0 0.5471 2.6325
20.0 0.5471 2.6645
25.0 0.5134 2.6897
30.0 0.5134 2.6897
35.0 0.5471 2.7469
40.0 0.5306 2.8549
45.0 0.5306 2.7723
50.0 0.5979 2.7977
55.0 0.5306 2.6325
60.0 0.5051 2.6897
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Table 40. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=3.3041 g/L, T=45.0°C, and pH=2.00.

NaDBS; PVR =10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time

10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0

c

C

| /by | (/b
3.3041 0.0
0.5623 2.5352
0.5808 2.6623
0.5808 2.7322
0.5445 2.7322
0.5083 2.7322
0.5083 2.7322
0.5261 2.8593
0.5083 2.8593
0.5083 2.7958
0.4899 2.7958
0.5445 2.7610
0.5445 2.7958
0.5445 2.7322
0.5445 2.7322
0.5445 2.7322
0.5261 2.7958
0.4721 2.7958
0.5445 2.8593
0.5261 2.8593
0.4899 2.6623
0.4721 2.8911
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Figure 68. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at
pH=2.0.: Polyaphrons made with 5 g/L NaDBS; PVR=5. Data found in Table 41
and Table 42.
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Table 41. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=3.5011 g/L, T=26.0°C, and pH=2.05.

NaDBS; PVR =S5,
Time C.
(min) (g/L)
0 3.5011
0.5 0.6163
1.0 0.5287
2.0 0.4581
3.0 0.5287
4.0 0.5287
5.0 0.5636
6.0 0.5636
7.0 0.5287
8.0 0.5458
9.0 0.5458
10.0 0.5636
15.0 0.5808
20.0 0.6163
25.0 0.6691
30.0 0.5808
35.0 0.5985
40.0 0.6163
45.0 0.5109
50.0 0.6163
55.0 0.5808
60.0 0.5808

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

C

org
(g/L)

0.0

2.8085
3.0118
2.9101
2.9610
3.0118
2.7640
2.8847
2.7640
2.9610
2.9610
3.0118
2.9610
2.9610
2.9100
2.9100
2.7132
2.8085
2.9610
2.9100
2.9100
2.7132
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Table 42. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=1.6457 g/L, T=26.0°C, and pH=2.05.

NaDBS; PVR=5.
Time C. Corg
(min) (g/L) (g/L)
0 1.6457 0.0
0.5 0.0630 1.5821
1.0 0.0678 1.6076
2.0 0.0615 1.5059
3.0 0.0630 1.5821
4.0 0.0637 1.5440
5.0 0.0630 1.5313
6.0 0.0615 1.4805
7.0 0.0571 1.5440
8.0 0.0615 1.5821
9.0 0.0607 1.5821
10.0 0.0593 1.6076
15.0 0.0549 1.5440
20.0 0.0615 1.5567
25.0 0.0615 1.5821
30.0 0.0615 1.6076
35.0 0.0607 1.5821
40.0 0.0571 1.5949
45.0 0.0593 1.5186
50.0 0.0622 1.5313
55.0 0.0593 1.5821
60.0 0.0571 1.6076
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Figure 69. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at pH=2.0.:
made with 5§ g/L NaDBS; PVR=5. Data found in Table 43 and Table 44.

Polyaphrons
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Table 43. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=0.8769 g/L, T=26.0°C, and pH=2.03.

NaDBS; PVR=5.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time c
__(min) (g/1)
0 0.8769
0.5 0.0167
1.0 0.0184
2.0 0.0178
3.0 0.0165
4.0 0.0165
5.0 0.0172
6.0 0.0146
7.0 0.0152
8.0 0.0229
9.0 0.0222
10.0 0.0159
15.0 0.0305
20.0 0.0184
25.0 0.0172
30.0 0.0187
35.0 0.0165
40.0 0.0127
45.0 0.0178
50.0 0.0140
55.0 0.0140
60.0 0.0152

Corg
(g/L)

0.0

0.8451
0.8578
0.8324
0.8324
0.8451
0.8896
0.8705
0.8769
0.8323
0.8578
0.8705
0.8324
0.8451
0.8769
0.8578
0.8578
0.8578
0.8578
0.8578
0.8451
0.8705
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Table 44. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=0.4022 g/L., T=26.0°C, and pH=2.05.

NaDBS; PVR=5,

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C. Corg
(min) (g/L) (g/L)
0 0.4022 0.0
0.5 0.0057 0.3946
1.0 0.0051 0.4098
2.0 0.0046 0.4022
3.0 0.0045 0.4022
4.0 0.0053 0.3946
5.0 0.0044 0.3946
6.0 0.0043 0.3870
7.0 0.0041 0.3870
8.0 0.0039 0.3946
9.0 0.0037 0.3946
10.0 0.0041 0.4022
15.0 0.0041 0.3870
20.0 0.0043 0.3946
25.0 0.0037 0.4022
30.0 0.0041 0.3870
35.0 0.0043 0.4022
40.0 0.0043 0.3946
45.0 0.0038 0.3946
50.0 0.0037 0.3870
55.0 0.0036 0.4168
60.0 0.0037 0.4098
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Figure 70. Experimental values of the concentration versus time curves for the conven-

tional solvent extraction of copper in a batch reactor at pH=2.0.: Polyaphrons
‘made with 5 g/L NaDBS; PVR=5. Data found in Table 45 and Table 46.
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Table 45. Concentration-time values for the PDSE of copper in a batch reactor at
C,=0.07625 g/L, T=26.0°C, and pH=2.04. Polyaphrons made with 5 g/L
NaDBS; PVR=5.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C Corg
(min) (g/L) (g/L)
0 0.07625 0.0
0.5 0.00052 0.07244
1.0 0.00044 0.07371
2.0 0.00078 0.07371
3.0 0.00044 0.07116
4.0 0.00043 0.07498
5.0 0.00043 0.07879
6.0 0.00046 0.07625
7.0 0.00041 | 0.07498
8.0 0.00043 | 0.07688
9.0 0.00046 0.07688
10.0 0.00050 0.07498
15.0 0.00040 0.07688
20.0 0.00039 0.07625
25.0 0.00037 0.07625
30.0 0.00038 0.06989
35.0 0.00042 0.07625
40.0 0.00042 | 0.07244
45.0 0.00042 0.07943
50.0 0.00037 0.07371
55.0 0.00041 0.07625
60.0 0.00041 0.07625
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Table 46. Concentration-time values for the PDSE of copper in a batch reactor at
C.,=0.03971 g/L, T=26.0°C, and pH=2.00. Polyaphrons made with 5 g/L

NaDBS; PVR=S5,
Time Cy Corg
(min) (g/L) (g/L)
0 0.03971 0.0
0.5 0.00018 0.03863
1.0 0.00016 0.04086
2.0 0.00016 0.03978
3.0 0.00016 0.03863
4.0 0.00016 0.04086
5.0 0.00018 0.03863
6.0 0.00016 0.03863
7.0 0.00016 0.04086
8.0 0.00018 0.03863
9.0 0.00018 0.03978
10.0 0.00018 0.03863
15.0 0.00016 0.03978
20.0 0.00019 0.04086
25.0 0.00016 0.03863
30.0 0.00021 0.03863
35.0 0.00021 0.03863
40.0 0.00021 0.03978
45.0 0.00017 0.03755
50.0 0.00021 0.03978
55.0 0.00019 0.04028
60.0 0.00019 0.03863
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Figure 71. Concentration versus time curves of the experimental and film theory values
for the predispersed solvent extraction of copper in a batch reactor at T=26.0

°C and pH=2.0.: Polyaphrons made with 5 g/L. NaDBS; PVR=15. Data found in
Table 47 and Table 48.
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Table 47. Concentration values determined experimentally and calculated from film the-
ory for PDSE of copper in a batch reactor at C,=3.6154 g/L, T=26.0°C, and
pH=2.01. Polyaphrons made with 5 g/L NaDBS; PVR=15.

Time (i Corg Cop’ Clope’ Corgs’ Corg'
(min) | (g/L) | (g/L) | (g/L) | (g/L) [ (g/L) | (calc)
0 3.6154 | 0.0 3.6154 | 3.0835 0.0 0.0
0.5]1.2835| 2.33 2.350 3.0835 1.175 -
1.0 1.2454 | 2.4781 | 1.835 3.0835 1.580 1.29
2.0 1.0992 | 2.3396 | 1.350 3.0835 2.110 1.98
3.0 0.9976 | 2.4781 | 1.085 3.0835 2.450 2.44
4.0 0.8578 | 2.7513 | 0.885 3.0835 2.675 2.73
5.0]| 0.7244 | 3.0396 | 0.760 3.0835 2.835 2.91
6.0 0.6608 | 2.7513 | 0.675 3.0835 2.960 3.02
7.0 0.5909 | 3.0753 | 0.591 3.0835 3.050 3.06
8.0| 0.5909 | 2.7165 | 0.560 3.0835 3.070 3.08
9.0 0.5909 | 3.1897 | 0.532 3.0835 3.084 3.08
10.0| 0.5744 | 3.1897 | 0.532 3.0835 3.084 3.08
15.0| 0.5064 | 3.2405 | 0.532 3.0835 3.084 3.08
20.0| 0.5064 | 3.4057 | 0.532 3.0835 3.084 3.08
25.0| 0.5064 | 3.2977 | 0.532 3.0835 3.084 3.08
30.0| 0.5236 | 3.2977 | 0.532 3.0835 3.084 3.08
35.0| 0.5064 | 2.9673 | 0.532 3.0835 3.084 3.08
40.0| 0.4562 | 3.4057 | 0.532 3.0835 3.084 3.08
45.0 | 0.4391 | 3.2405 | 0.532 3.0835 3.084 3.08
50.0| 0.6081 | 3.3486 | 0.532 3.0835 3.084 3.08
55.0] 0.5401 | 2.9673 | 0.532 3.0835 3.084 3.08
60.0 | 0.5064 | 3.0245 | 0.532 3.0835 3.084 3.08
NOTES: * C, = Aqueous copper concentration (experimental points)
b C.; = Organic copper concentration (experimental points)
¢ Cuu = Smooth curve drawn through C,_
¢ C'py = Organic copper concentration in equilibrium with C,,
® Cop = Smooth curve drawn through C
f C,y (Calc) = Values calculated from film theory
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Table 48. Concentration-time values for the PDSE of copper in a batch reactor at
C,=1.5567 g/L, T=26.0°C, and pH=2.01. Polyaphrons made with 5 g/L
NaDBS; PVR=15,

Time C., Corg
(min) (g/L) (g/L)
0 1.5567 0.0
0.5 0.1080 1.5123
1.0 0.0998 1.4297
2.0 0.0737 1.5123
3.0 0.0737 1.3770
4.0 0.0623 1.4297
5.0 0.0623 1.4868
6.0 0.0527 1.5123
7.0 0.0546 1.4297
8.0 0.0546 1.4297
9.0 0.0546 1.4551
10.0 0.0527 1.4868
15.0 0.0483 1.4868
20.0 0.0578 1.4868
25.0 0.0527 1.4551
30.0 0.0515 1.5123
35.0 0.0515 1.4297
40.0 0.0496 1.4297
45.0 0.0483 1.4868
50.0 0.0496 1.4868
55.0 0.0623 1.5694
60.0 0.0496 1.4868
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Figure 72. Experimental values of the concentration versus time curves for the conven-

tional solvent extraction of copper in a batch reactor at pH=2.0.: Polyaphrons
made with 5 g/L NaDBS; PVR=15. Data found in Table 49 and Table 50.
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Table 49. Concentration-time values for the PDSE of copper in a batch reactorat
Polyaphrons made with 5 g/L

:C,=0.7879 g/L, T=26.0°C, and pH=2.00.

NaDBS; PVR=15.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPERIN A

BATCH REACTOR

Time c., Cory
(min) (g/L) (g/L)
0 0.7879 | 0.0
0.5 0.0169 | 0.7589
1.0 0.0176 | 0.7579
2.0 0.0124 | 0.7879
3.0 0.0133 | 0.8087
4.0 0.0143 | 0.8133
5.0 0.0129 | 0.7879
6.0 0.0119 | 0.7362
7.0 0.0133 | 0.7625
8.0 0.0162 | 0.7752
9.0 0.0119 | 0.7752
10.0 0.0100 | 0.7879
15.0 0.0119 | 0.7625
20.0 0.0114 | 0.7752
25.0 0.0103 | 0.7879
30.0 0.0157 | 0.7625
35.0 0.0124 | 0.7752
40.0 0.0100 | 0.7752
45.0 0.0100 | 0.7625
50.0 0.0147 [ 0.7879
55.0 0.0096 | 0.7879
60.0 0.0100 | 0.8006
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Table 50. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=0.4225 g/L, T=26.0°C, and pH=2.05.

NaDBS; PVR=15.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

C

C

(min) (gii) (97%)
0 0.4225 0.0
0.5 0.0058 0.4022
1.0 0.0047 0.4244
2.0 0.0047 0.4321
3.0 0.0049 0.4321
4.0 0.0047 0.4244
5.0 0.0044 0.4168
6.0 0.0051 0.3946
7.0 0.0043 0.4168
8.0 0.0046 0.4244
9.0 0.0047 0.4283

10.0 0.0038 0.4283

15.0 0.0040 0.4283

20.0 0.0040 0.4168

25.0 0.0036 0.4168

30.0 0.0038 0.4092

35.0 0.0044 0.4168

40.0 0.0043 0.4168

45.0 0.0044 0.4244

50.0 0.0040 0.4244

55.0 0.0044 0.4244

60.0 0.0051 0.4321
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Figure 73. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at pH=2.0.: Polyaphrons
made with 5 g/L NaDBS; PVR=15. Data found in Table 51 and Table 52.
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Table 51. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=0.08387 g/L, T=26.0°C, and pH=2.06.

NaDBS; PVR=15.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

(mim) (g (h
{g/L) |
0 0.08387 0.0
0.5 0.00107 0.07815
1.0 0.00090 0.08197
2.0 0.00084 0.08514
3.0 0.00086 0.08514
4.0 0.00081 0.08769
5.0 0.00018 0.08578
6.0 0.00018 0.08260
7.0 0.00018 0.08641
8.0 0.00021 0.08705
9.0 0.00018 0.08514
10.0 0.00017 0.07688
15.0 0.00017 0.08387
20.0 0.00018 0.08260
25.0 0.00017 0.08070
30.0 0.00017 0.08514
35.0 0.00017 0.07943
40.0 0.00017 0.08387
45.0 0.00017 0.08070
50.0 0.00017 0.08514
55.0 0.00017 0.08769
60.0 0.00020 0.08260
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Table 52. Concentration-time values for the PDSE of copper in a batch reactor at
Polyaphrons made with 5 g/L

C,=0.04175 g/L, T=26.0°C, and pH=2.02,

NaDBS; PVR=15,

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

Time C. Corg
(min) (g/L) __(g/L)
0 0.04175 0.0
0.5 0.00012 0.04168
1.0 0.00010 0.03908
2.0 0.00010 0.04041
3.0 0.00010 0.04041
4.0 0.00010 0.04041
5.0 0.00009 0.04168
6.0 0.0000° 0.04295
7.0 0.00008 0.04295
8.0 0.00009 0.03781
9.0 0.00009 0.04295
10.0 0.00008 0.04295
15.0 0.00008 0.04295
20.0 0.00009 0.03908
25.0 0.00009 0.04041
30.0 0.00008 0.04168
35.0 0.00008 0.04168
40.0 0.00008 0.04295
45.0 0.00008 0.04168
50.0 0.00008 0.04295
55.0 0.00008 0.04295
60.0 0.0000% 0.04295
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Figure 74. Concentration versus time curves of the experimental and film theory values
for the predispersed solvent extraction of copper in a batch reactor at T=26.0

°C and pH=2.0.. Polyaphrons made with 5ml/lL Arquad 12/50; PVR=10. Data
found in Table 53 and Table 54.
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Table 53. Concentration values determined experimentally and calculated from film the-
ory for PDSE of copper in a batch reactor at C,=3.5011 g/L, T=26.0°C, and
pH=2.06. Polyaphrons made with 5 ml/L Arquad 12/50; PVR=10.

Time Co’ Corg Cope’ Clorgs’ Corgs’ Corg'
(min) (g/L) (g/L) (g/L) (g/L) (g/L) | (calc)
0 3.5011 | 0.0 3.5011 | 2.833 0.0 0.0
0.5 1.3915 | 1.9791 - - - -
1.0 1.3470 | 1.9888 1.75 2.833 1.575 1.28
2.0 1.2136 | 2.2573 1.42 2.833 2.085 1.91
3.0 1.1564 | 2.3573 1.21 2.833 2.357 2.29
4.0 1.0992 | 2.4590 1.055 2.833 2.54 2.53
5.0 1.0802 | 2.5162 0.935 2.833 2.66 2.67
6.0 0.9658 | 2.6767 0.845 2.833 2.75 2.75
7.0 0.8324 | 2.7670 0.775 2.833 2.790 2.79
8.0 0.7943 | 2.7767 0.725 2.833 2.810 2.81
9.0 0.8324 | 2.7767 0.680 2.833 2.825 2.82
10.0 0.7943 | 2.7767 0.6681 | 2.833 2.8330 2.83
15.0 0.6418 | 2.7767 0.6681 | 2.833 2.8330 2.83
20.0 0.5464 | 2.8275 0.6681 | 2.833 2.8330 2.83
25.0 0.6989 | 2.8847 0.6681 | 2.833 2.8330 2.83
30.0 0.5464 | 2.9355 0.6681 | 2.833 2.8330 2.83
35.0 0.6608 | 2.9864 0.6681 | 2.833 2.8330 2.83
40.0 0.6036 | 2.9864 0.6681 | 2.833 2.8330 2.83
45.0 0.5464 | 2.9355 0.6681 | 2.833 2.8330 2.83
50.0 0.6418 | 2.9864 0.6681 | 2.833 2.8330 2.83
55.0 0.4956 | 2.9864 0.6681 | 2.833 2.8330 2.83
60.0 0.5464 | 2.9355 0.6681 | 2.833 2.8330 2.83
NOTES: * C,, = Aqueous copper concentration (experimental points)
b C,; = Organic copper concentration (experimental points)
¢ Cuy = Smooth curve drawn through C,
d cla = Organic copper concentration in equilibrium with C,,
® Cop = Smooth curve drawn through C,
f C.y (Calc) Values calculated from film theory
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Table 54. Concentration values determined experimentally and calculated from film the-
ory for PDSE of copper in a batch reactor at C,=1.5059 g/L, T=26.0°C, and
pH=2.06. Polyaphrons made with 5 ml/L Arquad 12/50; PVR=10.

Time C, Corg’® Cops’ C o Cores” Corg'
(min) (g/L) (g/L) (g/L) (g/L) (g/L) | (calc)
0 1.5059 | 0.0 1.5059 | 2.833 0.0 0.0

0.5 0.1785 | 1.3233 0.3 2.5 1.05 0.733
1.0 0.1341 | 1.3496 0.14 2.0 1.265 1.11
2.0 0.1048 | 1.4100 0.065 1.56 1.425 1.41
3.0 0.0585 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
4.0 0.0624 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
5.0 0.0566 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
6.0 0.0635 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
7.0 0.0566 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
8.0 0.0616 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
9.0 0.0566 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
10.0 0.0635 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
15.0 0.0502 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
20.0 0.0515 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
25.0 0.0604 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
30.0 0.0534 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
35.0 0.0534 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
40.0 0.0502 | 1.4233 0.0565 | 1.4494 | 1.4494 1.45
45.0 0.0502 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
50.0 0.0585 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
55.0 0.0566 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
60.0 0.0534 | 1.4487 0.0565 | 1.4494 | 1.4494 1.45
NOTES: * C,, = Aqueous copper concentration (experimental points)
”(gu = Organic copper concentration (experimental points)
¢ C,u = Smooth curve drawn through C,_
¢ C'; = Organic copper concentration in equilibrium with Co
® Coup = Smooth curve drawn through C,,
fCc, (Calc) values calculated from film theory
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Figure 75. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at pH=2.0.. Polyaphrons
made with Sml/L Arquad 12/50; PVR=10. Data found in Table 55 and Table 56.
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Table 55. Concentration-time values for the PDSE of copper in a batch reactor
C,=0.8006 g/L, T=26.0°C, and pH=2.05.
Arquad 12/50; PVR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

at

Polyaphrons made with 5 ml/L

C

C

(min) (g/L) (g/L)
0 0.8006 0.0
0.5 0.0293 0.7815
1.0 0.0268 0.7561
2.0 0.0195 0.7879
3.0 0.0198 0.7514
4.0 0.0211 0.7387
5.0 0.0191 0.7561
6.0 0.0170 0.7561
7.0 0.0147 0.7879
8.0 0.0139 0.7371
9.0 0.0179 0.7561

10.0 0.0143 0.7498

15.0 0.0130 0.7815

20.0 0.0130 0.7371

25.0 0.0130 0.7561

30.0 0.0125 0.7371

35.0 0.0130 0.7498

40.0 0.0152 0.7498

45.0 0.0120 0.7498

50.0 0.0125 0.7561

55.0 0.0139 0.7688

60.0 0.0130 0.7561
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Table 56. Concentration-time values for the PDSE of copper In a batch reactor at
C,=0.4035 g/L, T=26.0°C, and pH=2.00. Polyaphrons made with 5 ml/L

Arquad 12/50; PVR=10,
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-3
e
B
[

C

C

(min) (g/L) (g/L)
0 0.4035 0.0
0.5 0.0060 0.3984
1.0 0.0072 0.3984
2.0 0.0060 0.3914
3.0 0.0050 0.3774
4.0 0.0052 0.3774
5.0 0.0044 0.3844
6.0 0.0050 0.4124
7.0 0.0047 0.3914
8.0 0.0043 0.3987
9.0 0.0041 0.3984

10.0 0.0037 0.3914

15.0 0.0039 0.4124

20.0 0.0034 0.4124

25.0 0.0034 0.3984

30.0 0.0037 0.3984

35.0 0.0034 0.3984

40.0 0.0030 0.4124

45.0 0.0036 0.4054

50.0 0.0045 0.4054

55.0 0.0037 0.4124

60.0 0.0032 0.4124
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Figure 76. Experimental values of the concentration versus time curves for the conven-
tional solvent extraction of copper in a batch reactor at pH=2.0.: Polyaphrons
made with 5 ml/L Arquad 12/50; PVR=10. Data found in Table 57 and Table 58.
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Table 57. Concentration-time values for the PDSE of copper in a batch reactor at
C,=0.08387 g/L, T=26.0°C, and pH=2.02. Polyaphrons were made with 5 ml/L

Arquad 12/50; PYR=10.

CONVENTIONAL VERSUS PREDISPERSED SOLVENT EXTRACTION OF COPPER IN A

BATCH REACTOR

C

C

(min) (g/1) (g/L)
0 0.08387 0.0
0.5 0.00078 0.08324
1.0 0.00060 0.08133
2.0 0.00055 0.08006
3.0 0.00046 0.08260
4.0 0.00041 0.08324
5.0 0.00034 0.08260
6.0 0.00040 0.08324
7.0 0.00034 0.08324
8.0 0.00034 0.08578
9.0 0.00033 0.08451
10.0 0.00029 0.08133
15.0 0.00032 0.08133
20.0 0.00027 0.08133
25.0 0.00029 0.08197
30.0 0.00029 0.08197
35.0 0.00029 0.08006
40.0 0.00029 0.08133
45.0 0.00027 0.08006
50.0 0.00032 0.08006
55.0 0.00027 0.08133
60.0 0.00027 0.08197
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Table 58. Concentration-time values for the PDSE of copper in a batch reactor at
C,=0.04842 g/L, T=26.0°C, and pH=2.01. Polyaphrons were made with 5 ml/L

Arquad 12/50; PVR=10.
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(min) (a/b) (o)
|
0 0.04842 0.0
0.5 0.00030 0.04727
1.0 0.00038 0.04842
2.0 0.00030 0.04727
3.0 0.00029 0.04727
4.0 0.00028 0.04842
5.0 0.00029 0.04727
6.0 0.00025 0.04727
7.0 0.00025 0.04499
8.0 0.00021 0.04727
9.0 0.00025 0.04727
10.0 0.00020 0.05077
15.0 0.00019 0.04842
20.0 0.00021 0.05077
25.0 0.00021 0.04842
30.0 0.00020 0.04727
35.0 0.00018 0.04727
40.0 0.00018 0.05077
45.0 0.00020 0.04842
50.0 0.00020 0.04727
55.0 0.00019 0.04842
60.0 0.00020 0.04727
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Table 59. Equilibrium concentrations for conventional solvent extraction of copper in a
batch reactor at T=26.0°C and pH=2.0. K,, values were calculated from
stoichiometry.

* b . d .,
Test Co pH C' Copr | [H*1 | LIX™ K,
ID (M) (M) (M) (M) (M)
—_
1 0.0507 | 2.01 1.00E-2 0.0507 0.1140 | 0.00247 10320.7
2 0.0226 | 2.04 1.07E-3 0.0226 0.0552 | 0.0587 18.7
3 0.0113 | 2.08 1.95E-4 0.0113 0.0326 | 0.0813 9.3
4 0.0058 | 2.01 9.92E-5 0.0058 0.0215 | 0.0923 3.2
5 0.0011 | 2.03 7.87E-6 0.0011 0.0123 | 0.1016 2.1
6 0.0006 | 2.04 2.99E-6 0.0006 0.0112 | 0.1027 2.4
NOTES: C, = Initial copper feed concentration
d; = Ultimate copper equilibrium concentration in the aqueous
phase
€ C:u = Ultimate copper equilibrium concentration in the organic
phase

¢ [H*], = Concentration of hydrogen ions at equilibrium
° LIX" = Concentration of uncomplexed LIX at equilibrium
' K, = Equilibrium constant
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Table 60. Equilibrium concentrations for the PDSE of copper in a batch reactor at T=26.0°C

and pH=2.0, (Series 4). Polyaphrons made with 5 g/L NaDBS; PVR=15. K
values were calculated from stoichiometry.

oq

Test ct PH e Co” [H"]. LIX™ )
ID (M) _| (M) (M) :(M) (M)
1 0.0569 | 2.01 | 8.37E-3 3.0835 0.1070 | 5.222E-4 | 243612.8
2 0.0245 | 2.01 | 8.18E-4 1.5047 0.0574 | 5.021E-2 37.8
3 0.0124 | 2.00 | 2.00E-4 0.7752 0.0344 | 7.317E-2 13.5
4 0.0066 | 2.05 | 7.08E-5 0.4180 0.0232 | 8.441E-2 7.0
5 0.0013 2.06 | 5.51E-6 0.08352 0.0126 | 9.494E-2 4.2
6 0.0007 | 2.02 | 1.42E-6 0.04166 0.0113 | 9.626E-2 6.4
NOTES: " C, = Initial copper feed concentration
b ¢’, = Ultimate copper equilibrium concentration in the aqueous

aq

<

d [H+

f

Ja
¢ LIX =

phase

phase

C'oy = Ultimate copper equilibrium concentration in the organic

= Concentration of hydrogen ions at equilibrium
Concentration of uncomplexed LIX at equilibrium

K, = Equilibrjum constant
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Figure 77. Equilibrium isotherm for the conventional solvent extraction of copper in a
batch reactor at T=26.0°C and pH=2.0.: (A) Data from the literature, (B) data
found in Table 62.
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Table 61.

batch reactor at T=26.0°C. (Series 1)

Test c,' .’ Cloe X t™
ID (g/L) (g/L) | (g/L) | (min?) | (min)
1 3.8124 | 1.6520 | 2.4500 0.190 60
2 1.5250 | 0.4640 | 1.0610 0.0125 60
3 0.7625 | 0.0635 | 0.6990 0.0715 15
4 0.3177 | 0.0018 | 0.3159 0.114 8

NOTES: * C, = Initial feed copper concentration

* ¢, = Equilibrium concentration in the aqueous phase

¢ c‘m = Equilibrium concentration in the organic phase

4 £* = Time required for the reaction to reach equilibrium
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Table 62. Equilibrium parameters for the conventional solvent extraction of copper in a
batch reactor at T=26.0°C and pH=2.0. (Series 2)

Test c,' C’ Clorg’ X t*
Ip (g/L) (g/L) | (g/L) (min?') | (min)
1 3.2215 |0.6354 2.5861 0.264 E2-15
2 1.4360 [0.0680 1.3680 0.110 13
3 0.7180 |0.0124 0.7056 0.070 10
4 0.3666 |0.0063 0.3603 0.0349 10
5 0.0718 [0.00050 | 0.0713 0.0196
6 0.0377 |0.00019 | 0.0375 0.020

NOTES: * C, = Initial feed copper concentration

b C"_‘I = Equilibrium concentration in the aqueous phase

° C",,‘ = Equilibrium concentration in the organic phase

9 t* = Time required for the reaction to reach equilibrium
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Figure 78. Equilibrium isotherm for the predispersed solvent extraction of copper in a

batch reactor at T=26.0°C. and a pH=2.0.:

Polyaphrons made with § g/l

NaDBS; and at (A) PVR=10, (Data found in Table 63), (B) PVR=§, (Data found in
Table 64).
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Table 63. Equilibrium parameters for the PDSE of copper in a batch reactor at T=26°C
and pH=2.0. Polyaphrons made with 5 g/L NaDBS; PVR=10. (Series 1)

Test c,' . Clon’ X t™
ID (g/L) (g/L) (g/L) (min™!) (min)
1 2.9228 0.700 2.2228 0.535 12.5
2 1.5250 0.050 1.475 2.654 0.5
3 0.7815 0.0146 0.7669 1.380 0.5
4 0.4144 0.0028 0.4216 0.759 0.5
5 0.0820 0.00046 0.08154 0.147 0.5
6 0.04448 0.00042 0.04406 0.106 0.5

NOTES: * C, = Initial feed copper concentration
b c"“1 = Equilibrium concentration in the aqueocus phase
€ c‘m = Equilibrium concentration in the organic phase
¢ t* = Time required for the reaction to reach equilibrium
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Table 64. Equilibrium parameters for the PDSE of copper in a batch reactor at T=26°C
and pH=2.0. Polyaphrons made with 5 g/L NaDBS; PVR=5. {Series 3)

Test c' c’ Clor’ 3 t™
ID (g/L) (g/L) (g/L) (min?) (min)
1 3.9713 0.5677 2.9334 4.00 0.5
2 1.6457 0.0608 1.5849 2.161
3 0.8769 0.0177 0.8592 1.172
4 0.4022 0.0043 0.3979 0.546
5 0.07625 0.00044 0.07581 0.158
6 0.03971 0.00018 0.03953 0.115 .

NOTES: * C, = Initial feed copper concentration
* C,, = Equilibrium concentration in the aqueous phase
¢ C',,,‘ = Equilibrium concentration in the organic phase
¢ £ = Time required for the reaction to reach equilibrium
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Figure 79. Equilibrium isotherm for the predispersed solvent extraction of copper in a
batch reactor at T=26.0°C. and a pH=2.0.: (A) Polyaphrons made with 5§ g/L
NaDBS; PVR=10. Data found in Table 65, (B) Polyaphrons made with Sml/L Arquad
12/50; PVR=10. Data found in Table 66.
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Table 65. Equilibrium parameters for the PDSE of copper in a batch reactor at T=26°C
and pH=2.0. Polyaphrons made with 5 g/L NaDBS; PVR=15. (Series 4)

NOTES:

Test c,' (i (i 3 t
ID (g/L) (g/L) (g/L) min?) (min)
1 3.6154 0.5319 3.0835 0.562 7.0
2 1.5567 0.0520 1.5047 1.952 .
3 0.7879 0.0127 0.7752 1.006 .
4 0.4225 0.0045 0.4180 0.581 .
5 0.08387 0.00035 0.08352 0.186 .
6 0.04175 0.00009 0.04166 0.116 .

i o Initial feed copper concentration

b ¢*,. = Equilibrium concentration in the aqueous phase

¢ C',. = Equilibrium concentration in the organic phase

4 £* = Time required for the reaction to reach equilibrium
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Table 66. Equilibrium parameters for the PDSE extraction of copper in a batch reactor

at T=26°C and pH=2.0.
PVR=10. (Series 5)

Test c (i Clo’ ) 3 t™
ID (g/L) (g/L) (g/L) (min?) | (min)
1 3.5011 0.6681 2.8330 0.625
2 1.5059 0.0565 1.4494 0.685 .
3 0.8006 0.0164 0.7842 1.107
4 0.4035 0.0044 0.3991 0.598
5 0.08387 0.00037 0.08350 0.200
6 0.04842 0.00024 0.04818 0.130 .

NOTES: “ C, = Initial Feed copper concentration
b c"q = Equilibrium concentration in the aqueous phase
° c',, = Equilibrium concentration in the organic phase
4 £° = Time required for the reaction to reach equilibrium
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7.0 PREDISPERSED SOLVENT EXTRACTION OF COPPER WITH

LiX-64N

The batch extractions carried out by both conventional extraction and predispersed sol-
vent extraction (PDSE) demonstrated the superior contacting capabilities of PDSE. Generally
extraction equipment constitutes a mixer-settler assembly or a packed extraction tower.
However, the use of aphron technology avoids the need for any mixing devices for contacting
the feed with the solvent. In fact, predispersed solvent extraction can be achieved with very

simple equipment.

71 Experimental Method

711 Development of Extraction Equipment

The first PDSE tests were performed in batch mode in a glass column 58 cm long and 8.5
cm in diameter with a capacity of about 4 liters. The glass cell had three entry points in the
bottom; one for the introduction of the feed solution, one for the introduction of the diluted
polyaphrons, and the other for the colloidal gas aphron (CGA) introduction. A schematic of
the cell is shown in Figure 80. The extractions were done by first introducing the feed solution
into the vessel. Afterwards the diluted polyaphrons were fed into the cell and only after all the
polyaphrons had been fed, the CGA were pumped into the system. The mixture inside the cell
was allowed to sit undisturbed for a few minutes and then a sample of raffinate was taken and
analyzed for copper content. The cell was emptied and cleaned.

The batch cell worked well but like in any other process, it was important to develop an

apparatus capable of handling a continuous system. The idea of a column such as that used

PREDISPERSED SOLVENT EXTRACTION OF COPPER WITH LIX-64N 221



for the batch experiments was incorporated into a semi-pilot plant unit. The glass column had
a diameter of 12 cm and was 55 cm tall. The cell was mounted on a mobile stand. The feed,
diluted polyaphrons, and CGA were introduced into the extraction cell through three entry
ports located in the bottom of the cell. The extract was continuously pumped out from the top
right hand side of the extraction column, which was open to the atmosphere, via a draw tube.
On the left hand side of the cell another draw tube was positioned to continuously pump out
the raffinate. Both draw tubes were adjustable so that they could be positioned at various
distances from the bottom of the cell. That way, the raffinate and extract could be removed
from various points of the extraction column. All solutions were pumped with Masterflex
peristaltic pumps. A schematic of the process is shown in Figure 81.

The semi-pilot plant unit never worked to complete satisfaction, mainly because too much
solvent was being lost in the raffinate. The mixing generated by the CGA would reintroduce
into the raffinate some of the extract that had already separated from it. A unit that allowed
the liquids inside the vessel to separate and prevent disturbance to the extract layer was
needed. With this in mind, a horizontal trough was built. The trough had a 15 liter capacity
and was built out of Plexiglas. The shape of the trough had to permit good distribution of the
CGA over the entire area of the vessel; therefore, a V-shaped trough was considered. Unfor-
tunately the V-shape did not allow the experimenter to observe well what happened in the
bottom of the cell so the shape of the trough was changed to that of a U. A 3/4 in. diameter
Plexiglas tube with both ends closed was placed horizontally on the inside bottom of the cell.
The tube was perforated with 3.0 mm diameter holes set approximately 6.0 mm apart, and
three entry points positioned equidistant from each other were fitted with swagelok fittings for
the introduction of the CGA. On one end of the trough and 7.0 cm above the bottom of the cell,
another entry port was made for the introduction of the diluted polyaphrons and the feed sol-
ution. The two solutions were fed into the vessel through different lines that joined into one
line about 20 cm before entering the cell. On the opposite end from the feed entrance and
at the top of the cell, a weir, also made out of Plexiglas, was placed to allow the solvent to

overflow. Also, about 2.5 cm below the weir, an exit point was designed to remove the
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raffinate. All solutions were pumped with Masterflex peristaltic pumps. A diagram of the
apparatus is shown in Figure 82.

One of the major problems encountered with the horizontal trough was the distribution
of the CGA. The CGA feed line was divided into three streams and fed through three feed
ports. It was impossible to divide the CGA stream equally through the feed ports especially
at low flow rates. Even with the installation of valves, most of the time the CGA flow was being
pumped in through just one of the ports. Inside the vessel, the CGA would also not distribute
evenly throughout the cell. Around 80% of the total flow would distribute itself throughout an
area of only about 8.0 cm in diameter. Making the holes smaller in the tube that served as
distributor plate did not help. The weir through which the extract overflowed also created
problems. Leaks used to constantly form around it and several times the weir completely fell
off the vessel. The weir was glued to the vessel but although several different types of adhe-
sives were tried, the kerosene always attacked them. To a lesser degree, leaks were also a
problem along the sides of the cell. Another problem with this trough was that all the flow
rates were difficult to regulate. As the level of the liquid inside the trough increased, raffinate
as well as extract would run off the weir while whenever the level decreased, some of the
extract would be removed along with the raffinate.

In an attempt to improve the extraction process and minimize solvent losses, a new
trough was designed. The description of the cell is given in the apparatus section of this
thesis. The CGA distributor tube was eliminated from the design. Instead, J-shaped feed
tubes were designed to feed the CGA just below two straight feed tubes used to feed the
copper/polyaphron mixture. In this way it was expected to maximize the use of the CGA as
a flotation mechanism. With this change, the shape of the vessel was no longer critical. A
U-shaped vessel is more difficult to construct so the vessel was made with the ends shaped
like a trapezoid. The weir was also eliminated and the extract was removed from the cell
through a stainless steel tube. This allowed better control over the removal of extract. Also,
the raffinate was removed from near the bottom of the vessel instead of removing it from the

top, close to the extract layer. This prevented the extract layer from being pulled out of the
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system with the raffinate. Leaks were greatly minimized by drilling channels on one side of
one of two pieces to be glued together. The edge of the undrilled part was fitted snuggly into
the channel of the other part and then glued. For better control of the flow rates, flowmeters
were installed in all lines except the CGA feed line. CGA consist of approximately 60% air
and the rest water. Flowmeters have been proven useless when it comes to metering CGA.
The process was tested in this cell and then it was decided to add a second cell to the proces
to improve solvent recovery. One cell, called the extraction cell, contained the feed solution
and the polyaphrons. Gravity alone caused some of the solvent to separate out of the
raffinate. This solvent was removed from the system while the raffinate was pumped into a
second cell, the flotation cell, to which the CGA was added in the manner previously de-
scribed. The extract and raffinate from this cell was separately removed from the system

through the exit ports. A diagram depicting the extraction process is shown in Figure 5.

7.1.2 Design of the Experimental Tests

The first four extractions done in the apparatus described in the previous paragraph were
designed to test the performance of the extraction cell. The first experiment was done using
only one cell. All the materials; copper feed solution, diluted polyaphrons and CGA were fed
into the extraction cell. The second test was done using both cells. The CGA was fed only into
the flotation cell. Results from these tests demonstrated that the solvent loss was minimized
when the second vessel was used so the extractions were carried out using both cells from
then on. A third test was done to determine whether the length of the line from the point
where the polyaphrons and the copper feed were joined to the entrance of the vessel had an
effect on the extraction. The line was extended from 30 cm to 150 cm. No effect on the percent
extraction was observed so the line was shortened back to its original size. Another test was

carried out to determine whether using water at a pH of 2.0 versus deionized water to dilute

PREDISPERSED SOLVENT EXTRACTION OF COPPER WITH LIX-64N 224



the polyaphrons made a difference in the extraction. The effect was found negligible so all
other tests were done with polyaphrons diluted in deionized water.

To optimize the operating conditions of the extraction process in the final apparatus built,
the effect of copper feed flowrate, polyaphron feed flowrate, and CGA feed flowrate were
studied. As with the tests designed to study the particle size distribution of the polyaphrons,
the tests for this part of the study were designed using a statistical approach. A three- di-
mensional design region was drawn and several tests were planned so as to have an exper-
imental point at each corner of the design region and three points in the center of the region.
Figure 83 (A) depicts the design region and the experimental points. The region boundaries
were determined by the equipment limitations. The copper feed flow rates ranged from 100
ml/min to 500 ml/min. The polyaphron flow rates ranged from 20 ml/min to 200 ml/min and
the CGA flow rates from 10 to 100 mlI/min. The results from the first eleven tests showed that
the CGA flowrate did not have an effect on the percent of copper extracted; therefore, the
three-dimensional design region was converted into two dimensions. To complete the study,
four more axial tests were done. The two-dimensional design region is depicted in Figure 83
(B).

Once a statistical model for the above extractions was calculated, two extractions were
done and the results compared to those predicted by the model. Also, fourteen other ex-
tractions were carried out using several of the different polyaphron batches made for the

particle size distribution study.

7.1.3 Experimental Procedure

All the experiments described in the previous three paragraphs, except for the last four-
teen, were carried out with polyaphrons from the same batch. The polyaphrons were gener-
ated in the continuous polyaphron generator at an organic feed flowrate of 300.0 ml/min, an

aqueous feed flowrate of 30 mi/min, and at a mixing rate of 1500 r.p.m.. Also, they were made
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from the same batch of kerosene as was used to make the polyaphrons used for the particle
size distribution study. The aqueous phase of the polyaphrons was a 5 g/L NaDBS solution
and the organic phase consisted of a 10% LIX-64N in kerosene solution.

The following procedure was followed for all exiractions except for the test done using

only the extraction cell.

1. All the system feed lines were disconnected from the entrance to the vessel and both
ends were placed in small buckets containing deionized water. The pumps were turned

on and the water allowed to recycle through the feed lines to permit the pumps to warm

up.

2. 60,000 ml of a 0.3177 g/L copper sulfate solution was made and stored in three 20,000 ml
capacity buckets. The pH of the solution was adjusted to 2.0 with concentrated sodium

hydroxide. The buckets were covered until just before being used.

3. A 0.5 g/L NaDBS or a 0.5 ml/L Arquad 12/50 surfactant solution to make the CGA was

made and stored in a container. Approximately 10,000 ml were made at a time.

4. The flow rates of the copper sulfate feed pump, the polyaphron feed pump and the
surfactant feed pump were adjusted to deliver the desired volume. The flowrate was
determined by removing the feed lines from the buckets containing deionized water,

placing them in their respective feed tanks, and collecting a volume of liquid over time.

5. The CGA feed flowrate was adjusted to deliver the desired volume of CGA. The CGA
flowrate was determined by collecting a volume of CGA over time. The CGA was col-
lected in a graduated cylinder and allowed to break completely. The volume of surfactant
solution was measured. This volume had to equal the volume of surfactant solution being

fed into the CGA generator.
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10.

1.

After adjusting all the feed flow rates, the copper sulfate and the diluted polyaphron lines
were removed from the feed solutions and the exit ends were quickly attached to the
system. The pumps were never stopped during this operation. The entrance end of the
lines were then simultaneously placed in their respective feed solutions. 100 ml of
polyaphrons were diluted with deionized water at a ratio of 1 volume of polyaphron to 3
volumes of water. The diluted polyaphrons were placed in a beaker, which served as the
feed tank, where they were constantly stirred with a magnetic stirrer. Whenever only
around 50 ml of polyaphron feed remained in the beaker, another batch of polyaphrons

was diluted and poured into it.

As soon as the extraction cell filled, the pump used to move the raffinate from the ex-
traction cell to the flotation cell was turned on. The end of the surfactant line, which had
been kept in the surfactant tank to recycle the solution, was attached to the CGA gener-
ator. The CGA generator was turned on and the feed line was connected to the flotation

cell.

The flowrate of the raffinate being removed out of the extraction cell and into the flotation
cell was adjusted to maintain approximately the same liquid level in the extraction cell.

The extract pump was turned on to remove the solvent that separated out of the raffinate.

As soon as the flotation cell filled up, the raffinate waste pump and the extract pump were
turned on. The flow rates were adjusted to maintain approximately the same liquid level

in the flotation cell.

The process was run until steady state was reached. Samples of both the extract and the
raffinate were taken periodically and later analyzed for copper content with an atomic

absorption spectrophotometer.

At the end of each test, both cells were completely emptied.
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This procedure was also followed for the test done using only the extraction cell, except
that the CGA was fed into the extraction cell simultaneously with the copper sulfate and

polyaphron feeds.

7.2 Results and Discussion

The results of the extractions carried out to test all the extraction apparatus developed
before the final system was desighed can be found in the author’'s masters thesis. The only

data presented as part of this study is the data collected from tests done in the final apparatus.

7.2.1 _Determination of Equipment Performance

Each extraction apparatus was developed with the intent of improving the effectiveness
of the separation of the two phases. The amount of surface area generated by the aphrons
is so large, that any type of extraction cell works effectively. The problem of predispersed
solvent extraction lies in the small size of the aphrons. Because of this, gravity separation
by itself was inadequate since the small bubbles took a long time to rise through the bulk
liquid. The separation of the two phases was expedited with the use of colloidal gas aphrons
{(CGA). CGA are bubbles made up of approximately 60% air and 40% surfactant solution and
have diameters of approximately 25 um. These bubbles are several times larger and more
buoyant than the liquid aphrons. Furthermore, the microscopic liquid-core aphrons adhere
to CGA bubbles because the surface of the CGA shell is hydrophobic which provides a region
where a hydrophobic globule such as a liquid aphron will be comfortable. Thus when CGA
were fed into the extraction process, they rose to the surface quickly, carrying the solvent with
them. The problem with CGA was that it was very difficult to distribute evenly throughout the
extraction cell so as to maximize their flotation effectiveness. Also, when CGA was pumped

into the extraction system a large amount of mixing was generated by the bubbles and de-
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pending on the extraction equipment, the mixing caused some of the already separated or-
ganic layer to be reintroduced into the bulk liquid. This quantity of extract was then carried
out of the system together with the raffinate waste stream which translated into a costly loss
of solvent. This fast problem was the one encountered with the semi-pilot plant unit while the
main problem with the trough that was equipped with a distributor tube was the uneven dis-
tribution of the CGA. Another problem with the trough was the lack of control of the flow rates
and the frequent development of leaks. Both of these units are described in the Development
of Extraction Equipment section of this chapter.

The final extraction system was designed as an effort to remedy all the major problems
encountered with the previous apparatus. Flowmeters were added to the system to facilitate
the determination of the flow rates and allow for better control of them. This was only partially
successful. The flowmeters did not measure the flow rates very accurately so one could not
depend on the flowmeter readings. The flow rates had to be determined by collecting a vol-
ume of liquid over time for each test. However, the flowmeters did help indicate whether a
flow started to decrease or increase. The variation of flow delivered over a long period of time
by the Masterflex peristaltic pumps could vary considerably at times. One problem that was
practically completely eliminated was that of the leaks. The new system rarely leaked. The
loss of solvent in the raffinate, although minimized to great extent, was still a problem with the
new unit. The first two extractions were done to determine whether the use of two cells over
one cell would enhance the solvent recovery. Test 1 was done using only one cell. All ma-
terials were fed into the cell simultaneously. The diluted polyaphrons were fed at a rate of
199.8 mi/min. It should be noted that all polyaphrons were diluted at a volume ratio of 1 to
3; thus, whenever diluted polyaphrons are mentioned it should be recognized that the amount
of solvent is 1/4 that of the diluted solution. The flowrate of the 0.3177 g/L copper sulfate feed
was 501.4 ml/min. and that of the surfactant solution formed into a CGA was 102.0 mi/min.
Instead of mentioning the CGA flowrate, the amount of surfactant solution used up during the
process will be given. There is no accurate way of measuring the volume of CGA. A volume

of CGA cannot be collected over time because as soon as the CGA sits in a container, the
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volume decreases as some of the bubbles burst and the air inside them is released into the
atmosphere. A flowmeter cannot be used because of the air/water mixture of the CGA. Test
2 was done using the extraction cell and the flotation cell. The CGA was fed only into the
flotation cell but some of the solvent separated out in the extraction cell. This extract was
continuously removed from the system. The flow rates for this test were 503.3, 199.1, and 102.0
ml/min for the copper sulfate solution, the diluted polyaphrons, and the surfactant solution,
respectively. The polyaphrons used for both tests were from the same batch and the
surfactant used to make them was NaDBS at a concentration of 5 g/L. The surfactant solution
used to make the CGA was Arquad 12/50 at a concentration of 0.5 ml/L. 86.6% of copper was
recovered with the first test and 83.1% was recovered with the second test. The differences
were considered within experimental error. Addition of the second cell reduced the amount
of solvent loss by 5% from 15% to 10%. The second cell became a permanent part of the
system.

As was previously mentioned, the diluted polyaphron and the copper sulfate feed lines
were connected at a distance of approximately 30 cm from the extraction cell entry port. This
line was increased to a length of 150 cm to determine whether the increase in residence time
of the mixture would enhance the extraction. The flow rates used for this test were 489.7,
199.3, and 101.3 ml/min for the copper feed, the diluted polyaphrons, and the surfactant sol-
ution, respectively. The copper extraction was not enhanced. The amount of copper recov-
ered with this test was 82.0%. The feed line was reduced back to its original length of 30.0
cm.

A fourth test was done to determine whether the pH of the water used to dilute the
polyaphrons had an effect on the extraction. From the batch tests it had been determined that
an increase in pH enhances the extraction. When the copper sulfate and the diluted
polyaphron feed lines were joined, the pH of the copper sulfate solution increased because
of the extra volume of water used to dilute the polyaphrons. The polyaphrons for this test
were diluted with water that had been adjusted to a pH of 2.0 with concentrated sodium

hydroxide. The copper sulfate feed, diluted polyaphrons, and surfactant solution flow rates
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were adjusted to 499.2, 200.9, and 99.9 ml/min, respectively. No significant change on the
percent of copper recovered was achieved. The percent of copper extracted was 84.5. The
change in pH due to the water used to dilute the polyaphrons might become important in an
extraction of copper from solutions that contain metal ions other than copper. Under this
conditions other ions compete with copper to chelate with the LIX reagent. At a pH of 2.0
LIX-64N chelates preferentially with copper; thus, it would be important to maintain the copper
sulfate solution at a pH of 2.0.

All the tests described in the previous paragraphs were done with polyaphrons from the
same batch. The polyaphrons were made with 5 g/L NaDBS and 10% LIX-64N in kerosene
at a PVR of 10. The surfactant solution used to make the CGA was made of 0.5 ml/L Arquad

12/50 for all tests.

7.2.2 Development of the Statistical Model

The fifteen tests designed to determine the effect of copper sulfate and polyaphron feed
flow rates were carried out in the two cell system. All the polyaphrons used in these exper-
iments were from the same batch. The polyaphrons were generated in the continuous
polyaphron generator at an aqueous flow of 30 ml/min, an organic flowrate of 300 ml/min, and
at a 1500 r.p.m. mixing rate. The organic phase was made of 10% LIX-64N in kerosene and
the aqueous phase was made of 5 g/L NaDBS in deionized water. The PVR of the polyaphrons
was 10. A description of the conditions for each test and the percent of copper recovery are
tabulated in Table 67.

The experimental data from the fifteen tests was used to develop a statistical model for
the predispersed solvent extraction process. Initially, the first eleven tesis tabulated in
Table 67 were performed. The first eight tests represent the corners of a three-dimensional
region bound by the equipment limitations. Each axis represents one of three parameters;

copper feed flow rate, diluted polyaphron flow rate, or CGA flow rate. The copper feed flow
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rates ranged from 100 ml/min to 500 mli/min. The polyaphron flow rates ranged from 20
ml/min to 200 ml/min and the CGA flow rates ranged from 10 to 100 ml/min. Tests 9 to 11
represent the center runs and they were designed around the same point. The parameters
used for each test and the percent of copper extracted were used to build a statistical model.

The model was built by first assuming the following model:
Y = Bo + B1X1 + 82X2 ‘+ B3X3 + B12X1X2 + B13X1X3 + B23X2X3 (71)

where, Bk;; are coefficients, X, represents the copper feed flow rate, X, represents the diluted
polyaphron flow rate, and X; represents the CGA flow rate. The values for Xy, X;, and X; used
were not the actual flow rates. Instead, the flow rates were converted into design parameters
by converting each flow rate range into a range between -1 and 1. For example, a copper feed
flow rate of 100 ml/min became -1 and one of 500 m!/min became 1 while 300 mI/min was re-
presented by 0. The value of the coefficients in the model were calculated and a statistical
analysis on the calculated coefficients was done using SAS programs. The statistical analysis
included tests for curvature, and calculation of standard errors, sum of squares, and F- dis-
tributions. Preliminary tests on the coefficients indicated that the CGA flow rate, represented
by Xs, was not significant to the model. Thus, all the terms that included only X; or the inter-
action of X; with another variable were eliminated from the model. Also, the test for curvature
indicated the possible presence of quadratic terms in the model. Therefore, the design was
augmented with axial or star points in order to estimate the coefficients of probable quadratic
terms. Tests 12 through 14, tabulated in Table 67, were performed to generate these axial

points. The new model was represented as follows:
Y = Bo + By Xy + BoXy + BypXq Xy + Byy Xq2 + BypXyp? (7.2)

The coefficients of the variables were again calculated and a statistical analysis on the coef-
ficients was done. The statistical analysis was used to determine which variables contributed
significantly to the model and the non-significant terms were once again eliminated. The final

model is as follows:

PREDISPERSED SOLVENT EXTRACTION OF COPPER WITH LIX-64N 232



Y = —15.735X, + 29.745X, + 6.778X,X, — 16.333X,° + 78.338 (7.3)

and,

X4 = 0.005E, — 1.5

(7.4)
X, =0.01111E, — 1.2222

where, Y is the percent of copper extracted, E, is the copper sulfate feed flowrate in ml/min,
and £, is the diluted polyaphron flowrate in ml/min. Figure 84 shows the model’s estimated
response surface, i.e. a graph of the predicted percent of copper extracted over various di-
luted polyaphron and copper feed flow rates. Figure 85 depicts the actual data points while
Figure 86 depicts the predicted values for the experimental points. The CGA flowrate does
not appear in the model because it did not have an effect on the amount of copper extracted.
A minimum surfactant flowrate of 10.0 ml/min was found adequate for all tests. Increasing the
volume of CGA fed into the system did not increase the solvent recovery any further while at
high flow rates such as 100.0 mi/min foam accumulated at the top of the cell.

The extractions carried out with a solvent to aqueous ratio of 1:2 achieved almost com-
plete extraction with 99% of the total copper recovered. The problem with these extractions
was that the amount of solvent loss was increased by 10% from 10 to 20% of the total solvent
remaining in the aqueous phase. It should be noted though that approximately 95% of the
oil in the raffinate separated out within one minute after the raffinate was allowed to sit in a
waste bucket. This indicates that perhaps the addition of a settling tank to the system might
be effective in eliminating the solvent loss problem. Extractions carried out with a solvent to
aqueous ratio of 1:10 resulted in 80 to 85% copper recovery. In conventional extraction a
solvent to aqueous ratio of 1:1 or 1:2 is usually used to achieve the same results.

After the design model was developed two more extractions were done to test it. The first
test was done with a copper sulfate flowrate of 402.7 ml/min, a diluted polyaphron flowrate of
75.5 ml/min, and a surfactant flowrate of 10.3 mi/min. 57.2% extraction was achieved and the

model predicted 55.2%. The second test was done under the following conditions: copper
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sulfate flowrate at 199.4 mi/min, diluted polyaphrons flowrate at 128.9 mi/min, and surfactant
flowrate at 10.1 ml/min. 95.4% of the copper was recovered and the model predicted a re-

covery of 80.9%. It is noted that the model predicts the results with good accuracy.

7.2.3 PDSE Using Different Types of Polyaphrons

Fourteen extractions were done using different types of polyaphrons. The polyaphrons
used were selected from the ones generated for the particle size study. Polyaphrons made
at various feed rates, at different mixing rates, and of different PVR and surfactant were se-
lected for the tests to determine if any of these parameters had an effect on the extraction.
A description af the tests along with the type of polyaphrons used is given in Table 68. All
tests were carried out under similar conditions. The surfactant solution used was made of 5
g/L NaDBS except for the test where the polyaphrons used were made of 5 ml/L Arquad 12/50.
The surfactant used to make the CGA for this test was a 0.5 g/L NaDBS solution. No signif-
icant differences were observed among tests except for the one made with the Arquad
polyaphrons. The percent of copper extracted with all tests except the Arquad one, ranged
from 76 to 84 percent. These differences were considered within experimental error. With the
test done with the Arquad polyaphrons only a 60.6% extraction was achieved and a negligible
amount of solvent was lost in the raffinate. At this point it is not clear whether the results from
this test are in error or whether they indicate that although the amount of copper recovered
was less than the amount recovered with the other polyaphrons, the NaDBS CGA showed
superior flotation capabilities. This matter needs to be studied further because if NaDBS CGA
are indeed superior, then other cationic surfactants other than Arquad 12/50 can be used to
make the polyaphrons so as to enhance the extraction. It should be noted that with the batch
extractions no decrease in copper recovery was seen when using Arquad polyaphrons.

To complete the copper recovery process the copper must be stripped from LIX-64N.

No benefit was found by turning the loaded organic phase into a polyaphron and then stripping
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the copper with sulfuric acid. The simplest and most economic system apparently available
is the use of a sulfuric acid strip solution, followed by electrowinning of copper. Since the
extract from the predispersed solvent extractions is similar to the extract recovered from
conventional extraction methods, no problems are foreseen in stripping the copper from the
extract by conventional methods. The surfactants used to make the polyaphrons and CGA are

all water soluble surfactants; thus, they remain in the raffinate.
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Figure 80. Schematic of the predispersed solvent extraction process in a batch cell.
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Figure 81. Schematic of the semi-pilot plant unit used for the predispersed solvent ex-
traction experiments.
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Figure 82. Diagram of the horizontal U-shaped trough used for predispersed solvent ex-
traction tests,
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Figure 83. Design region of the experimental tests done for the development of a statis-
tical model that predicts the percent of copper extracted.: (A) 3-Dimensional
design region, (B) 2-Dimensional region.
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Figure 84. Estimated response surface of the statistical model for the the predispersed
solvent extraction process.
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Figure 85. Actual data values for the tests used to develop a statistical model for the
predispersed solvent extraction system,
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Figure 86. Predicted values from the statistical model for the tests used to develop the
model for the predispersed solvent extraction model.
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Table 67. Description of the experiments done to determine a statistical model for the
predispersed solvent extraction process.

Sample E, (C,80, E, (Diluted E; (CGA)© % Extraction
ID Feed)* Polyaphrons)® | (ml/min)
(ml/min (ml/min) Actual | Predicted
1 100.5 20.2 10.2 57.5 54.8
2 499.0 19.9 10.5 10.5 9.8
3 489.9 20.0 99.3 17.5 9.9
4 100.1 20.0 99.3 54.5 54.8
5 99.1 200.3 9.8 99.2 100.7
6 500.6 199.9 10.2 84.7 82.8
7 503.3 199.1 102.0 83.1 82.6
8 99.9 200.1 100.1 98.8 100.7
9 298.6 110.0 54.9 81.0 78.0
10 297.1 109.9 55.8 80.2 78.5
11 302.1 109.5 55.7 81.0 78.4
12 302.6 19.6 10.1 21.0 31.7
13 500.9 110.6 10.0 53.3 62.8
14 299.8 200.2 10.0 92.8 91.8
15 101.7 111.3 10.0 96.4 94.3
916 402.7 75.5 10.0 57.2 55.2
417 199.4 128.9 10.0 94.5 95.4
NOTES: * Initial concentration of C;SO, feed was 0.3177 g/L. pH = 2.0

® Polyaphrons were made with § g/L N,DBS. PVR
CGA flowrate is the volume of the surfactant used to make the

CGA,

(0.5 ml/L Arquad 12/50).

10.

These tests were done after the model was developed.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The conclusions of this study are divided into sections according to the subjects dealt

with in each chapter.

8.1.1 Residence Time Distribution of the Continuous Polyaphron Generator

The residence time distribution of fluids in an 865 ml continuous polyaphron generator
was determined using copper as the tracer. The following conclusion was made from the ex-

perimental results:

1. The behaviour of a fluid inside the continuous polyaphron generator was closely modeled

by that of a fluid in a continuous stirred tank reactor.

8.1.2 Particle Size Distribution Study

The measurement of the particle size distribution of several batches of polyaphrons made

with the continuous polyaphron generator led to the following conclusions:

1. Every method or apparatus used to measure polyaphrons gave a somewhat different

particie size distribution.

CONCLUSIONS AND RECOMMENDATIONS 245



Polyaphrons could not be measured with a Brookhaven Instruments dynamic light scat-

tering system or a coulter counter.

According to measurements made with the photo-microscope method, higher mixing
rates produced smaller aphrons. According to the measurements made with the SA-CP3
Analyser, this effect was seen only in polyaphrons of PVR 10. Mixing rate had no effect

on PVR 5 polyaphrons.

An increase in feed flow rates produced larger aphrons. This effect was seen only when
the residence times differed by at least 30 minutes. These results were observed with the

SA-CP3 and the photo-microscopy measurements.

According to the results obtained with the SA-CP3 Analyser, as PVR increases the size
of the bubbles decreases. No effect was observed with the photo-microscopy measure-
ments for polyaphrons of PVR 10 and 15. Polyaphrons of PVR 5 showed a decrease in

size when compared to the higher PVR ones.

Bubble measurements done with the SA-CP3 showed that addition of a surfactant to the
organic phase of the polyaphrons decreased the size of the aphrons. The photo-

microscopy method of analysis showed no difference.

The replacement of Arquad 12/50 for NaDBS as the water soluble surfactant affected the
particle size distribution of the polyaphrons. The photo-microscopy method showed that
the Arquad 12/50 bubbles were bigger while the SA-CP3 measurements showed that they

were smaller.

According to photo-microscopy measurements some degree of coalescence takes place
over time among the aphrons of PVR 10 and 15. No change was seen in polyaphrons of

PVR 5.
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9. Results can be reproduced, within experimental error, using the photo-microscopy

method.

8.1.3 Conventional Versus Predispersed Solvent Extraction of Copper in a

Batch Reactor

From the series of tests done to extract copper from dilute aqueous solutions using con-
ventional solvent extraction and predispersed solvent extraction in an isothermal batch reac-

tor, the following conclusions were made:

1. Predispersed solvent extraction is superior to conventional solvent extraction. Under

similar conditions equilibrium conditions were approached faster with PDSE.

2. Anincrease in temperature from 5°C to 26°C enhanced the extraction. This temperature
increase increased the copper extraction by about 10% and the time required to reach
equilibrium decreased by about 5 minutes. Increasing the temperature above 26°C had

little effect on the extraction process.

3. Increasing the pH of the feed solution from 1.0 to 2.0 increased the percentage of copper
extracted by 30%. The time required for the extraction to reach equilibrium aiso de-
creased by 18.5 minutes. Increasing the pH further only slightly enhanced the extraction

process.

4, Using polyaphrons of different PVR had no effect on the copper extraction.

5. Polyaphrons made with NaDBS and Arquad 12/50 produced similar results.

6. The dynamics of the reaction of copper with LIX-64N at a specific feed concentration can

be modeled by the film theory.
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7. The mass transfer coefficient calculated from film theory varied with initial feed concen-

tration.

8.1.4 Predispersed Solvent Extraction of Copper with LIX-64N

From the extractions done in continuous mode in a system that consisted of two troughs,
one to carry out the extraction part of the process and the other to carry out the flotation part,

the following conclusions were made:

1. The extraction process was modeled with the following empirical equation:

Y = —15.735X, + 29.745X, + 6.778X, X, — 16.333X,° + 78.338

and X, =00056,—15 , X,=001111E, — 1.222

where Y = % Cu extracted, E; = CuSO, Feed Flow rate (ml/min), E; = Diluted Polyaphron

Flow rate (ml/min).

2. 99% of the copper was recovered with extractions carried out with a solvent to aqueous
ratio 1:2. Extractions carried out with a solvent to aqueous ratio 1:10 resulted in 80 to 85%

copper recovery.

3. A minimum amount of CGA equivalent to the volume of bubbles that are made with
10ml/min surfactant solution is required to float the liquid aphrons out of the raffinate.

Using larger flowrates than this do not improve the solvent recovery.

4. The same amount of copper is recovered regardless of the type of polyaphrons used to

extract the copper from the aqueous phase.

5. The final apparatus designed for this study was an improvement over the other apparatus

previously designed but the loss of solvent was still a problem.
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8.2 Recommendations for Further Study

The following recommendations for further study are made:

1. Several methods were used to determine the particle size distribution of polyaphrons and
each method gave a somewhat different distribution. At this point, it is not possible to
determine which method was more accurate. Further study needs to be done to deter-
mine the accuracy and reproducibility of results of each method. Also, more tests should

be done using Lasentec’s PAR-TEC 100 Particle Size Analyzer.

2. The dynamics of the approach to equilibrium of the extraction of copper with LIX-64N was
modeled according to the film theory. The theory predicted well the results of each test
but, the mass transfer coefficients calculated for each test varied with initial feed con-
centration. Further study needs to be done in this area to determine why the mass
transfer coefficient varied. Also, further emphasis should be put into developing a model
that predicts the dynamics of the extraction with the same mass transfer coefficient over

a range of initial feed concentrations.

3. The calculation of the equilibrium constant raised some interesting questions. If calcu-
lated using the ideal equilibrium expression based on the stoichiometry of the reaction,
it varied with initial feed concentration. For this study, equilibrium isotherms were drawn
and an empirical relationship was derived to relate the equilibrium concentrations of

copper in each phase but, this matter should be studied further.

4. The predispersed solvent extraction process in continuous mode was modeled with an

empirical equation. A theoretica! model based on mass transfer should be studied.

5. The experimental work done for this study has demonstrated that predispersed solvent

extraction is superior to conventional extraction. Batch experiments showed that equi-
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librium conditions are approached quicker with PDSE than with conventional extraction.
Tests performed in continuous mode demonstrated that PDSE needs lower aqueous to
solvent ratios than conventional extraction to recover approximately the same amount of
copper. The problem with PDSE continuous to be the amount of solvent that remains in
the raffinate. It is recommended that a settling tank be added to the process to minimize
solvent loss. In fact, with the addition of the settling tank, the flotation cell could possibly

be eliminated from the process with the CGA being fed directly into the extraction cell.
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9.0 SUMMARY

Predispersed Solvent Extraction (PDSE), was used to extract copper ions from dilute
acidic aqueous solution. PDSE is based on the principle that there is no need to comminute
both phases. All that is necessary is to comminute the solvent phase prior to contacting it
with the feed. This is done by converting the solvent into aphrons, which are micron-sized
globules encapsulated in a soapy film. Since the aphrons are so small, it takes a long time
for the solvent to rise to the surface under the influence of gravity alone. Therefore, the sep-
aration is expedited by piggy-back flotation of the aphrons on especially prepared gas bub-
bles, which are somewhat larger than aphrons and are called colloidal gas aphrons (CGA).

The predispersed solvent extraction process was studied in both batch and continuous
mode. The batch experiments served to compare the two processes under similar conditions.

Also, the particle size distribution of polyaphrons was determined.

9.1 Particle Size Distribution of Polyaphrons

A new polyaphron generator was built to manufacture several batches of polyaphrons.
The same basic design as the one developed by Bergeron and Sebba (1387), was kept but
some improvements on the old design were made. The residence time distribution of a fluid
in the generator was studied using copper for tracer. The fluid behaviour was found to be
closely represented by that of a continuous stirred tank reactor model.

Five methods were used to try and determine the size distribution of polyaphrons; one
of the methods was sedimentation, one was photo-microscopy, two used dynamic light scat-
tering and the last one was conductivity. An SA-CP3 Particle Size Analyzer manufactured by

Shimadzu used the sedimentation method to calculate the particle size distribution. The
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photo- microscopy method was implemented by photographing with a Minolta 35 mm camera
polyaphron samples under a Zeiss Axioscope microscope. The bubbles in the photographs
were counted and measured by hand. A Particle Data Incorporated Electrozone-Celloscope
used the conductivity method to size the bubbles, and a Brookhaven Instruments system and
Lasentec’s PAR-TEC 100 Laboratory Analyzer measured the particle size distribution of the
bubbles using dynamic light scattering.

Several batches of polyaphrons were made with a continuous polyaphron generator. The
generator was operated at different conditions to make each polyaphron batch. Measure-
ments of the bubbles of several polyaphron batches were made to determine what effect, if
any, the conditions under which the bubbles were generated had on their size. The aphrons
could not be measured with the Brookhaven Instruments Dynamic Light Scattering apparatus
and the Electrozone-Celloscope. The Brookhaven instrument is very sensitive and will
measure dust particles found in the sample. Thus, the samples had to be filtered before being
analyzed. The aphrons broke down completely when filtered. To measure particle sizes with
the Electrozone-Celloscope instrument, the aphrons had to be diluted in an electrolyte sol-
ution. Different concentrations of electrolyte gave different size distributions. Aphrons diluted
in weak sodium chloride and sodium pyrophosphate solutions were observed under the mi-
croscope. The electrolyte solution caused the aphrons to become very active, moving rapidly
across the viewing area. Also, most of the aphrons broke down after a few minutes. The
particle size distribution of the aphrons was measured with the other three instruments. All
three methods gave somewhat different distributions. Of all three, the sedimentation method
detected a larger number of smaller aphrons. The average diameter of the aphrons calcu-
lated by this method ranged from 0.4 to 2.54um. With this method, the accuracy of the results
is largely dependent on the accuracy of the density of the particles. Since aphrons entrap air
easily, it is difficult to measure their density with high accuracy. With the photo- microscopy
method the average diameters were calculated to range from 5.0 to around 9.0um. It is sus-
pected that the smaller bubbles could not be seen under the microscope because they were

hidden under the larger more buoyant ones. Only one sample was analyzed with Lasentec’s
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PAR-TEC 100 instrument. The average diameter was calculated to be around 26.0 microns.
A large amount of aphron breakage in the sample being analyzed was noticed. Further
studies need to be done using this technique.

The effect that the conditions under which the aphrons were generated had on their size
was small and sometimes the results varied depending on the method used. The feed
flowrate was the one variable that seemed to produce the largest effect. When the residence
time of the fluid in the polyaphron generator was increased by at least 30 minutes, the aphrons

produced were larger.

9.2 Batch Extractions Using Both Predispersed Solvent Extraction and

Conventional Extraction

A series of tests were done to extract copper from dilute aqueous solutions using con-
ventional solvent extraction and predispersed solvent extraction in an isothermal batch reac-
tor. Predispersed solvent extraction was found superior to conventional extraction. For most
tests using PDSE equilibrium conditions were approached within 0.5 minute. Some tests done
by conventional extraction took longer than 30 minutes. Experiments were carried out at
various temperatures, pH, and initial copper feed concentrations to observe the effect of these
parameters on the extraction process. Increasing the temperature or increasing the pH en-
hanced the extraction. The concentration of copper in both the organic and the agueous
phases was obtained over time and the results were used to determine the ultimate equilib-
rium concentration for each experiment. Empirical equations were developed to relate the
equilibrium concentration of copper in both phases. The dynamics of each experiment were

modeled according to the film theory.

SUMMARY 253



9.3 Predispersed Solvent Extraction of Copper

Copper extractions were done in continuous mode in a system that consisted of two
troughs, one to carry out the extraction part of the process and the other to carry out the
flotation part. The extraction apparatus was designed to try and eliminate problems encount-
ered with previous apparatus. The main focus of attention was on diminishing the amount of
solvent loss in the aqueous phase. This was accomplished to some extent but, solvent loss
continues to be a probiem. Several tests were done using various combinations of copper
sulfate feed flowrate, diluted polyaphrons feed flowrate, and colloidal gas aphrons feed
flowrate to determine the effect of these parameters on the extraction process. The results
from these tests were analyzed statistically and an empirical model was developed for the
extraction process. The CGA flowrate had no effect on the extraction itself, but it did affect the
amount of solvent recovery. The statistical model developed was:

Y = —15.735X, + 29.745X, + 6.778 X, X, — 16.333X, + 78.338
Where X; = 0.005E,— 1.5 and X, =0.01111E; —1.2222 and Y is the percent of copper ex-
tracted, E, is the copper feed flowrate in mi/min, and E; is the diluted polyaphron flowrate in
ml/min. Tests were also done using the various batches of polyaphrons that had been gen-
erated to determine the size distribution of the bubbles to study the effect of bubble size on

the extraction process. No significant differences were noticed in the extraction.
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Appendix A. Polyaphrons

Polyaphrons or oil core aphrons are a type of biliquid foam which consists of micron-
sized oil droplets encapsulated in an aqueous shell. A diagram of the structure of an oil core
aphron is depicted in Figure A1. Polyaphrons are made by spreading an oil {(internal phase)
which contains an oil-soluble surfactant dissolved in it, on the surface of water that has a
water-soluble surfactant dissolved in it. As the oil spreads on the water, the oil film becomes
so thin that movements of the mixture will allow the water to break through various points of
the thin film eventually breaking it up to form minute droplets. When this happens, the water,
which has a low contact angle induced by the dissolved surfactant, climbs onto the oil droplets
and somehow spreads around it, eventually encapsulating the oil droplet with a soapy shell
(Sebba, 1987).

The diameter of polyaphrons will vary from submicrometer to about 100um. The size
will depend on the type and concentration of surfactants used. The higher the concentration
of the surfactant in the oil phase, the smaller the aphrons will be.

It has been found useful to describe polyaphrons in terms of the phase volume ratio
{PVR). PVR is the volume ratio of the dispersed oil phase to the continuous phase. Therefore,
a polyaphron containing 100 parts of kerosene to 10 parts water, has a PVR of 10. Properly
made polyaphrons of PVR 5 to 19 are very stable and can be kept for very long periods of time
{two years or more).

Polyaphrons can be made by hand or with a continuous polyaphron generator. If made
by hand, all that is needed is a stoppered bottle. The aqueous phase is placed in the bottle
and the closed bottle is vigorously shaken to form a foam. Small amounts of oil at a time are
added to the foam until all the oil has been added. After each addition of oil, the bottle is
shaken to break up the oil film. The quantity of oil that can be added at a time is limited be-

cause the environment of the aphrons that have already been formed must remain aqueous.
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If not, the aphrons congeal and no longer offer an interface for spreading (Sebba, 1987).
Polyaphrons can be made very easy and quickly using the continuous polyaphron generator.
The generator must first be seeded with some previously made polyaphrons and then it is just
a matter of setting the organic and aqueous phase pumps at the required flow rates.
Polyaphrons of PVR 5 to 20 have been made using both techniques.

Polyaphrons, used together with CGA, form the basis for PDSE. In conventional solvent
extraction mass transfer of the solute across the interface is achieved by vigorous mixing of
the aqueous and solvent phases. On the other hand, in PDSE the solvent phase is aphronized
before contacting it with the aqueous phase. The small size of the aphrons generates a tre-
mendous amount of surface area so that when the aphrons are contacted with the aqueous
phase the individual aphrons distribute themselves throughout the aqueous phase, eliminating
the need of vigorous mixing.

A detailed description of the properties of polyaphrons and its applications can be found

in Foams and Biliquid Foams — Aphrons (Sebba, 1987).
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Appendix B. Colloidal Gas Aphrons

Colloidal gas aphrons {CGA), are micron sized gas bubbles encapsulated by a shell of
aqueous soapy film. This film introduces such a strong barrier to coalescence that
coalescence never occurs as long as the bubbles are completely immersed in water. The
structure of a CGA is illustrated in Figure B1. The size of CGA are in the order of 25 - 50um
in diameter. CGA with diameters smaller than 25um have never been observed in the labo-
ratory. This might be because they are too small to be seen under a powerful microscope or
because the smaller bubbles burst very fast due to the fact that the pressure inside a bubble
is inversely proportional to its diameter. Because of the small size of the bubbles, they float
to the surface very slowly. Therefore, the CGAs have a long enough life-time that they can
be generated in one place and pumped to another.

CGA are made very quickly using a CGA generator and a dilute surfactant solution. The
generator works under the principle that when a disc, fixed to a vertical shaft connected to
an electrical motor, is made to rotate at a speed of 4,000 r.p.m. or more; strong waves of
surfactant solution are produced at the surface. These waves strike the baffles, mounted
vertically around the disc; and on re-entering the water they entrain the gas in the form of very
small bubbles. CGA containing up to §5% of gas in water are very rapidly and easily made.

CGA have been found useful in many separation processes such as PDSE, ion and pre-
cipitate flotation, bubble-entrained floc flotation, and separation of oil from sand (Sebba, 1987).

Most of its applications depend upon the following properties:

1. The buoyancy of the encapsulated gas

2. Adherence of particles to the encapsulating shell

3. Low viscosity of the system
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4. Large surface area produced by the small size of the bubbles.

Detailed information on CGA properties and applications can be found in Foams and Biliquid

Foams — Aphrons (Sebba, 1987).
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Figure B1. Structure of a colloidal gas aphron
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Appendix C. Some Facts About LIX- 64N

LIX 64N is an alpha-hydroxyoxime designed specifically for the extraction of copper from
aqueous solutions. The extractant is a mixture of 2 - hydroxy - 5 - nonylbenzo - phenoneoxime,
and 5,8 - diethyl - 7 - hydroxydodecan - 6 - oxime in kerosene. The extractant and its copper
complex are insoluble in watef and are characterized by having a solubility of at least 2
weight percent in the hydrocarbon that constitutes the organic phase. LIX reagents are used
by numerous commercially successful metal recovery operations around the world.
Figure C1Figure C.1 illustrates some molecular structures of some LIX reagents.

LIX-64N is a dark amber liquid with a kerosene odor. Its boiling point is 240°C and it has
a density of 0.980 g/cc.

The chelating action of LIX-64N can be represented in an equation form as:

++ = s + =
[2RH],,,+[Cu™ ™ + 50, ]aq,_ [R2Cu]org+[2H so, ]aq €.

org

As can be seen, the reaction is reversible, but for the reverse reaction to be important, the
pH has to be in the range of 0.5 to 0.9.

LIX-64N is no longer being manufactured by Henkel Corporation. Instead, they are man-
ufacturing LIX-84 and LIX-894 which they consider to be better copper extractants than

LIX-64N.
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Appendix D. Sample Calculation for Determination of Percent of Copper

Extracted in the Continuous Process.

To determine the percent of copper extracted for a particular test, the dilution factor due
to the water from the CGA and the diluted aphrons had to be taken into account. The percent

extraction calculation for Test 4 follows.

PVR of polyaphrons: 10

Copper feed flowrate: 298.8 ml/min
Surfactant flowrate: 54.9 ml/min
Diluted aphrons flowrate: 110.0 ml/min
Initial feed concentration: 0.005 mol/L
Final copper concentration: 0.000647 mol/L

Since to 1 volume of aphrons 3 volumes of water were added, of the 110.0 mi/min diluted
aphrons, 27.5 m! were aphrons and 82.5 ml were water. But, the aphrons contained some
water; therefore,

. _ 275 —
Water in aphrons = = 2.5 mi (PVR = 10)

Total water added to system by diluted polyaphron flowrate = 85.0 mi/min

Then, the copper concentration in the aqueous phase after dilution is,

Cu flow rate
(Cu flow rate + surfactant flowrate 4+ water from diluted aphrons)

Cu Feed concentration =

(0.005 mol/L) x (298.6 mi/min)  0.00340 mol copper
(298.6 + 54.9 + 85.0) mi/min L

Thus,
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%extraction (Initial Concentration — Final Concentration) 100
B x
’ (Initial Concentration)

_ 0.00340 — 0.000647 ) % 100 = 80.97%

0.00340
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Appendix E. Sample Preparation for Copper Determination with Atomic

Absorption Spectrophotometer (AAS)

To determine the concentration of copper in the organic and aqueous phases, standards
were made. The aqueous standards were made from Fisher copper reference standard sol-
ution. The organic standards were made from a 1,000 ppm copper solution prepared in the
following way:

A 1,000 ppm copper solution in water was made. Enough ammonium hydroxide was
added to the aqueous solution to turn it a deep blue color. The aqueous solution was con-
tacted with an equal volume of a 10% LIX-64N in kerosene solution. The mixture was shaken
vigorously for ten minutes. The phases were separated in a separatory funnel. The aqueous
phase was analyzed for copper and the organic phase concentration was determined by doing
a mass balance.

All the samples analyzed had to contain between 0.1 and 1.0 ppm of copper. Outside this
range the copper concentration is no longer linear with respect to the absorbance. Thus, all
the samples had to be diluted before being analyzed. The dilution factor sometimes had to
be up to 1000. Therefore, mechanical micropipetters with disposable tips were used to do the

dilutions.
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