THE RECOVERY OF COPPER BY
TUBULAR SUPPORTED LIQUID
| MEMBRANES

BY

MUJAHID AZIZ

A THESIS SUBMITTED IN FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE IN MASTER OF TECHNOLOGY IN CHEMICAL ENGINEERING AT THE
CAPE PENINSULA UNIVERSITY OF TECHNOLOGY.

SUPERVISOR: J.W.COETZEE

THE CAPE PENINSULA UNIVERSITY OF TECHNOLOGY

SEPTEMBER 2006



DECLARATION

Lherby cerﬁfy that this thesis is my own original work, except'where specifically acknowledged in
the text. Neither the present thesis nor any part thereof has previously been submitted at any other

University.

'MUJAHID AZIZ

30™ SEPTEMBER 2006



EXTENDED ABSTRACT

During fecent years, the use of liquid membranes rhas gained general interest in the treatment of
efﬂuents where solute concentrations are low and large volumes of solutions should be processed,
and, if f:ossible, vﬁthout generating any secondary waste. Liquid membrane processes have been
proposed as a ciean technology, owing to their characteristics, i.e. high specificity, low energy and
utilization. Two liquid membrane processes have been used in metal recovery, which are the
_liquid surfactant membrane (LSM), which corresponds to double water-in-oil emulsion and solid -
supported liquid membranes (SLM), which are m?,de by dispersing or imprégnating the extractant

within the pores of inert solid support.

Previously, ﬁe recovery of Cu (II) in a SLM system was conducted by other membrane models
such as hollow fibre, spiral and flat sheet. Only a small measure of success on scale-up and
industrialization of these models has been attained. One of the disadvantages of the hollow fibre
system was the small lumen size through which the feed needed to pass. Pores became clogged by
suspeﬁded particles because the pressure drop over the small diameter augments lower flow rates

and therefore, pre-filtering is necessary (Rathore, et al., 2001).



A

In this study the behaviour of a tubular SLM reactor with an inner diameter of thé lumen
approximatély fifty times bigger than that of the hollow fibre are used in order to solve the
problem of clogging. This tubular reactor was incorporated in to a bench scale plant and.proved
successful in copper extraction. By observing transient data, mass transpoﬁ coefficients wefe

determined and compéred to published values.
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CHAPTER1 : INTRODUCTION

11  BACKGROUND

During the past twenty years membrane technology has had an impressive growth that has -

confirmed its potential to contribute to the solving of topical challenges in hydrometallurgy.

Systematic studies of membrane phenomena can be traced back to the eighteenth century
philosophér scientists. Throughout the nineteenth and early twentieth centuries, membranes had
no industrial or commercial uses, but were used as laboratory tools to develop physical and
chemical theories. By 1960, the elements of modern membrane science had developed, but
m]er’nbranes’ were used in only a few laboratories and specialized industrial applications. No
signiﬁcaﬁt membrane industries existed and the total annual sales of membranes for all industrial
applications _ probably  did  mot  exceed  US$20  million  in 2003
Membranes suffered from four problems that prohibited their widespread use as a separation
process. These were: unreliability, slow reaction fates, non-selectivity and cost. Solutions to
each of these problems have been developed during the last 30 years and membrane-based

separation processes are presently commonplace (Baker, 2004).

Undoﬁbtedly, the feasibility of the separation and concentration of metals with liquid membranes
should be considered as one of the most promising technological advances produced in the field
of hydrometallurgical processés. Particularly, the use of solid supported liquid membranes in a
hollow fibre and flat sheet configuration has beeﬁ successfully tested for the recovery of metallic
ions from aqueous solutions and therefore compete with solvent extraction (SX) and ion-
exchange (IX) processes. waever, a tubular solid supported liquid membrane, as reported in this

study, remains a novelty and hence the necessity for this study.



It is well documented that the employment of liquid membrane technology would offer several -
advantages as compared with the current solvent extraction process in mixer-settlers, in particular
cost savings in the inventory of an expensive solvent and smaller reactor size. As no direct
mixing between the aqueoﬁs or the organic phase takes place, crud formation and phase
entrapment difﬁculties can be avoided. Many papers concerned with the selective separation and
concentration of metallic ions with liquid membranes have recently been reported (Marchese, et
al., 2004). i

Acbording to Baker (2004), carrier facilitated transport processes (SLM’s) often achieve
spectacular separations between closely related species because of the selectivity of the carriers.
However, no coupled transport process has advanced to the commercial stage despite a steady
stream of papers within academic literature. The marginal improvement in economics that is
offered by coupled transport processes, over conventional technology such as solvent extraction
or ion exchange is clearly an advantage of the SLM. Major breakthroughs in performance are
tequired to make coupled transport technology commercially competitive as facilitated transport
membranes are a long way from the commercialization and are plagued by many difficult
technical problems. However, the economic rationale for developing facilitated transport

membranes is at least clear. Research in tubular membrane technology has therefore, become

significant.



1.2 RESEARCH OBJECTIVES

To evaluate an alternative to hollow fibre, spiral and flat sheet supported liquid membrane

systems for the extraction of 'copper and the development of an experimental scale-up procedure.

The objectives for this study were:

To construct and commission an experimental bench scale SLM reactor for the extraction

of metal ions.

e To investigate the use of a novel SLM reactor for the extraction and concentration of

copper ions in a closed batch system.
e To identify the variables that affects the extraction rate of copper.
e Locate mass transfer coefficients by applying published models.

- o Utilize the located mass transfer coefficient to investigate the controlling mechanism of

the system.



CHAPTER2? : LITERATURE REVIEW

2.1  COPPER

Copper and some of its alloys have been used by humanity since the Bronze Age. As one of the
first metals known to humans, free copper was probably mined in the Tigris-Euphrates valley as
early as the fifth century BC. Cyprus, from which the metal’s name originally comes, was the

primary source of copper in the ancient world (www.encyclopedia.com).

However, there is evidence that every ancient metal culture at some stage discovered and used
the red metal. The early age of copper probably had its greatest development in Egypt. The most

important copper ores during those times could be found in Sinai, Syria, Afghanistan, Cyprus and |
‘ Central Europe. European copper mines of the Bronze Age are known in Austria, Germany,
France, Spain, Portugal and Greece. The world’s copper industry is confronted with many
technical and economical problems. Currehtly, one of the biggest challenges is to prevent the
~ loss of markets to subStitut‘e materials such as aluminium, steel and plastics, as its price has

increased dramatically in the early 21% century (www.nautilus.fis.uc.pt).

: Copper is widely spread in many parts of the world mainly as mineral combinations with iron,
. sulphur, carbon and oxygen. Over 160 copper minerals have been identified, of which only a
dozen are commercially important. Copper is divided into three groups nameiy: (i) Primary,
which is represented by compounds such as bornite, chalcopyrite, énargite and others; (ii)
Oxidized copper minerals,‘ cuprite, malachite, ézm‘ite and chrysocolla and (iii) Secondary
sulphides such as chalcocite and covellite. The commercially more important minerals are
chalcocite with 79,8% copper and chalcopyrite with 34,5% copper (www.nautilus.fis.uc.pt).
Some physical properties of copper are provided in Table 2.1 (www.scescape.net.).



Table 2.1: Physical properties of Copper:

Property Value
Atomic number , 29
Atomic weight 63.546
Density @ 293K (g.cm™) ' 8.96
Afomic volume (cm3.mdl'l) 11
; Stafe 7 , | Solid
~Melting point (K)_ ‘ 1356.6
Boiling point (K) ; 2843
Heat of fusion (kJ. fmol'l) : - , 13.050
Heat of vaporization (kJ.mol™) 300.30
1°T Ionization energy (kJ.mol™) 745.4
2™ Tonization energy (kJ.mol ") , 1957.9
3%D Yonization energy (kJ.mol™) : 3553.5
Heat atonﬁzation (kJ.mol.atoms™) o 338
Elecﬁo negativity. ~ 195 -
Electron affinity (J.mol) | 1185
Specific heat J.gK™ , 0.38
, Hardness (mohs) 2.75
Thermal conductivity (J.m-sec-deg™) 401
Electrical conductivity (I.mohm-cm™) 595.8
Polarizability (A*3) 6.7




Copper is reddish in colour, takes on a bright metallic lustre and is malleable, dﬁctile and a good
conductor of heat and electricity. It is second only to silver in electrical conductivity, while it is
softer than iron but harder than zinc and can be polished to a bright finish. Copper has a low

chemical reactivity (www.encyclopedia.com.).

Copper metal is piepared comméfcially in various ways. Copper sulphide ores, which usually
contains 1 to 2% copper, are concentrated to 20 to 40% copper by flotation and are then roasted
to-remove some of the sulphur and impurities. It is then smelted with iron oxide in either a blast
furnace or reverberatory furnace in order to produce copper matte. The matte is transferred to a
converter where it is treated by blowing air through it to remove sulphur as sulphur dioxide and
the iron as a slag of ferrous oxide. The fesulting copper is 98 to 99% pure. The copper-is further
purified by electrolysis. Copper oxide ores are usually treated by a leaching process, the copper
in the ore is dissolved by a diluted suiphuric acid solution. Pure copper is recovered by

electrolysis (www.encyclopedia.com.).

The main commercial use of copper is based on its electrical conductivity. Half the total annual
" output amount is employed in the manufacture of electrical appliances and wire. Copper is used
as roofmg, making copper utensils and coins and metalwork. Other uses of copper appear as
tubing in the plumbing industry, heat exchangers, refrigerators and air conditioning coils, owing

toits high heat conductivity (Www.encyclopedia.com.).



2.2. MEMBRANES

A membrane is a pérmeable or semi-permeable phase, often a thin polymeric solid, which
restricts the motion of certaiﬁ spécies. This added phase is essentially a barrier between a feed
stream and produc{ stream. The performance of a membrane is defined by Scott et al., (1990), in
terms of tWo simple factors, namely flux and selectivity. Flux or permeation rate is the
volumetric (mass or molar) flow rate of fluid that passes through the membrane per unit area of
membrane perrur‘xit time. The selectivity of solutes and particulates in liquids and gases are the

retention of solutes by the membrane.

Accordin'g to Scott ét_al., (1996), the main uses of membranes in industry are:
e The filtration of micron and submicron sfze dependent solids (and dispersed liquid) from
quuid and gases, which contain dissolved solids. ‘
© The removal of macromolecules and colloids from liquids which contain ionic species.
. - The separation of mixtures of miscible liquids. ' ’
'o The selective separation of gases and vapours from gas and vapour streams.
e The useiec‘ti’ve transport of ionic species only.
o The virtually complefé removal of all material suspended and dissolved in water.

The membrane is clearly the most important part of the separation process. Membrane material
science has rapidly developed' over recent years to produce a wide range of materials of different
‘sﬁctﬁfes and with different ways of functioning. Scott et al, (1996) classified membrane
“materials into three types: | » ‘ ,
. Syhthetic polymers; which are a vast source of perﬂuoro polymers, silicone rubbers,
| polyainides and poly mllphones are prominent. |
e Modified natural products‘. |

° Miscellaneous, which include inorganic, ceramic, metals, dynamic and liquid membranes.



According to Scott et al,, (1996) membrane materials should possess the following properties to

be effective for separatlon

Chem1cal resistance (to both feed and cleamng ﬂulds)

Meehamcal stability.
~ Thermal stability.

High permeability.
High selectivity.
Stable operation.

These prdpel_'ties are relative in terms of individual processes and the respectiVe capital and

operating costs. Chemical resistance, for example, relates more to the operating lifetime of the

membrane.

A number of techniques are available to prepare synthetic memBranes according to the membrane

material selected. Membrane preparation processes, include (Baker, 2004)

Phase separatlon (phase inversion) process.
Loeb-Sourirajan technique/process.

Interfacial polymeﬁiation process.

. Solution-coating process.

According to Brzrxl;:er.(2004) membrane materials with the appropriate chemical, mechanical and

_permeaﬁon properties should be selected, determined by the specific transport process. Once the

membrane material has been selected, the technology required to fabricate this material into a

robust, thm, defect-free membrane, is similar for all membrane processes.



23. MEMBRANE TECHNOLOGY

According to Scott et al., (1996) improvements and advances in membrane technology over the
last two decades have seen applications expand in many industrial sectors, namely chemical,‘
petrochemical, mineral and metallurgical, food, biotechnology, pharmaceutical, electronics, paper
and pulp and water. Membrane separations are in competition with physical methods of
separation such as selective adsorption, absorption, solvent extraction, distillation, crystallisation
and cryogenic gas sepération. The feature, which distinguishes membrane separation from the
other separation techniques, 1s the provision of a third phase and that is the membrane. This
phase whether solid liquid or gz;seous, introduces an interface(s) between the two bulk phases
between which molecular exchanges occur and gives the advantages of efficiency and selectivity.
The membrane can be neutral or charged and porous or non-porous and acts as a perm selective
barrier.

- ~— microfilication =

-t yltrafiltrationa=

nanofiltration

10 100 1000 104 Size (nm)

carbon black
emulsions.

proteins

e VIFUSES oo 7
—bacteria '
~fungi —

colloids

Figure 2.1:  Application size ranges of membrane filtration processes
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The transport of selected species through the membrane is achieved by a driving force across the
membrane. This provides a broad classification of membrane separations in the way of a
_ mechanism by which Iﬁaterial is transported across a membrane. The flow of material across a
membrane should be kinetically driven, by the application of mechanical, chemical or electrical
work (Scott et al., 1996). - ' '

The driving forces are pressure, concentration, temperature or electrical potential. In many cases
the transport rate (permeation) is proportional to the driving force and the membrane can be

categorised in terms of an appropriate permeability coefficient (Scott et al., 1996).

According to Baker (2004), membrane technology is divided into two main processes, namely
developed and under developed processes.

2.3.1. Developed Processes
Developed processes are applied in mdustry through the use of six methods

Mlcro Fﬂtranon (MF);
Ultra Filtration (UF);
Reverse Osmoeis (RO);
Electrolysis; o
Gas Separation; and

0 0 0 o o'o

Pervaporation.
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Some of theses methods are described by Scott et al., (1996) as follows:

23.1.1  Micro Filtration (MF)

Filtration is a means of removing unwanted solids from a liquid or a gas stream by mechanical |
sieving. A preésure gradient is maintained across the filter to maintain the fluid flow through the
filtration media. The ﬁltrate or permeate whlch flows through the filter should 1deally be dev01d
of suspended solid. With convectional ﬁlters, particle fragments and filter media can escape
during filtration (Scott et al., 1996).

In membrane micro filtration (MF), the filter is generally made from a thin polymer film with a
uniform pore size and a high pore density of approximately 80%. ‘The principle method of
parncle retentlon is characterised as sieving although the separatlon is influenced by interactions

between the membrane surface and the solution (Scott et al., 1996).

Micro filtration is most widely applied in a dead-end mode of operation. Here the feed flow is
- perpendicular to the membrane surface and the retained (filtered) particles accumulate on the
surface, which forms a filter cake. The thickness of this cake, increases with time and the
permeation rate éorrespondingly decreases. Evenfuaﬂy, the membrane filter reaches an
-impractical or uneconomic low filtration rate and is either cleaned or replaced. In order to reduce
the effect of a bulld-up of solid particle cake on the membrane surface, an alternative cross-flow
operéition of ﬁltraﬁon can be used (Scott et al., 1996).

“The technologically important applications of micro filtration are summarized below:
e Removal of particles from liquid and gaé streams for chemical, biological,
| phaimécéuticai andvfobd indust:des.
e Clarification and sterile filtration of heat sensitive solutions and beverages.

¢ Production of pure water in the electronics industry.
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e Product puriﬁcation, gas filtration and process solvent recovery in the chemical industry.

e  Waste water treatment (Scott et al., 1996).

23.1.2  Ultra Filtration (UF)

Ultra filtration (UF) is the third membrane separation processes, which are grouped together
under pressure-driven vprocesses. _UF covers the region between MF and RO and is used to
remove particles in the size range 0.001-0.02 pm. Solvents and salts of low molecular weight
will pass through the membranes, while larger molecules are retained. Thus the principal
application of UF is in the separation of macromolecules with a size retention in the molar mass
range of 300 to 300 000. UF membranes are permeable to molecules of molar masses of 1000

and exhibit a low rejection rate of salts (Scott ez al., 1996).

DISSOLVED SOLID
OMACROMOLECULES

\

~ WATER SALTS

Figure 2.2:  Separation by ultra filtration
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Ultra filtration is typically applied in the separation of macromolecular solutes and colloidal
material from macromolecular solutes and solvents. There are many analytical applications on
laboratory scale, which include the concentration of proteins, enzymes and hormones as well as

in biochemical and clinical analysis (Scott et al., 1996).

The wide variety of applications includes the following industries:

. Chemical aﬁd nuclear; in the treatment of waste water and effluents.

e Automobile; for. recovery and recycling in electro paint baths.

e Pulp and paper. ,

¢ Food and dairy; for the clarification of j juices and wines and milk concentration sterile
ﬁlt‘ratlon ‘

e Biological and pharmaceutical: for the manufacture of antibiotics, the removal of
pyrogens and the trcaﬁnent of blood plasma (Scott et al., 1996).

2313  Reverse osmosis (RO)

‘Reverse 6smosis (RO) is a pressure driven process, which is aimed at the separation of ionic
solutes and macromolecules from aqueous streams. The method of dissolved salt removal is
dlﬂ'crent to that of micro filtration and is not merely a physical process based on size difference
of solute and solvent. Such species are of similar molecular size and of a size comparable to the
wide range of pore spaces in the pblymeric RO membrane. In order to visualize the RO process,
the process of osmosis should first ‘be considered. Osmosis occurs when a suitable semi-
‘permeable membrane is used to separate two solutions of equal volume, one being water and the
other a dilute salt solution. Water is transferred from the water side of the membrane to the dilute
solution side until an osmotic equilibrium is reached, at which point a hydrostatic pressure, which
is the osmotic pressure, has built up in thé solute solution side. By applying a pressure to the salt
solution side, the flow of water, through thev membrane, can be stopped and if the pressure

exceeds the osmotic pressure, the flow is reversed (Scott et al., 1996).
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This is termed reverse osmosis or hyper filtration in which the concentration of salt is increased
by the flow of water (or solvent) from a more concentrated solution to a dilute solution. Reverse
osmosis membranes can essentially separate all solute species, both inorganic and organic from
solution (Figure 2.4). The mechamsms of the separation of species are based on processes, which

relates to their size and shape, their ionic charge, as well as interactions with the membrane itself.

WATER

Figure 2.3:  Separation by reverse osmosis

RO has principally seen a wide range of applications during the processing of aqueous solutions
in the following areas: ” ' S
e Desalination of brackish water and sea water.
e Production of pure water for a variety of industries.
e Concentration of solutions of food products, pharmaceutical solutions and chemical
 streams.

e Waste water treatment (Scott et. al., 1996).

The use of RO is generally increasing as more resilient membranes emerge (Scott e al., 1990).
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2.3.14  Pervaporations

Pervaporation (PV) is 2 membrane process for the separation of miscible liquid mixtures into
niore concentrated products of the constituents. Interest in this process is growing owing to the
practical‘ limitations of reverse osmosis in many potential separations where otherwise extreme
pressures Woul& be required. Separation is achieved by applying a Iower pressure (vacuum) to
the permeate side of the membrane, whilst the other side is exposed to the liquid which will be
separated (Scott ef al., 1996)

The corﬂﬁxercizﬂ application of PV 1s currently being investigated in the chemical and
b10chem1cal mdusmes ‘The recovery of low concentrations of organics, e. g alcohols from
fermentatlon broths and the removal of small quantities of solvents from water, is typical (Scott
etal., 1996). -

23.2. Under—developed processes

The under—developed processes can be divided into two groups, namely Industrial and Medical
processes which are described by Scott et al., (1996) as follows:

Under-developed processes are further divided into six methods:

Industrial under-developed ptocesses:

o Carrier facilitated transport.
‘0 Membrane contactors.
o Piezodialysis.
Medical under-developed processes:
o Artificial kidneys.
- o Blood oxygenators.

"o Controlled release pharmaceuticals.
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Some of theses methods are described by Scott et al., (1996) as follows:

2321  Carrier facilitated transport

Separation, using liquid membranes, can be likened to that of conventional solvent extraction and
stripping in which a thin liquid film is used to transport the solute from the feed to the product
side. The use of a liquid film offers the possibility of much higher separation rates than in
polymer films because of the higher diffusion rates in the former (Scott et al, 1990). Prime

- industrial targets for the acceptance of liquid membranes are in extraction processes for recovery
of . aromatic - and aliphatic hydrocarbons and metal ions. Research into \a' number of
hydrometaﬂurgical applications is particularly active. This process will be discussed in detail in
the-chapters that follow (Scott et al., 1996).

23.2.2 Membrane contactors

Methods of phase contact usually involve the dispersion of one fluid phase as droplets and
bubbles into another phase. After mass transport the dispersed phases are then separated by a
method which utilizes the difference in their phase density (Scott ef al., 1996). There are many

‘ applications of hollow fibre membrane technology in phase contacting, which ranges from waste
recovery, food and pharmaceutical industries to analytical and medical applications (Scott et al.,
-1996).

23.2.3 Hegodialysis

APiezodialysis is a pressure-driven process in which the solute species is forced through a
composite, which consists of anionic and cationic permeable elements which are arranged in a
mosaic structure. The mode of operation is attributed to its ion-exchange capacity through which
it attains a concentration of permeating ions higher than that in the feed solution. The application
of a differential pressure discharges (or squeezes) the ions into the permeate. The process thus

provides a way of desalting aqueous solutions but it is not known to be practiced commercially
(Scott et al., 1996). '
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According to Scott ef al. (1996), other processes and devices, which are available include
membrane distillation,, electrophorcéis, dialysis, nano filtration, gas separation, electro dialysis,
thermopervaporation, = transport depletion, controlled release, thermo-osmosis, membrane

electrodes and membrane cafalysts. 4
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24.  TYPE OF MEMBRANE STRUCTURES

The functioning of é membrane depends on its structure as this essentially detérmines the
mechanism of separation and, thus, the application. Scott et al., (1996) mentioned that two types
of structures are generally found in membranes, namely symmetric and asymmetric. Symmetric
membranes are of three general types: approximately cyliﬁdn'cal pores, porous and non-porous
(homogeneous). - Asymmetric membranes are characterised by a non-uniform struétme, which

comprises an active top layer or skin supported by a porous support or sub layer.

The principal types of membranes are shown schematically in Figure 2.4 and are described
briefly below (Baker 2004). -

Symmetrical membranes

‘ isdtropic microporous Nonporous dense Electrically charged
. membrane = - membrane ) membrane

~ Loeb-Sourirajan . Thin-film composite t
anisotropic membrane -~ - anisotropic membrane Polymer
: ; , matrix

Figure 2.4: Schematic diagram of the principal types of membrane
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24.1 Isotropic (Symmetric) :

24.1.1  Micro porous

A micro porous membrane is similar in both structure and function as compared to a conven-
tional filter. It has a rigid, highly voided structure, as shown in Figure 2.4, with randomly

 distributed interconnected pores. However, these pores differ from those in a conventional filter
by being extremely small. "All the particles that are larger than the largest pores are completely
rejected by the membrane. Particles that are smaller than the largest pores, but laréer than the
smallest pores, are partially rejeéted, -according to the pore size distribution of the membrane.
Particles that is much smaller than the smallest pores will pass through the membrane. Thus, the
sep:;raﬁon of solutes by micro ﬁorous membranes is mainly a function of molecular size and pore
size distribution. |

In géneral, only molecules that differ considerabl‘y in size can be separated effectively by micro
porous membranes, for example, in ultra filtration and micro filtration (Baker 2004).

24.1.2  Nonporous (Dense)

Nonporous, dénsé membranes consist of a dense film as shown in Figure 2.4, through which
permeates are transported by diffusion under the driving force of a pressure, concentration, or
electrical potential gradieht. "I'he separation of various components of a mixture is directly
related to their relative transport rate within the membrane, which is determined by their
diffusivity and solubility in the membrane material. Thus, nonporous, dense membranes can
separate permeates of a similar size if their concentration in the membrane material (that is, their
solubility) differs significantly. Most gas separation, pervaporation and reverse o0smosis
membranes use dense meinbranes‘ to perform the Separation. These membranes usually have an

anisotropic structure to improve the flux (Baker 2004).



20

2.4.1.37 Electrically charge

Electrically charged membfanes can be dense or micro porous but are most commonly finely
‘micro porous, with the pore Walls carrying fixed positively or negatively charged ions. A
membrane with fixed positively charged ions is referred to as an anion-exchange membrane
because it binds anions in the surrounding fluid. Similarly, a membrane, which contains. fixed

negatively charged ions, is called a cation-exchange membrane (Baker 2004).

Separation with charged membranes is mamly achieved by the exclusion of ;io'ns') ‘of the same
charge as the fixed ions of the membrane structure and, to a much lesser extent, by the pore size.
The sepai'aﬁon is affected by the charge and the concentration of the ions in solution. For
exaniple, monovalent ions are excluded less effectively than divalent ions and, in solutions of
high ionic strength, selectivity decreases. Electrically charged membranes are used for prpcessing

electrolyte solutions in electrodialysis (Baker 2004).

2.4.2 Anisotropic (Asymmetric) :

‘The transport rate :of a speciés through a membrane is invérseiy pfopdrtional to the membrane
thickness. High transport fatés are desirable in membrane separation processes for economic
jreasons; hence, the membrane should be as thin as possible. ‘Conventional film fabrication '
‘technology limits the manufacture of mechanically strong, defect-free films to about 20 pm
thickness (Baker 2004). | |

Asymmetric membranes are produced either by phase inversion from single polymers or as

composite structures, as shown by Figure 2.4.
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2.4.2.1  Phase inversion

Phase inversion incorporates porous structures, which are formed by precipitation from a
homo geneous polymer solutiorj. The membranes are made up of a relativély thick porous support
layér 0.2 - O.Smm) with a dense active ‘skin’ layer (<lpm). These are _clas’sed as pore
membranes énd are used in NF and UF (Baker 2004).

Phase inversion is also used in the manufacture of micro porous symmetric membranes.

2.4.2.2 - Thin film composite

Composite membranes differ from those produced by phase inversion since the skin and support
are made of different materials. This enables a certain amount of tailoring of the membranes’

function for specific applications and gives potential improvements over phase inversion.

Figure 2.5: Asymmetric thin film composite membrane structure
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25.  MEMBRANE MATERIALS

A number of membrane materials are currently manufactured. According to Baker (2004), most
membrane materials are made from organic polymers. However, in recent years, interest in
membranes formed from less conventional materials has increased. Ceramic membrane, dense

metal and supported liquid membranes are being manufactured with alternative material.

Supported liquid membrane films are being developed for carrier-facilitated transport processes
which will be discussed fully in the chapters to follow.

Examples of polymer membrane materials are: .

~e -Cellulose acetate.

¢ Polyamide thin film composites.
e Polysulphone.

. Sulphdnated polysillphone. :

¢ Polyethersulphone.

"o Polyvinylidenedifluoride.

e Polyacrylonitrile.

. Polytetraﬂuoroethylené. ‘

e Other Polymers.
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2.6. MEMBRANE MODULES

Industrial membrane plants often reqﬁre hundreds to thousands of square metres of membrane to
perform the sepa_ratiori that is required. Before a membrane separation -can be performed
industrially methods of /ecdnomical and efficient pai;kaging ‘of large areas of membrane are
required. These packages are called membiaﬂe modules. The deVelopment of the technology to
produce low-cost membrane mbdules Was one of the breakthroughs that led to commercial

membrane processes in the 1960s and 1970s (Baker 2004).

Accordiné to Baker (2004), the earliest designs were based on simple filtration technology and
| consisted of flat sheets of membrane which were held in a type of filter press. These are called

plate-and-frame modules. Membranes in the form of 1- to 3-cm-diameter tubes were developed at

the same time. Both designs are still used, but because of there relatively high cost these have

been largely displaced in most applications by two other desighs, namely the spiral-wound
* module and the hollow fibre module (Baker 2004).

According to Baker (2004), membrane modules are divided into the following types:

‘Spiral wound.
Tubular. |
Hollow fibre.
Plate and frame.

0 0 0 ©

~ 2.6.1 Spiral wound

Feed solution passes acV:ro'ss'theﬂmembrane surface as shown in Figure 2.6. A portion passes
through the membrane and enters the membranekenvelope where it spirals inward to the central
pei'fdrated collection pipe. One solution enters the module (the feed) and two solutions leave
(the residue and pérmeate). Spiral-wound modules are the most common module design for
reverse osmosis and ultra filtration, as well as for high-pressure gas separation applicaﬁons in
the natural gas industry (Baker 2004).
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" Perforated
permeate
collection -
. pipe
Residue
. flow

Permeate
Permeate = . fow
‘collecnon tube Arrows indicate '
permeate flow

Figure 2.6: A exploded view and cross-section drawings of a spiral-wound module
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2.6.2  Tubular

Tubular modules are now generally limited to ultra filtration applications, for which the benefit of
resistance to membrane fouling, owing to good fluid hydrodynamics outweighs their high cost.
Typically, the tubes consist of a porous paper or fibreglass support with the membrane formed on

the inside of the tubes.

The first tubular membranes were between 2 and 3 ¢m in diameter. More recently; as many as
five to seven smaller tubes’ eachr 0.5-1.0 cm in diameter’ are nested inside a single larger tube. In
a typical tubular membrane system, a large‘number of tubés are manifold in series; Permeate is
removed from each tube and sent to a permeate collection header. A drawing of a 30-tube system
is shown in Figure 2.7, where the feed solution is pumped through all 30 tubes connected in
 series (Baker 2004). A

Permeate
manifold

Figuré 2.7 : A tubular ultra filtration system in which 30 tubes are connected in series H
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2.6.3 Hollow fibre

Hollow fibre membrane modules are formed in two basic geometries. The first is thé shell-side
feed désign and is used f:or hydfogen separations. In such a module, a loop or a closed bundle of
ﬁbres is contained in épressﬁre. vessel. The system is pressurized from the shell side. Permeate
passersr’through the fibre wall and exits through the open fibre énds. This design is easy to make
and allowswv:erry Iargre‘ membrane areas to be contained in an economical system. Because the
fibre wall should Support considerable hydrostatic pressure, the fibres usually have small
~diameters and thick walls, typically 50-um internal diameter and 100- to 200-um outer diameter
(Baker 2004).

Figure2.8: A scheniatic representation of the principal types of hollow fibre membranes
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The second type of hollow fibre module is the bore-side feed type. The fibres in this type of
unit are opeh at both ends, while the feed fluid is circulated through the bore of the fibres. In
order to minimize pressure drbp' inside the fibres, the diameters are uSually larger than those of
the fine fibres that are used in the shell-side feed system and are generally made by solution
spinning. These so-called capillary fibres are used in ultra filtration, pervaporation, and some
low to medium-pressuré gas applications. Feed pressures are usually limited to below 150 psig
: m this type of module (Baker 2004).

In bore-side feed modules it is imporfant to ensure that all of the fibres have identical fibre

diameters and permeances.

An important advantage of hollow fibre membranes is that compact modules with very high
membrane surface areas can be formed. waever, this advantage is offset by the generally lower
fluxes of hollow ﬁbre‘membranes, as compared to flat-sheet membranes made from the same

_materials (Baker 2004).

2.64 Plate and frame (Flat plate /sheet)

Plate-and-frame modules were one of the earliest types of membrane system, which have been
developed for some small-scale applications. However, these units are expensive compared to
the alternatives and leaks through the gaskets, which are required for each plate, are serious

problems.

Membrane, fécd spacers, and product spacers are layered together between two end plates. The
feed mixture is forced across the surface of the membrane. A portion passes through the
membrane, enters the permeate channel and makes its way to a central permeate collection

manifold (Baker 2004).
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Plate-and-frame modules provide good flow control on both permeate and feed side of the
vmembrane, but the large number of spacer plates and seals lead to high module costs. The feed |
solution is directed across each plate in series. Permeate enters the membrane envelope and is

collected through the central permeate collection channel (Baker 2004).

Retentate

O-ring seél'

Permeate
channel

Figure2.9: Schematic plate and frame module

These modules are presently only used in electro dialysis and pervaporation systems and in a
limited number of reverse osmosis and ultra filtration applications with highly fouling feeds
(Baker 2004). '



29

2.7. POTENTIAL INDUSTRIAL APPLICATION SLM

Increased éonc’em of air pollution from smelters and the continuing need for economical
extractive processes for low grade ores have resulted in a wide ranging search for néw extractive
metallurgical techniques. In the éopper mining industry, for example, heaped low grade ores are
leached with sulphuric} acid which produces an impure dilute copper solution. These solutions
are"acidic‘and typically contain 1 to 5 grams of copper pef litre. One method of reéoveﬁng the
copper from this solution is by cementation with scrap iron. However, industry is turning

increasingly to solvent extraction with an organic complexing agent followed by electro winning.

The coupled transport process described here, if used in the right module, could be used to
" replace the solvent extraction cycle. The overall flow scheme would then appear as illustrated
- Figure 3.15 (Baker et al., 2004)
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Cdpper ore

Heap leaching

Loadedlsolution Depleted solutions
Membrane
Spent
tank house
electrolyte
X " Tank house

Copper
\ —electro winning

Flgure 2.10: A schematic flow dlagram, which shows the place of coupled transport
: membrane in the copper extractlon scheme



31

CHAPTER3 : THEORY

3.1 COUPLED SUPPORTED LIQUID MEMBRANES (SLM)

3.1.1 Introduction

According to Baker (2004), carrier facilitated transport membranes incorporate a reactive carrier
in the membrane. The carrier reacts vx;ith and helps to transport one of the components of the feed
across the membrane. Much of the work on carrier-facilitated transport has employed liquid
membranes which contain a dissolved carrier agent held by capillary action in the pores of a

micro porous film.

According to Baker (2004), carrier facilitated transport is divided into Passive and Active
~ transport, as shown by Figure 3.1. ' '

'3.1.2 Passive transport

Passive diffusion occurs down a concentration gradient, where the process is relatively slow and

non-selective.

3.1.3  Active (Facilitated) transport

In facilitated transport, the liquid membrane phase contains a carrier agent that chemically
combines with the perméant, which will be transported.
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Carrier Facilitated Transport

Passive transport | g Active Transport

Facilitated
Transport '

Coupled
Transport

Solid Supported
Liquid Membrane |
- (SILM)

Emulsion Liquid
Membrane
(ELM)

Figure 3.1:  Diagram showing carrier supported liquid membrane




33

The carrier, as shown in Figure 3.2 is haemoglobin, which transpbrts oxygen. On the upstream
side of -the membrane, the haemoglobin reacts with oxygen, which then diffuses to the down
stream membrane interface (Baker 2004).

 0,+HEM —> [HEM O] | [HEM O] —> HEM + O,

Figure 32 Facilitated transport

~ The reaction is reversed when oxygen is liberated to the permeate gas and haemoglobin is re-
formed. In this case, the haemoglobin acts as a shuttle to selectively txanSport oxygen through
the membrane (Baker 2004).

3.13.1. Coupled transport (Emulsion supported liquid membrane - ELM)

‘The immobilized liquid carrier is the emulsion or ‘bubble’ membrane. This technique employs a
surfactant-stabilized emulsion, as shown in Figure 3.3. The organic carrier phase forms the wall
of ‘an emulsion droplet, which separates the aqueous feed from the aqueous product solution.

Metal ions are concentrated in the interior of the droplets (Baker 2004).
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‘When sufficient metal has been extracted, the emulsion droplets are separated from the feed and
the emulsion is broken to liberate a concentrated product solution and an organic carrier phase.
The carrier phase is decanted from the product solution and recycled to produce more emulsion
droplets. o '

Organic .

carrier

phase
Product
solution

Feed
solution

F igure 3.3: Emﬁlsion liquid membrane transport

The stability of the liquid membrane remams a technical problem. Ideally, the emulsion
membrane would be completely sfable during the extraction step to prevent the two aqueous
phases from m1xmg, but would be completely broken and easily separated in the stripping step.
- However, 'itrhas prdi'ed‘ diﬁicult to achieve this level of control over emulsion stability (Baker
-2004).

3.1.3.2. Coupled transport (Solid supported ﬁquid membrane - SLM)

‘Coupled transport (SLM) resembles facilitated transport since a carrier agent is incorporated in
the membrane. However, in coupled transport the carrier agent couples the flow of two species.

As of result of coupling, one of the species can be inoved against its concentration gradient
provided the concentration gradient of the second cdﬁpled species is sufficiently large. In Figure
3.4, the carrier is an oxime that forms an organic-soluble complex with metal ions. The reaction
is reversed by hydrogerL On the feed side of the membrane, two oxime carrier molecules pick up

a metal ion, which liberates two hydrogen ions to the feed solution (Baker 2004).
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 LowH"* concentration  High H concentration

metal feed solution = metal permeats

Figure 3.4: Carrier agént concentration gradients that form in coupled
S _transport membrane ’

The metal-oxime complex then diffuses to the downstream membrane interface where the
reaction is reversed because of the higher concentration of hydrogen ions in the permeate
* solution. The metal ion is liberated to the permeate solution, and two hydrogen ions are picked

“up. The re-formed oxime molecules diffuse back to the feed side of the membranes (Baker 2004).

Supported liquid
membrans

Figure 3.5: SLM show how the pores are filled with liquid
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~ Carrier facilitated transport has often involved liquid membranes and the process is often called
liquid membrane transport (Baker, 2004).

32 BACKGROUND

Various separation methods including solrrent extraction and ion exchange are used for the
recovery and concentration of precious metals from dilute solutions aceording to Kumar et al,
(2000). Szpakowska et al, (1996) has mentioned that from a research perspective, supported
liquid membranes are presently a topical separation technique as it is relatively cheap and energy

efficient compared to solvent extraction.

Re'cently,-publieations havel shown that a greater interest has developed specifically into copper
recovery using SLM;s. Various membrame systems, which use solutions from different origins
and a number of selective commercial reagents, utilizing a number of solvents, have been
reported (SzoAkowska et ol., 1996; Sarangi et al., 2004; Arous et al., 2004; Alquacil, 1999;
Valenzue]a et al., 1999). :

Various organic carriers that are used for the membrane transport of copper (II), are hydroxime
derivaﬁves, LIX 54, sulphonamide derivative, thiourea derivatives and LIX 973N (Alguacil,
2001). ' '

One of the promiSing techniques is the use of micro-porous hollow fibre modules as the interface
ina hqmd/hqmd contactor The basic principle of hollow fibre SLM is the 1mmoblhzat10n of
‘organic extractant in the pores of hydrophobic membranes that uses the wettmg characteristics of
the membrane The aqueous feed is introduced on the lumen side (tube) because of the
hydrophobrc nature of the membrane (Y ang et al., 2000) that prevents the aqueous solution from

displacing carrier extractant.
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The main advantages of this technique are no entrainment, no flooding and a large interfacial
area. In addition, this system provides a large ratio of membrane area to the volume of circulating

process solutions.

A disadvantage of this system could be the clogging of the hollow fiber membrane pores by
suspended particles in the feed, requiring pre-filtration. Alternatively, the feed could be passed
throﬁgh the shell side instead of the minute lumen (tube) side of the membrane allowing for
higher flow rates and hence mmlmlzmg particle settle out (Raihore et al.; 2001). Another
approach is to adjust the inner diameter of the membrane allowing the feed to pass through the
Jumen (tube) sidé ét a higher velocity. This is thé main advantage of this novel method of using a
tubulér (id=0.0127m) SLM as apposed to the hollow fibre (id=0.0006 — 0.0008m) SLM
(Valenzuela et al., 1996; Danesi, 1984).

The advantage of a lower clogging rate can be offset against the lower surface area to process the
fluid ratio.’ In the treatment of liquids which contain suspended solids, the SLM may prove

superiqf and ultimately also results in a lower pressure drop.

In this study,: the flux of coppér acrdss the tubular SLM was investigated in a closed circuit
configuration fbr— the purposes of determining the permeation of copper (II) under various
conditions such as a varying flow rate and different concentratiohs of copper and strip pant, The
Hstrip pant that was used was sulphuric acid. Studies were also conducted to judge the
- reproducibility and stability of the proposed system for the direct recovery of copper (II). The
- feed used was a synthetic solution of copper sulphate.
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3.21 Transport -

The process of copper extraction by wusing a tubular membrane as solid support with
salicylaldoximic-type extractants, proceeds by the diffusion of copper ions from the bulk feed
‘,solution'in the tube through the membrane and out into the strip solution, with a stoichiometric
quantity of hydrogen ions that move in the opposite direction. As the fibre’s pore structure is
completely impregnated with the protonated carrier of solvent, Equation 1 (Valenzuela et al,
1999) shoWé the reversible reaction that is present to 'varying degrees between the bulk feed,
through the membrane to the bulk strip.

Cufsy +2HR ,, ¢ CuR,, +2H ), Kex M

Where: HR is the acidic extractant

‘CuR; is the metal complex extracted into the organic phase

The subscript “aq” and “org” denote aqueous and organic solutions adjacent to the interface.

“The copper ions diffuse through the bulk feed solution to the feed-membrane interface through
the boundary layer, tube side, which forms a complex with the extractant. This extractant then
diffuses through the membrane to the opposite surface (strip phase), where it exchanges the
copper ion for a hydrogen ion, which effectively releases the copper into the strip phase, (Figure
3.6.).
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The hydrogen form of the extractant then diffuses back through the membrane to the feed phase.
The driving force for the exchange process is the concentration gradient of the hydrogen ions

over the membrane (Breembroek et al., 1998).

Direction of metal ions Carrier and organic
moving out o diluent in the pores

Hydrogen ions in the L
stripping solution Metal ions in the

* feed solution

‘Figur'e 3.6:  Cross sectional area of SLM system
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3.2.2  Extraction equilibrium
This reaction is characterized by the equilibrium constant

S N N 0

Ke IR T ] @

where the terms in square brackets represents the molar concentrations of the particular chemical
- species. The equilibrium equation can be written for the organic phase or the aqueous phasé.

The subscripts o and E represent the position of the feed and the permeate interfaces of the

membrane. Thus, the term [CuR,], represents the molar concentration of component CuR in

the aqueous solution at the feed/membrane interface. The subscript m is used to represent

the membrane phase; Thus, the term [CuR;lom) is the molar concentration of component

CuR, in the membrane at the feed interface (point o).

Only [CuR,] and [RH] are measurable in the organic phase, where [H'] and [Cu®**] are

negligibly small. Similarly, only [H'] and [Cu’'] are measurable in the aqueous phase,

where [CuR,] and [RH] are negligibly small. Equation (2) can therefore be written for the
feed solution interface as (Baker, 2004): ‘ '

MR, 1B K,

[RELML, K,

K | 3)

where ky, and k, are the partition coefficients of Cu®" and H' between the aqueous and orgahic
- phases. This form of Equaﬁon'Z is preferred because all the quantities are easily measured
experiméntally. For example, [MR]omy/[M], is easily recognizable as the distribution coefficient
of metal between the organic and aqueous phéses (Baker, 2004).
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The same equilibrium applies at the permeate-solution interface, while Equation 3 can be recast

to

rKv _ [MRn]l(m) [H]xll ' | @)

R, [M],

The distribution (partitioning) coefficient can also be written as follows where mgy feeq iS the
distribution coefficient: -
' +
. o3,

ex = My, foed [I_m‘Erg , &)

where R is LIX984 dissolved on Shellsol D70.

Ke,; =0.85 : (Teramoto et al., 1983; De Haan et al., 1989; Breembroek et al., 1998).

323 MOdellihg'of copper transport

Models of Danesi '(1984); De Haan et al.(1989) and Breembroek et al. (1998), are used to
_ determine mass transport coefficients of the SLM system and are then checked against similar

coefficients located by other researchers such as Kumar et al. (2000).
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3.2.4 Permeability definition

The mass transfer rate through the liquid membrane can be characterized by the permeability
coefficient the driving force of the extraction that depends on the concentrations on both sides of
the membrane If the driving force is high, only the concentration in the feed phase suffices to
describe the process. Equation 6 describes this parameter as a function of flux J from a batch of
feed phase (Danesi, 1984).

| iC V.

7
C Ccdt A » ©

P =
Where C is the feed metal concentration at time t, V is the volume; of the feed solution, while A is

the total membrane surface area. This equation is applicable for a flat-sheet membrane. -

, 325 A Measurements of p‘erm’eabi]ity coefficients

Assumihg linear concemratidn gradients, fast interfacial reactions and the distribution coefficient
~of Cur(H) between the tubular fibre membrane phase and the stripping phase is much lower than
that between the feed phaseﬂ and the membrane, the final equation obtained for permeability
(Equation 7) could be expressed as suggested by Danesi, (1984); Breembroek et al. (1998);
‘Kumar et al., 2000) and Rathore et al., 2001 This model holds for low metal concentration in a
' recycle mode (Danes1 1984)
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Pc, LeNr,;

when f =1 ' | (8)
Pcu is a modified permeability coefficient which equals the permeability coefficient measured for
a flat-sheet membrane (equation 6), when d, <R and membranes, which have the same tortuosity
factor, porosity, thickness and aqueous boundary layers of equal thickness, are compared. Crand

Cyo are metal concentrations at times t and 0, respectively.

A and ¥V, are effective area of membrane and volume of the feed respectively. Qf is the
volmhetn'c flow rate (cm?’.s'l) of feed solution which flowed through the tube side. If V; In
(C#Co) versus ¢ slope is Sp then P, could be obtained by the following relation (Danesi, 1984;
Rathore et al., 2001; Kumar et al., 2000).

R P k S p’:vf . ‘ (9)
| o= 2m;7LNv, —S Le '

Where N, L T;, €, v are the numbers of fibre in the module, length of fibre, internal radius of
| tubular fibre membrane porosny of tubular fibre and linear feed flow velocity respectively.

3.2.6 Mass transfer modelling

-The design of tubular Supported ﬁquid' membranes (T SLM) modules for the separation-
concentration of copper by using permeability coefficient P, centres on three mass transfer

resistances (Rathore et al., 2001; Kumar et al., 2000):

o The first occurs in the liquid which flows through the tubular lumen.
o The second corresponds to the copper-complex diffusion across the liquid membrane,
which is immobilized on the porous wall of the fibre.



o The third resistance is due to the aqueous interface that is created on the outside of the
fibre.

The reciprocal of the overall permeability coefficient is given by the sum of resistances thus:

—t———t—— | (10)

where ;lm is the tubular fibre log mean radius, k; and kq are the aqueous feed and stripping mass
transfer coefﬁments in the tube s1de and in the shell side respectively. P, is the membrane
permeabillty, which is related to the distribution coefficient of copper (mcyfeq) With LIX984
+D70by:

g . K. [HRE, |
P, =M, foesbn 7“ [H_——+L k (11

where ky, is the membrane mass transfer coefficient, and mc, feq is the ditribution coefficient
which is defined as: |

m - [CuR ) ]mg
Cu,feed — Cu 2+ (12)

Substituting equation 11 into 10 (Rathore ef al., 2001; Kumar et al., 2000) provides Pc,

F, Sl (13)
" 2m?LNv, -8, Le

when the reaction is instantaneous at the stripping phase side, the contribution of the outer

aqueous phase resistance is removed from Equation 10 and P, is determined from
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S 200

1
—_—
PCu ki rlm Kex [HR ]irg km { ‘ (14)

3.2.7 Membrane Difftision

The diffusion coefficient (Do) of copper extractant complexes through the organic membrane
phase was determined in previous work. According Breembroek et al (1998), the Doy value
should not be less than 1 x 10 M em’.sec™. In this study a value of 9 x 10 Scm’.sec” was used.
The effect of this value is to alter the Py, and therefore the resistance through the membrane. In
this study it will be importaﬁt to determine the overall impact of membrane resistance on overall

mass transport. If it plays a major role, a better estimate of Dy will be required.

The effective diffusion coefficient (D.g) of copper through the supported liquid membrane
depends upon the diffusion coefficient (Dorg) as well as the tortuosity (t;) and the porosity (eq) of
the support.

Dy =" (15)

" The tortuosity is often taken to be approximately 2 (Breembroek ef al., 1998; Baker, 2004). The
fibre geometry is known however, for the purposes of mass transfer calculation, the membrane
thickness (dy) can be calculated by the equation given by De Haan et al.(1989); Breembroek et

" al.(1998). '

8, = Foaae In %‘ | (16)

i

where rfeeasid; is the radius of thé fibre on the feed side and 1, and r; refers to the outer and inner

diameter of the fibre, respectively.



46

3.2.8 Mass transfer rate parameters

For the calculation of the permeabilify’s from Equation 14; the mass transfer rate parameters
should be kndwn. This includés the mass transfer through the aqueous lumen feed phase and the
diffusion through the’ hquld Axile-mb‘rane. The mass transfer rate equations through the aqueous
feed and membrane are derived from literature (De Haan et al,, 1989; Breembroek et al., 1998).

The aqueous mass transfer coefficient (kaq;) on the tube side of the membrane at low velocities,

can be determined assuming laminar flow.

v

k,d, d? (v) o
A2 —1.62] AL
1.6 [LD ) ' (17

Cu ,aq Cu jaq

where d; is the internal tubillar diameter, L is the length of the tube and v is the mean liquid
velocity through the tube.

The diffusioﬁ of the chelate complex and the carrier through the membrane wall can be
| approximated by diffusion through a cylinder wall (De Haan et al., 1989; Breembroek et al,

© 1998).
ko=l
n | (18)
. ln("_o)
- \n
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The only parameters of the system that can not be located through calculation are the mass
transfer coefficients in the aqueous feed (k;) and aqueous strip (ks), the location of which

normally occupies mass transport studies such as these.

Assuming thét ks can be ignored, which is not an unreasonable assumption given the very high
concentration of electrolyte on the strip side of the membrane (Kumar ef al., 2000), the location
of k; could be determined using the algorithm in Figure 3.7. Ultimafe location of k; would be by
iterative calculation and once located, its value could be comparéd to other published values and

its alteration to system variables i.e. feed flow rate, could be checked.
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Figure 3.7: | Suggestéd algorithm for locating the mass transfer coefficient in the liquid

phase of thelumen.
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CHAPTER4 : EXPERIMENTAL

This chapter describes the experimental procedures followed in this study.

The variables that were tested in order to achieve the set objectives were:

4.1

Feed Concéntration.

Strip Concentration..

pH of the feed. _
Flow rates of the feed and strip.

Concentration of the organic phase.

SOLVENT EXTRACTION

The chéinistry involved in‘ SLM is basically the same as that of SX according to Juang et al,
(2004); In thlS work, batch SX experiments of Cu (II) with LIX984 in Shell sol D70 were
* performed to obtain the equilibrium relationship. - '

- The types of batch experiments were performed, namely:

o Distribution (partitioning) coefficient measurements (SX).

o Permeation measurements (SLM).
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4.1.1. Distribution (partitioning) coefficients of Cu_ an

Equal volumes of 10 cm® Cu (I and an organic eXtractant LIX984 dissolved in Shell sol D70
were _pipetfed into a 30 cm’ glass stoppered equilibration vial and stirred mechanically for 30

minutes at room temperature (25 °C).

After phasé separation,r the copper concentration was determined by a standard absorption
spectrometry technique. The distribution (partitioning) coefficient (mcu,fed) of Cu (H), defined as
the ratio of concentration of the copper species in the organic phase and in the aqueous phase,
was calc—ulated., Initially, -a mass balance was performed by analyzing both phases. This was
done to test the accuraby of the analytical techniques. However, in most cases only the aqueous

phase was analyzed with the organic phase concentration determined by mass balance.

Distribution (partitioning) coefﬁcientS were measured over a broad range of concentrations of the
feed, strip and organic complexing agent. In order to study the back extraction of Cu (II), the
loaded organic solution was withdrawn into an equilibration t\ibé and back extracted for
approximately 30 minutes with thé same volume of the strip pant (HzSO4). The Cu (II) content,
after stripping the metal ion, was then analyzed. All the measurements were done in duplicate
and agreement of the mcuy e values that were obtained was within 3% with the accuracy of the
- mass balance within 95;%. ALL calculations and test results are shown in APPENDIX L.

4.1.2. Permeation Measurements (SLM)V

A SLM module was deéign to extract and strip Copper ions simultaneously. Solvent extraction
was achieved in one step through permeation of Copper using a solid support.
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42. CHARACTERISTICS OF PYDF MEMBRANE

A thin tubular hydrophobic micro—porbus polyvinyldenedifluoride (PVDF) membrane supporf

WaS uséd for this research. The characfexistics of this membrane are summarized in Table 1.

R=radius
d0‘= wall thickness

13.2 mm

(R+d,)

’ - Carrier and
Stripping Organic
“ Solution ' Diluent

cu?t - " Tubular
out et 'rFiber Lumen

7 Porous Fiber
Feed Solution

Figure 4.1:  Schematic representation of a tubular membrane
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PVDF materials offer the same pH and temperature limits as PS, but has a highér tolerance to
oxidizing agents such as chlorine while the PS materials they tend to crack after a prolonged
exposuré _tb hlgh concentrations of chlorine. ‘Cracking or fouling of the membrane film usually
result to loss of process flux in PS niaten'als, whiles with PVDF materials, particles are retained
at the membrane sﬁrface which virtually eliminates fouling of the internal pore structure. With
proper maintenance and storage, these membranes are reusable. According to Scott ez al. (1996),
better performance results with the use of PVDF as compared to the PS material, with fluxes of
up to double those of similar membranes, and they are available as asymmetric membranes

formed by phase inversion’.

A single tubular PVDF membrane with a length of 180mm is shown in Photograph 4.1. Tubular
membranes, by definition, have a large-bore tubular shape, typically with an outside diameter of
A173.2 mm ana inside diameter of 12.7 mm, (Figure 4.2), unlike the narrow-bore tubular membrane
types with very sniall diameters, called capillary membranes. -

Photograph 4.2: Single tubuldar membrane with a 180mm length
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The tubular membrane described in this report belongs to in the category of anisotropic
membranes. According to Baker et al. (2004), anisotropic or asymmetric membranes consist of
an extremely thin surface layer wlnch 1s supported on a much thicker, porous substructure, as

mentioned before

?araus support
o tuhe ,

Figure 4.3:  Schematic representation of a tubular membrane

Micro porous memﬁranes are characterized by their tortuosity, porosity and average pore size
, (diameter) Baker rert al, (2004). Pore size can be evaluated by microscopic observation. The
optical microscope can be used for macro-porous materials with pore diameters down to 50 pm.
Scanmng electron m1crosc0py (SEM) is more convenient and more useful than optical
" microscopy. Pore diameter can be measured by using SEM and image techniques, which are

- useful as SEM images of pore structure can be analyzed numerically by computer software.
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= ELECTRON MICROSCOPE UNIT UCT Detector= SE 18-Jul-2804
Mag= 1.8d X X EHT=18.48 kU [ Prabe= S8 pa W= 18 nn Photo No.=6

Figure 4.4:. SEM showing the smooth, coated layer, inside surface area of membrane
(magnified by 1000)

Average pore diameter has been calculated by taking 10 ‘pore size samples which measures the
size using the scaleﬂfrom an SEM. Membrane porosity (€) ié the fraction of the total membrane
volume that is pdrous. A typical micro porous membrane has an average porosity of 0.3-0.7.
SEM images of pore structu;'é have been analyzed numerically by a computer package, which
concluded that the porosity of this PVDF membrane is 0.6 or 60%.

According to Baker ét al. (2004), the membrane tortuosity (t) reflects the length of the average
pore compared to the mexhbrané thiékness. ‘Simple cylindrical pores at a right angle to the
membrane surface have a tortuosity of one, which means that the average length of the pore is the
" membrane thickness. Pores i.lsually take a more meandering path ﬁrough the membrane,
rendering typical tortuosities m the range 1.5-2.5. From the above mentioned information
structure of this mémbrane, it may be concluded that this membrane’s tortuosity is 2.
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a : 3 % TR gt 3, 3 A
ELECTRON MICROSCOPE UNIT UCT Detector= SE1 18-Jul-2084
X EHT=18.48 k¥ I Prabe= S2 pa WD= 18 mn Phato No.=4

SEM showing the distribution of pores on the outer surface of membrane
(magnified by 100) :

ELECTRON MICROSCOPE UNIT UCT Detector= SE1  18-Jul-ZP64
X EHT=18.88 ¥V [ Probe= S8 pA W= 18 mn Phota No.=5

Figure4.6: = SEM shﬁvﬁng the disfribution of pores on the outer surface of membrane
(magnified by 500) ‘
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- ELECTRON HICROSCOPE UNIT Detector= SE1  18-Jul-2084
1.69 KX EHT-18.8@ ¥V [ Probe= 58 pA W= 18 mm Photo No.=3

Figure 4.7: SEM showing the distribution of pores on the outer surface of membrane
' (magnified by 1000) ‘ ) '

S8 pA WD= 24 nn Phaoto No.-=8

Figure 4.8:  SEM showing a cross-section of membrane (magnified by 226)



57

1eaun ; ELECTRON MICROSCOPE UNIT UCT Detector= SEL
. - Mag= 318 X EHT=18.88 KV I Prabe=

18-Jul-2064
S8 pa W= 16 nn Phata No.=7

Figure 4.9: SEM showing a cross-section of membrane (magnified by 318)

Table 4.1: Characteristics of a single tubular membrane:

. Polivinyldenedifluoride
- Membrane material }EPVDF)
Type of membrane : Tubular
Outer diameter (d,) 0.0132 m
_ Inner diameter (d;) : 0.0127 m -
Wall thickness (dya) | 0.00025 m
- Average pore size (dp) - 2 um
- Length of tube (L) 0.190 m
Number of tubes (N) A 1
* Porosity (£mem) 60 %
Tortuosity (t) ' 2
Shell diameter (dmodute) 022 m
Surface area (Asufuce) 0.002413 m’
Cutt off, approx. 18 000 Dalton
Operating pH 2-10




43. CARRIER AGENT

“The carrier agent which was tested in this study is the latest of the oxime family. These oximes
are all l:un’ently used in copper solvent extraction processes. The commercial extractant, LIX
984N (product from Cognis) is the mixture of 5-nonylsalicylaldoxime and 2-hydroxy-5-
nonylacgtophéhone oxime, which was silpplied by Cognis Corporation Mining Chemicals
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Technology Division, Arizona, USA, Cognis et al., (2002).

Table 4.2: Properties of LIX 984N:

The carrier agent was diluted with a diluent, Shell sol 7D70 which is a product from Shell (PTY)
Ltd. This m1xture of carrier agent, LIX 984N, with the solvent Shell sol D70, forms an organic

solutlon called the extractant.

Physical Properties
Extractant appearances Fluid Amber qumd
Specific Grafity (25'C/25°C) 0.90-0.92
Flash Point Greater than 160 °F
Copper Complex Solubility 0.30g/1 Cu at 25 °C
Performance Specifications
Maximum Copper Loading 5.1t05.4¢g/1Cu
Extraction Isotherm Point >4.40 g/l Cu
Extraction kinetics >95% (30 seconds)
Extraction Cu/Fe selectivity | >2000

{ Extraction phase separation <70 seconds
Strip Isotherm Point <1.8 g/l Cu
Net Copper Transfer >2.70 g/1 Cu
Strip Kinetics - >95% (30 seconds)
Strip Phase Separation <80 seconds
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The diluent, Shell sol D70, consists predominantly ofC 11+ paraffin and naphthenics.

Table 4.3:  Properties of Shell sol D70:

Density @ 15°C 0.788 kg/L
Boiling range : 193 - 245°C
Flash point - 73°C
Aromatic content 0.03%.

4.4. STRIPPANT

The strippant utilised in this research was sulphuric acid. It is a strong acid, with great oxidizing
characteristics. In aqﬁeous S(;lﬁtion it is iargely changed to hydfogen ions (H') and sulphate ions
(SO4%), each molecule glves two (H+) ions, thus sulphuric acid is dibasic. Concentrated
' sulphuric acid is a strong enough ox1d12mg agent to dissolve copper. Sulphur dioxide is
produced by reduction of the sulphunc ac1d the chemical reaction that takes place is shown in

the equation below

Cu(s)+4H"(a.,)+S (e )—->+2Cu *(aa) + S0, +2H,0) 19)

Table 4.4: Properties of Sulphuric acid (H,SO,):

Density @ 15C 182kg L
Viscosity - ’ ; 0.0267 Pas
Molar mass e ' 98.08 kg.kmol™

(WWW.W'lkipcdia.com). '
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45 EXPERIMENTAL SET-UP

4.5.1. Module Assembly

The tubular supported liquid membrane module was fabricated from a perspex tube with a

diameter of 22mm in which a single tube (SLM) was fixed and sealed by epoxy quickset glue.

The module in Photograph 4.3 was designed to prevent any mixing between the strip and feed
solution. In all test work, a thin hydrophobic micro-porous polyvinyldenedifluoride (PVDF)
tubular membrane, which was supplied by Koch (USA), was used. The specifications for this

material is given in Table 4.1

Photograph 4.3:  Single tubular SLM membrane set-up
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4.5.2. Reagents and solutions

The commercial extractant LIX 984N (product frbm Cognis) is mixture of 5-
nonylsalicylaldoxime and 2-hydroxy-5-nonylacetophenone oxime, which was supplied by Cognis
Corporation Mining Chemicals Technology Division, Arizona, USA . The reagent was used as
received from the mémﬁfacturer and diluted in Shell sol D70 (consists predominantly of Cjj.+
paraffins and naphthenics).

The aqueous feed phase was made up by using a copper sulphate solution. Approximately 3.46g
of CuSO45H20 salt (AR grade) was weighed and placed into a 1000ml bottom flask. Distilled
water was then added to make up the stock solution. From the stock solution concentrations of

100, 150, 200 and 250 ppm, were produced to conduct the various experiments.

Concentrated sulphuric acid (H2SO4) solutions were used as metal-acceptor stripping agents.
98% Sulphuric acid was added to the distilled water to form concentrations of 5,10, 15,20 and

25% to conduct the various experiments. All other chemicals were of an analytical grade.

4.5.3. Membranes -

The tubular supported liquid membranes were impregnated with carrier siolut.i()n,v ‘which contained
the extractant dissoived in the diluents Shell sol D70, by soaking it in the organic solution and
placing it in a dessicator under a vacuum for at least 2 hours. According to Ma et al., (2000), the
vacuum enhances the overall permeation of the organic phase into the pores of the membranes.
After soaking, the membrane was removed from the dessicator, taken out of the organic solution,
wiped with a piece of tissue paper and rinsed with water to ensure the removal of excess carrier

(and solvent). The membrane was then fixed inside the SLM apparatus.
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T

- FEED ouiet

"STRIP inlet

Single Tubular Membrane Module

s L ““STRIP outlet” ="~ :
A i B : X . y -

STRIP. "FEED

FEED inlet

H,S0, -
" Solution

CusSO,.
Solution

Figure 4.10: Schematxc view of tubular SLM operated in recyele mode for the recovery of
- Cu (@) from aqueous medla g

4.5.4. General experimental procedure

Figure 4.10 shows the experixﬁental set-up where the feed and strip phases flow parallel along the
fibre wall. The single tubular membrane, with an average pore diameter of IOuin, 18cm length

~and 24cm’ surface area, was operated at a flow rate of 0.167 to 0.833cm’sec™

in recycle mode.
Al experiments were carried out at ambient temperature. Both the feed and strip solutions from
200cm’ reservoirs were counter currently recycled. It was chosen to run the aqueous feed in the

lumen side and the aqueous strip in the shell side.



Photogi‘aph 44:
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Photograph of a single tubular membrane SLM set-up showing the

counter current flow of feed and strip in the tube and shell side
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4.5.5; " Transport (permeation) experiments. o

The batch transport experiments were carried out in the tubular SLM module. The geometrical

membrane area was 24cm’ and the volume of the feed and stripping solution was 200 cm’.

Experiments vk\}evr'e‘ conducted by testing the aqueous feed solutibns, which contained diﬁ'erent
concentrations of Cu (II) at 100, 150, 200, 250, 300, 350 and 400ppm. Experiments were
| condlicted testing the aqﬁeous strip solutioﬁs, which contained concentrations of 5, 10, 15, 20 and
25% H2’SO4. Experiments at diﬂ"éreht reagent concentration of 10, 15, 20, 25, 30 and 40% were

tested. The last pafanieter that was tested involved different feed and strip flow rates at 10, 15, -

20, 30, 40 and 50 ml/min. Batch experiments lasted for 50 hours per run. At the end of all the
batch expér'imenté, an optimum condition to increase the permeation of Cu (II) for this system

was achieved.

4.6 = PERMEATION STUDY

The feed anrd’ stnp solutlons were ré-circulated by means of calibrated peristaltic pumps (re-
circﬁlating mode), Which operated m stirred regime. Samples 6f 1@3 were taken out at the
outlets of the feed and strip phases atk regular intervals. Membrane permeabilities were
: determinéd by monitoring Cu (II) concentration by a Varian Techtron AA-1275 absorbance
spectrophotomete; 1n the feed as a function of time. The pH of the aqueous feed was also taken at

7 regular intervals.
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CHAPTERS : RESULTS AND DISCUSSION

The expeﬁmentally determined permeability’s Pc, were calculated from kinetic deta, interfacial
area pf the membrane %rolume of the feed circuit and Eqdation 14 (Table 3.1). Only tests which
~ were successfully completed are shown. Unsuccessful experimental runs were deemed to be so
- when one of the followmg occurred -

o tube rapture as a result of exposure to sulphunc acid;

o 'O-ring fatigue;
- o Incorrect assemny (design problems);

o

Membrane ruptures as a result of incorrect handling or deterioration of solid support.

Leakages in the system could easily be detected by a change in the volume of the feed and strip

“reservoirs and the velume inside the shell and x_x;embrane.

Preliminary experiments indicated that a tubular SLM unit was:
o Capable of reducing Cu (I) concentration to low levels in the feed;
o Capable of generating a concentrated solution of Cu (II) in the strip; and

o Capable of stable operation for more than four batch experiments.

'51.  REPRODUCIBILITY OF TUBULAR SLM SYSTEM

To prove that the system employed in this test work was stable and rendered reproducible results,
an apphcably designed expenment rendered the followmg results The experiment used a
membrane that was loaded to the opumum concentration of carrier i.e. 20%, acid concentration at

25%, and a feed flow rate and concentration of 0.333cm’.s™ and 100ppm respectively.

L ek m w eae sae ©
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This systexh was then subjected to continual cycles of fresh feed and strippant. Tim kinetics of

each test was measured and is presented in Figure 5.1.

As seen from Figure 5.1, stability of the TSLM was quite remarkable when four consecutive
expé:riinents v&;ete performed without re-impregnation. The fifth run was aborted half way
through the experiment, because of the TSLM started to leak which was due to the tearing of the
fibre membrane material. The results obtained from these expenments were qmte reproducxble

and no sxgmﬁcant reduction in permeablhty was observed

~Cu (ID) conc. vs TIME
130 :
110 , : : o
. : ‘ as : ARun 1
90 - o Run 2
: g ‘ Q ®Run3
= 70 1% o Run 4
TR X Run 5
L
g %1 %ax
S
O
‘ 30 -
104 ;ooooo
: | - T m&
-10 0 10 20 30 40 50 60

 TIME (rs)

Figure 5.1: Experimental courses of Cu (II) concentration in the feed reservoir. Four
- consecutive batch experiments without initial re-impregnation of the

~ membrane

B SN T MR MR R s e it
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5.2. EQUILIBRIUM DISTRIBUTIONS

A very important aspect of the test work was to determine the partition curve of the copper
dlsmbutlon between the orgamc and aqueous phases and the results of these tests are given in this

SCCthIL

From the test results the distribution coefficient, (mc,), for both the extractioﬁ and stripping

could theoretlcally be caleulated as mentioned in chapter 4. Because equal volumes of aqueous

and organic solutions were used:

[Conc. ]o,gmc after extraction

m, (feed)= 20

a(feed) [Conc.)., after extraction ¢ )
T [Conc . after stripping

_mg, (strip) = R 21

[Conc.]m.p dfier stripping

As per (Kumar et aI 2000) the concentration in the organic phase was ‘determined by mass
 balance. -

[Conc ] aﬁer extraction = [Conc Tpeed before extraction - [Conc.] ., after extractlon] (22)
émd

[Conc ] aﬁer extraction = [Conc ]Fwd before stnppmg [Conc Jreeq after stnppmg] (23)

Equa‘tio:nsr (22) and (23) hold true o}lly if equal volumes' of aqueous and organic solutions are
‘used as mentioned in chapter 4, and the strip solution is 1mt1ally free of the copper ions used.

e - o . o i e
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To give some idea of the partition of copper between the two phases Figure 5.2 indicates the
distribution. k ' '

7.00E-06
. 6.00E-06
5.00E-06

4.00E-06

- organic

3.00E-06
2.00E-06

" 1.00E-06

0.00E+00 el : - - . .
0.00E+00 1.00E-06 2.00E-06 3.00E-06 4.00E-06 5.00E-06 6.00E-06 7.00E-06

ageous

Figure5.2: Cu () partitioning between the aqueous and organic phases when thereis a
- change in the reactant and strippant concentration.

It can be observed that the copper ions tend to be intensely close to the y axis, proving it to be
ovetwhelmingly soluble in the organic phase. In light of this and average mc;, (distribution
coefficient) of 0.9873 was used for all Calculations and to show the accuracy of this average as

representative of the equilibrium of the system, a variance of 0.000162 is calculated.
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53. MASS BALANCE OF TRANSIENT TESTS

As the system employed in this study was entirely clbsed, it became possible, and indeed it was
considered pertinent to perform a mass balance in every test. An average error of 5% was
calculated on the mass balances, the worst being 9% and the best 1%. Tables of the results of
‘these mass balances are shown in Appendix J and an example of the calculation is shown in

| Appendix A.

The method of calculation was to assume that all atomic copper mass in the feed could pass to
one of three places; 1) remain in the feed, 2) pass to the strippant, or 3) remain in the pores of the

membrane after éompletion of the kinetic test.
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54. QUALITATIVE ASSESSMENT OF RESULTS
54.1 Effect of carrier concentration on permeability

The effect of the carrier coﬁcentration on the transport of copper between the feed and étn'ppént,
from | here on referred to as the bverall permeation coefficient (Pcy), based on the feed
concentration measurements as summarized in pages 177 and 178. Figures 5.3, 54 and 5.5
shows that the overall permeatlon coefficient increases with an increase carrier concentratlon up
to a 20% At higher concentrations the coefficients starts decreasmg This may be due to the
increased wsc051ty at hlgher concentration of camer, which in turn adversely affects the transport
kinetics of copper'ions. Thus, from these results 20% carrier concentration would appear to be

the optimum carrier concentration for further experiments to evaluate various parameters.

LN (C/Co)ramp vs TIME  [LIX] @ =0

0.50
ooo:x ‘ , +
; ;f,l"nn 10 2 30 40 50 60
.4 o
-0.50 U,G‘ .
L ORQ o . .
.029 . ©5%
-1.00 *® ' 7 ;
Oolaggy, -10%
-1.50 : ‘
8 L ao ® 15%
@ -2.00 i-°-°°o° ’ «20%
5 : . . - ’,zo -
2504, T L : bd 43 } o0 X 25%
a0 : o ‘  40%
" -3.50 ' ' e,
-4.00 - ):X
: L 2
" 450 ]

“TIME (hrs)

Figure 53: Ekperiméntal conrses of Cu (ID concentration in the feed reservoir. The
. - effect of extractant concentration with Shell sol D70 as carrier on permeation
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FLUX (3) vs TIME
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Figure 5.4: = Experimental courses of Cu (II) concentration in the feed reservoir. The
: : effect of extractant concentration with Shell sol D70 as carrier on the flux
Pca coeff. vs Carrier concentration @ 0
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Figure 5.5: = Experimental courses of Cu (II) concentration in the feed reservoir. The

effect of carrier concentration on permeability
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5.4.2 Effect of stripping concentration on permeability

The eﬁ'ect of the sulphunc acid concentration on the permeation of copper across the TSLM

based on the feed concentratlon measurements as summarized in pages 172 and 173. The

strippant H,SO4 was investigated in order to optimize the Copper (I) transfer rate in the reactor. :
‘Results of Cu (I) transport from a synthetic Copper (Il)sulphate solution with a 200ppm

concentration through TSLM consisting of 20% LIX984/Shell sol D70 at a constant flow rate of

- 0.333cm’sec’’ in both the feed and strip in a counter current recycle mode is shown in Figure 5.6..

The percentage Cu (II) transport versus time in feed and strip is plotted.

: | ~%Cu (II) vs TIME at 5 and 20% strip concentration
120 7 : '

...........

Figure 5.6:  Experimental courses of Cu (II) concentration in the feed reservoir. The
' - effect of H;SO4 concentration on the permeability at a 5 and 20% H2504 strip
concentration
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The 50% extraction was achieved in 13hrs at 5% sulphuric acid concentration shown in Figure -

5.6, whereas the equivalent extraction in the 20% sulphuric acid concentration was achieved after

8 hours.
%Cu (II) vs TIME at 5 and 20% strip concentration
120 - o ' ‘ :
100 4 5%
------- 20%
80 -
g
8 60 .
SREEE :
40 .
20 - .
0 . - T T T " T T l
0 10 20 30 40 50 60
Time (hrs)
~ FigureS5.7: - Experimexital courses of Cu (II) concentration in the strip reservoir. The

effect of H,SO4 concentratmn on permeability at a 5 and 20% HZSO.; strip
concentration )

 The 50% strip were achieved in 30hrs at 5% sulphuric acid concentration shown in Figure 5.7;

whereas the equivalent extraction in the 20% sulphuric acid concentration was achieved after 20

hours. Th1s 1mp11es that hlgher overall permeation coefficient is achieved at the higher sulphuric

acid concentration.



74

Table 5.2 and Figure 5.8 present the influence of sulphuric acid concentration on {ﬁc permeability

of copper under the above mentioned conditions.

Table 5.2: f The Permeation of Cu m as a function of Sulphuric acid concentration at

the 50% mark
CESOUCR) | Po (0% (ms?y [ 207 craetion Ty

5 ‘ 3.82 A 13 30

10 5.71 : 6 27
15 9.34 6 23

20 . 9.66 5 b 20
25 | . 1048 : 5 18

30 947 | 5 , 18
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. Pcy coeff. vs [HySOslsmrep t=0
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Figure 5.8: ~ Experimental courses of Cu I concentration in the feed reservoir. The
effect qf H,SO4 concentration on the permeability

From Figure 5.8 it would appear'that the overall permeation éoeﬂicient is not generally affected
- by the charige in aéid : concentration in the strippant. However, for excessively low
concentrations of acid-in the strippant > 15% there would appear to be some drop off ’in the
ovérall permeation coefficient, indicating that the reaction occurring at the strippant membrane
interface is not SO mstantaneous However above 15 % it would appear that amd concentratlon

has no effect and therefore no resxstance to mass transfer on the stnppant side.
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543 Effect of Feed concentration on permeability

The effect of the initial feed copper concentration on the permeation of copper across the TSLM
based on the feed concent;aﬁon measurements are summarized in pages 170 and 1171." The .
effect of this on the transport of Cu (I) was investigated. The results in Figure 5.8, 5.9 and 5.10
was attained under the following condition: 20% LIX984/Shell sol D70 at a constant ﬂbw rate of
0.333cm’sec’ and 25% strippant.

LN(C/C) Vs TIME  [Culsrzp @ t=0

o-w . 4- T T 1
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[ oga 8 A . ] ® [250]
c84 °3 X [300]
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" Figure 5.9:  Experimental courses of Cu (II) concentration in the feed reservoir. The
‘ effect of CuSQOy4 concentration on the permeation

The flux for the different concentrations is shown in Figure 5.9 and 5.10, indicating the different
fluxes attained for the diﬂ’erent étarting Cu (IT) concentrations.
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REn " J (Flux) vs TIME [Cu]FEED @ t=0
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Figure 5.10: Experimental courses of Cu (I) concentration in the feed reservoir. The
effect of CuSO.; concentration on the flux

In order to hlghhght the éﬂ‘ect that metal concentrations have on the permeation'of Cu (1D, two
concentrations Wcre" chosen for comparison ’an‘d the flux of copper for reach_ (100ppm and
400ppm) were calculated. The sldpe analysis technique shown in Figure 5.11 was used (Rathore
etal,2001). L T R S DL

" From this method, ‘the’avera’gé flux for Cu (II) at 100ppm was found to be 2.1x10?mol.cm?.s?
and for Cu (I) at 400ppm was found to be 1 1.7'x10'12mol.cm'2.s'l, Higher the copper
concentration results in a higher flux. Again, this is the result of a higher concentration driving

force.
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J (Flux) vs TIME [Cu]FEED @ t=0
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Figure 5.11: Experimental courses of Cu (II) concentration in the feed reservoir. The
effect of CuSOj4 concentration of 100ppm and 400ppm on the flux

Figure 5.12 and 5.13, shows the copper concentration in the feed decreasing with time and the
concentration m the strip phase increasing. For the 100ppm feed concentration the ‘result of
copper permeation after 6 hours from the feed phase was found to be 21% and in the strip phase
15% at the metal concentration of 100ppm, whereas the copper transport for the 400ppm
* concentration was 58% in the feed and 9% in the strip phase.
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According to Figure 5.13, the 400ppm concentration shows a faster permeation‘rate than the
100ppm concentration. Equilibrium is reached after 30 hours, whereas extraction is still taking

place in Figure 5.12 at the same interval.

% Cu (II) vs TIME at 100ppm concentration

120 4
- —o—strp
o0® u----- feed
=
O
x
40 50 60

Time (hrs)

Figure 5.12: Experimental courses of Cu (II) concentration in the feed and strip
reservoirs. The effect of CuSQO, concentration on permeability at 100ppm

CuSO0; feed concentration



80

% Cu (I) vs TIME at 400ppm concentration

120 5 -

%Cu (1)

Figure 5.13: Experimental courses of Cu (IT) concentration in the feed and strip
reservoirs. The effect of CuSO4 concentration on permeability at 400ppm
CuSOy feed concentration
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Pcy coeff. vs [Culggep =0
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Figure 5.14: Experimental courses of Cu (II) concentration in the feed reservoir. The
‘effect of CuSO4 concentration on permeability.

Figure 5.14 shows the effect that different feed copper concentrations have on the permeation
* coefficient. The results fluctuate as the concentrations are changed. A kind of straight line trend

~is observed, indicating that the metal concentration does not have such a huge effect on the

coefficient.
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54.4 Effect of pH’s

Experiments were performed in the pH range of 1-2.5 to investigate the effect of pH of feed
phase on the permeation by keeping the hydrogen ion concentration of the strip phase, feed and
strip flow:rates and carrier concentration all constant at 25% H,SO,, 0.333cm’sec” and 20%
carrier concentratioh. | ‘The effect of feed phase pH on the transport of copper ions through the
TSLM is an important parameter because of the equilibrium limitations of extraction reaction
(equatlon (1)) Also, the transport driving force for acidic extractants is a pH gradient between
the feed and the stripping phases. The effect of feed pH on the permeation of copper ions
through the TSIM is given in Figure 5.15, 5.16 and 5.17.

LN(C/Cg) vs TIME  [Culrem @ t=0

£ o ' P
x . e _
BB:XX 10 20 30 7 40 50 60
XXX ¢ o0 ' )
-1.00 XX
Dunnnu XX X
2.00 - " ooo
s
L. Q
© -3.00 2
= OGAA‘
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-5.00  ApH=2
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600 - o
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Flgure 5.15: Experimental courses of Cu (II) concentration in the feed reservoir. The
effect of constant pH on permeation
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J (Flux) vs TIME [Cu],,, @ t=0 constant pH
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Figure 5.16: EXpérimenfai coursesrof Cu (1) concentration in the feed reservoir. The
effect of constant pH on the flux :

The effect of constant feed pH on the permeation of copper across the TSLM based on the feed

concentration measurements are summarized in pages 179 and 180. It can be seen from Fig 5.15

. and Fig 5.17 the effect the change in feed pH has on the permeaﬁon coefficient and the flux.

From Equation 5.17 it can be observed that the permeatioxi coefficient increases as the pH

decreases.
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Pcy coeff. vs Constant pH
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Figure 5.17 Experimental courses of Cu (I) concentration in the feed reservoir. The
effect of constant pH on permeability



85

54.5 Effect of pH=2

The effect of the initial feed copper concentration on the permeation of copper across the TSLM
based on the feed concentration measurements at a constant feed pH=2 are summarized in pages
181 and 182.

LN(C/Co) vs TIME  [Culgmp @ =0 pH=2
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Figure 5.18: Experimental courses of Cu (II) concentration in the feed reservoir. The
effect of pH=2 at different feed concentrations has on permeation
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In Figure 5.18, 5.19 and 5.20 it can be observed that there is no significant change in the
permeation of copper. ‘The driving force for the transport of copper is the hydrdgen ions in the
system. - If it is kept constant in the feed, no real changes will tale place as can be seen on the

permeation coefficient in FiguteVS.Zl;

J (Flux) vs TIME [Culfmp @t=0  pH=2
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2 25E10{s ® :
g Ly = [300]
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X 4
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& 15E-10 { Xy a
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S b 4
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. ' X
5.0E-11 1 | I
0.0E+00 —— - ‘m . 113 .
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Figure 5.19: Experimental courses of Cu (II) concentration in the feed reservoir. The
effect of pH=2 at different feed concentration on the flux
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AI’C,, coeff. vs [Culgpgp =0
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, Figure 5.20: Experiinental courses of Cu (II) concentration in the feed reservoir. The
effect of pH=2 at different feed concentrations have on permeability
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5.4.6 Influence of flow rate .

‘ The effect of flow rate on the permeation of copper across the TSLM based on the feed
concentration measurements are summarized in pages 179 and 180. The flow rate was
.investigated in order to optimize the Copper (II) transfér :rate in the tube side. Results of Cu (II)
transport from a synthetic ‘Copper (IT) sulphate solution with a 200ppm concentration through
TSLM consisting of 20% LIX984/Shell sol D70 using 25% H,S0; strippant, in recycle mode, is
shown in Figure 5.21, the percentage 6f Cu (II) transport versus time in feed and strip is plotted.
The Cof:ber concentration in the feed decreases with time and the concentration in the strip phase

continuously increase.
% Cu(Il) vs TIME
120 ~ ) '

100 4

80 -

, § |
3 % —o—strip phase
40 ' —o— feed phase

20 A

0 B - o - T T 1
0 10 . 20 ' 30 40 50 60

TIME (hrs)

Figure 5.21: Experiinentai courses of Cu am concentration in the feed reservoir. The
- effect of flow rate on permeation. Feed linear flow velocity 0.167cm’sec?
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After 6 hours, the permeation of Copper from the feed phase was found to be 54% and to the-strip
phase was found to be 11% at the flow rate of 0.167cm’sec™, whereas the copper transport from
feed phase was more than 43% and in the strip phase approximately 44% when the feed rate was

increased to 0.333cm’sec™.

120

% Cu(l) vs TIME

—o— strip phase

40 7 —e&— feed phase
20 .
0 g T T T T ecl; ~
0 10 20 30 40 50 60

4 Figuré 5.22: Eikpérimelital courses of Cu (II) concentration in the feed reservoir. The
effect of flow rate on permeation. Feed linear flow velocity 0.333cm’sec”

Figure 5.22 shows the permeaﬁon of Cu(Il) with increased flow rate, and indicated that the higher
flow rate (0.333cm’sec™) was more suitable for Cu(Il) transport comparéd to a lower flow rate

(0.167cm’sec™”



90

Figure 5. 23 shows the influence of linear flow velocity on the copper permeablhty The Pcy
values increases W1th linear flow velocity ranging between 0.167 and 0.333cm’.sec” and with the
permeability unchanged at higher velocities. Hence, the optimal flow rate for a tubular SLM of

~ diameter 12.7cm is approximately (r).333cm,3.sec'l at a linear velocity of 0.004cm.sec™.

Pcy coefl. vs Flowrates @ t0
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Flgure 5.23: Expenmental courses of Cu (II) concentration in the feed reservoir. The
effect of the linear velocity in the feed has on the permeability.
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5.5. LOCATING THE MASS TRANSFER COEFFICIENT (k;)

As mentioned in the section 3.2.8 the feed side mass transfer coefficient, (k;) value can be located
by iteration providing all the Values of all the other system variables are known. Figure 3.7 gives
an analytical method of locatingr the k; value. GiVen the reliability and repeatability of the results,
it was deemed possible that a mass transfer coefficient (k;) on the inside tubular lumen could be
back calculated. As the overall coefficient of mass transfer can be located from kinetic data and
the singular tesistancé of the membrane (Pm) can be calculated using the method of Kumar et al.
{(2000); it then becomes possible to back calculate the mass transfer coefficient k;, (Breembroek et

al., 1998) associated with the laminar layer in the lumen of the membrane.

The overall permeation coefficient (Pcy) iréﬂués afe calculated from ‘kinetic data using the gradient
(Sp) method (Kumar et al., 2000). The membrane pefmeatioh coefficient (Pm) is calculated from
Equation 13 and the equilibrium data through the model equations published by Kumar et al.,
(2000). The mass transfer coefficient (k;) is estimated and substituted into equation 14 which
gives an overall permeation coefficient value. The mass transfer coefficient (k;) it then altered

iteratively, until the measured P, is obtained.

A reasonable assumption ﬁlade is that the only effective Vresistances to mass transfer are the
‘ laminar 1ayef and the membrane permeatidn. The resistance in the laminar layer on the strippant

‘(acid) side is deemed to be negligible (Kumar ef gk, 2000). In Table 5.3 it is possﬂale to see the
overall dominance of the resistance by mass transfer coefficient in the aqueous feed (k;)
compared to the resisiance in the membrane (Py). This ultimately shows that the control of mass
transfer would appear to ultimately be in the laminar layer of the lumen. |
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Table5.3:  Select mass transfer coefficient achieved while testing different strip

concentrations

P | Pa | K Pu/k;
3.82E05 | 439E-03 | 3.85E-05 114
STIE05 | 4.17E-03 | 5.79E-05 72
9.34E-05 | 4.39E-03 | 9.54E-05 | 46
9.66E-05 | 4.39E-03 | 9.87E-05 45
1.05E-04 | 4.36E-03 | 1.07E-04 41
947E05 | 439E-03 | 9.68E-05 | 45
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56. THE EFFECT OF FLOW RATE ON THE FEED MASS TRANSFER
COEFFICIENT (k) "

One could expect that when the flow rate is changed, it will have a direct impact on the aqueous
feed ’mass‘transfer coefficient (k;) through the expected changé fluid dynamics. The changing
.trend in the flow rate, indicating that reéistance in the tubular lumen (laminar layer) is the
controlling factor of this unit shown by E(iuaﬁon 14. This shows the change in the mass transfer
coefficient (k;) compared to that of the resistance in the membrane. In Table 5.4 we compare k;
values ‘determihed by méasurement and back calculation and those calculated from a published
model (Breembroek et al., 1998; Kumar et al., 2000).

Téble 54: | Flow rate of Cu () asa function of linear velocity and the mass transfer

coefficient (k;)
| Flov%" rate (cn;3;setr:'l)r‘ Uﬁear vel. ‘(cnvl.sec'l) ki (Equ.17) k;(measured)
017 o o 223E-03 . 445E-05 6.10E-05
0f25 . . 3.33E-03 .. 5.09E-05 7'03E'05;
‘ 033 . 444E-03 5.60E-05 7.79E-05
050 B 6.67E-03 6.41E-05 9.00E-05
"0.67 A, ' 8.89E-03 - : 7.0615-05 ~ 9.96E-05
0783 P | 1.11E-02 F 7.60E-05 1.08E-04
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To improve the fit of th: Breembroek e al. (1998) model (Equ.17), to the ki values obtained, a
two parameter fit was done in which the coefficient and the exponential values (K, n) of the

Breembroek equation were searched for. -

Location of the constants was achieved by the application of the algorithm described in Figure
'5.24. The located constants were found to be reasonable and well within range of those achieve
by other researchers, vindicating the mass transfer mechanism assumed in this thesis. Table 5.5

compares the located coefficients and exponents.

The values obtained were 2.10 and 0.34 respectively which compares very will with values in the

: iite_ratufe (Breembroek et al., 1998). Figure 5.25 shows the calculated mass transfer coefficient
according to Equa'tionv 17, and the line shows the new calculated mass transfer coefficient
describing the system.

Table5.5:  Coefficient and exponential values a function of the feed mass transfer

coefficient (k;)
Coefficient Exponential value
Sieder et al ' 1.86 . 033
Leveqhe etal L , 1.62 0.33
Model : : 210 0.34
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Parameters
of system
ie.L,v,d,

Dcuso4

Estimated K, n

J }DC-SLM < New K, n esbmated

S8 calculated

$‘

" SS < 0.00001

-Output fitted K, n

K{?

Figure 5.24: Schematic algorithm describing the computer calculation for the agueous
mass transfer coefficient in the feed (k;)
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Figure 5.25: Shows the comparison between the different mass transfer coefficients.
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CONCLUSION

The main purpose of this research which was to investigate the use of the novel tubular SLM
reactor for the extraction and concentration of copper ions in a closed batch system has been

achieved.

The operating pararheters that affect the extraction rate of copper were identified and the mass
transfer coefficients were successfully located through the application of published models.

" In this study it was possible to utilize the located mass transfer coefficient to investigate the

controlling mechanism of the system.

A successful design and commission of a TSLM bench scale reactor system was achieved. A
quantitative study of the copper permeation was carried out on this system. Optimum operating
condition was achieved assisting the permeation of copper through this system.

The successful operation of TSLM units over extended periods of time has proved that by the
proper selection of extractant and diluent, the problems of instability can be minimized.
Mamtammg of the lowest possible pressure gradient across the TSLM must also be adhered to in

order to minimize catastrophic destruction of the membrane.

The cldseness of the parameters located in the application of the model of Kumar et al., (2000)
and Breembroek et al, (1998) to the k; values calculated from kinetic data can be seen as a
vindication of the modelling approach to ﬁnderstanding the mechanism of mass transfer in this
system. | |
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It is hoped that this research will have served to prove that tubular SLM’s can be successfully
used to selectively recover copper and other metals from aqueous solutions in a cost effective
manner. Further investigation however needs to be done, specifically a better permeation model

for the TSLM.
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APPENDIX A

Al . Measured Permeation Coefficient (Experimental)

If ¥, In (C/Co) versus ¢ slope is S, then Pc, could be obtained by the following relation in
Equation (7) and (9) (Danesi, 1984; Rathore et al., 2001; Kumar et al., 2000).

Sprivf
~ 2pg’LNv, S Le

Cu

Froni the gradient (Sp) = 6.43163 x 107 (100ppm CuSO, Feed)

. (6.543163x107)(0.635)(0.00444)
" 2m(0.635)* (19)(1)(0.00444) - (6.43163x107 )(19)(1)(0.6)

P, =1.2976x107*cm.sec™
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A.2  Deriving Permeation Coefficient (Model)

" Membrane thickness (dp):  from equation (16)

r,

_ o

Qrem = Troeasiae 1N c
: i

- 0,em =0.635cm ln(

0.66cm )
0.635cm

d__ =0.025cm

Membrane effective diffusion coefficient (Der): from equation (15)
D - €nD o
off T

(06 9;<106‘
0. - ek

D =2.7x10"cm.sec™
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Volumetric Flow rate (Q):

20ml.min™ = 0.333 cmZ.sec™

Surface area of membrane (A) - Tube:

Il

A = 2pRIN

i

2p (0.625cm)(19cm)(1)

75 cm®

Surface area of membrane (A) - Shell:

A = 2pRIN

2p (0.635cm)(19em)(1)

= 76 cm>

Effective membrane area:

A = 2pRLNe
= 2p (0.635cm)(19cm)(1)(0.6)
= 455 cm’
Shell (housing diameter):

Shell diameter — membrane outer diameter

~shell diameter =2.2cm —1.32cm = 0.88cm
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Linear flow velocity inside (v)

=R
A

_ 0.333cm3.sec'1

75cm?2
v= 0.0044cm.sec_1

Mass transfer rate in the feed side (kcyog) ~ from equation (17)

. ,'d ; .2 033
;d. Tv
_2lt 162 (___1___} ,

Dy ag LD ¢y, aq

. . L, 0.33
d v -
©Co G 6 [ Ca ]

Cu, aq

3

' 10.33
L& {1.27 x1.27 }0.0044 1510~ 5
19{.5x10‘5}

KCu, aq 7 127

k =5.53x10—5cm.sec -1
Cu, aq ,

L ' J .
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Mass transfer rate in the feed side (knssosaq): from equation (17)

-

k

{0.88 x 0.88 }0.0044

1.62{

19%.73 x10*5}

0.33
] 1.73x10~3

T

<

HZSO‘A"aq .

0.88

i(  26.9%x10 " 2 cmsec T !

H'2 SO’ 4%

'Mass transfer rate in the membrane ( ky): from equation (18)

27zqu,r

_2x27x10%)

e 'm( 0.66 )
' 0.635

km =4.393 x10 *cm.sec™" -
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From équation 5):

At 25% H,S0;, from table (K1.1) = 2.105x107

k. -p, L

N [HR [,
1.45 x10*
0.85 =(0.99)x£ﬁ

[MRE, =1.68x10~*

From equation (14)

1 _1l.x [H+f,g 1

| PCn _kl Tim Kex[I—IRErg km

1 | 1 (0.635 )[(1.68 xlo"‘)](“g x10-*)

P, (075 x10 )" (0.647 )L (0s85)

P, =1.0475x107 cm.sec™
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'Eiample of calculations of a free [H'] When thepH is 2

- pH=-log[H']

2=-log[H']

[H']=2 [-log]
[H'] =0.01 mol.dm™

A3 Mass Balance céﬂculation
Feed Cu(él)) ' = Stl'ip Cu, equilibrium + Feed Cu, equilibrium + Membrane Cu, equilibrium

Feedcy: (t=0) m = Vg X P20

= 200cm’x 1 gcm’

my = 200g
my = 200gX98ppm
me = 0019%g

Stripcy: (=eq) my = Vg X PH2504
e = 200<:m3x1.13g.cm'3

m, = 226g



g f

~ Feed ¢y (t=eq)

ms

myg

Mem c;: (t=eq)

" my

Feed Cu(t=0)

my

109

226g x 75ppm

0.01695g

L= Vieed X P20 .
= 200cm’x1gem?

= 200g

= ZOng 1ppm

= 0.0002g

= Ve X pusos

= 25cm®x1.13 gem?

= 2825g

= 28.25g x Sppm

= 0.0034g

Strip cu, equilibrium + Feed cy, equilibrium + Membrane ¢y, equilibrium

0.01695 + 0.0002 ++ 0.034

0.01749g
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89% recovery for this variable

45.5

Effective membrane area cm?
Surface area of m'emBrane 75 cm’
i’olume of feed tank 200 c;n3

‘ inembrane inner radius (r;) 0.635 cm
membrane outer radius (r,) 0.66 cm
meml;fane (Tim) 0.65554 cm
Radius (inside) 0.625 cm
SheH diameter 0.88 cm
membrane inner diameter (id) 1.27 cm
membrane outer diameter (od) 1.32 cm
shell diameter (d) 2.2 cm
tube volume (d) | 2.5 cm’
shell volume 3 cm’

orosity 0.6

phi 3.1415927
membrane thickness (1) 0.02500 cm

.| Deusos in H2O 1.50x10” cm’sec”
Dyzsos in H20 1.73x107 cm*sec’!
Viscosity of fluid (i) 0.25 Pa.sec
density of fluid (p) 1.175 g.cm'3
membrané thickness (1) 0.02500 cm
Re no. 3.130x10'7
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Keood 1.075x10* cm.sec’
Kstrip 6.9x10° cm.sec”
Koembrane 4.393x10™ em.sec!
Deff 270010 | 2 4
tortuosity 2
Kex | 0.85

9.00x10° cm’.sec

Dorg

Table A.1: Experimental parameters and calculated values
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- APPENDIX B

DATA
FROM
BATCH

EXPERIMENTS

AQUEOUS FEED CONCENTRATIONS (CuSOy)
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The effect different aqueous feed (CuSQOy) concentrations have on the permeatidn of Copper

am .

at the following experimental conditions.

Experimental parameters:

Volume of aqueoﬁs feed phase: 200cm’

Volurr;e of aqueous strip phase: 200cm’

Membrane length: 19cm

Feed concentration (CuSOgs): - o 100ppm — 400ppm

Strip 60ncentfation (H,SO04): 7 25%

Extractant concentration (Lix 984): O 20%

Feed flow rate (CuSOy):- . 20ml.min / 0.33cm3.sec’
Strip flow rate (HzSO4): |  20ml.min™ / 0.33cm3.sec’

Time: . 7 ~ 50hours / 180 000sec
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EXPERIMENT 1.1
Variai)le: " Feed concentration (CuSOs): 100 ppm,

tt)- t (sec) molem® | mole(em’) | Vin(C/C) | m(cicy | Fmelem’sec

0 0 7 98 - 9.8E-05 , 1.5E-06 3.1E-04 0.0E+00 0.0E+00 2.0E-10

1 | 3600 | 77 | 77805 | 12E-06 | 24E-04 | 48E+01 | 24E-01 | 16E-10

2 s 7200- 54 54E-05 8 4E-07 1.7E-04 1.2E+02 -6.0E-01 1.1E-10

’ 37“‘ 10800 39 3.9E—05 6.1E-07 1.2E-04 1.9E+02 -9.3E-01 79E-11

) 4’; 14400 32 32E-05 5.1E-07 1.0E-04 - 2.2E+02 -1.1E+00 6.6E-11

"5 , ISOQQ 25 2.5E-05 4.0E-07 7.9E-05 ) 2.7E+02 -14E+00 5.1E-11

6 421 600 21 2.1E-05 3.3E-07 6.6E-05 3.1E+02 -1.5E+00 |° 4.3E-11

724 86400 3 2.9E-06 - 4.5E;68 9.IE-O6A 7.0E+02 -3.5E+00 5.9E-12

25 90000 3 ’ 2.7TE-06 4.3E-08 8.5E-06 7.2E+02 -3.6E+00 5.5E-12

26 93600 3 - 2.7E-06 4.2E-08 8.4E-06 71.2E+02 -3.6E+00 5.5E-12

27 97200 2 2.5E-06 3.9E-08 7.8E-06 7.3E+02 -3.7TE+00 5.1E-12

28 - 100800 2 2.4E-06 3.7E-08 74E-06 | 7.5E+02 -3.7E+00 4 8E-12

29 104400 2 2.1E-06 3.4E-08 6.7E-06 7.6E+02 -3.8E+00 44E-12

30 V ~ 108000 2 . 2.0E-06 3.2E-08 6.4E-06 7.8E+02 -3.9E+00 4.1E-12

"~ 48 B 172800 71 1.2E-06 1.9E-08 3.8E-06 8.8E+02 ;4.4E+00 2.5E-12

49 | 176400 1 1.2E-06 | 1.9E-08 3.8E-06 8.8E+02. - -4.4E+00 2.5E-12

A 50 180000 1 1.2E-06 1.9E-08 3.8E06 8.8E+02 -4 4E+00 2.5E-12

Table B.1: | Results from experiment 1.1
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EXPERIMENT 1.2

Variable: Feed concentration (CuSQOs): 150 ppm,

t(hr) t(see) gom?® molem® | mole(em® | Ven(C/C) | meoicy | Y molemses
0 0 136 14E04 | 21E06 | 43E-04 | 0.0E+00 | 0.0E+00 | 2.6E-10
1 3600 | 96 | 9.6E-05 1.5E-06 | 3.0E-04 | 7.1E+01 | -3.6E-01 1.9E-10
2- 7200 75 7.5E-05 12E06 | 24E-04 | 12F+02 | -6.0E-01 | 14E-10
3 10800 64 6.4E-05 1.0E-06 | 20E-04 | 1.5E+02 | -7.6E-01 | 12E-10
4 14400 48 4.8E-05 7.6E-07 1.5E-04 | 2.1E+02 | -1.0E+00 | 93E-11
5 18000 43 43E-05 6.8E-07 14E-04 | 23E+02 | -12E+00 | 84E-11
6 21600 41 41E-05 | 6.4E-07 13E-04 | 24E+02 | -12E+00 | 7.9E-11
24 86400 5 5.0E-06 7.9E-08 1.6E-05 | 6.6E+02 | -33E+00 | 9.7E-12
25 90000 4 42E-06 6.7E-08 13E05 | 69E+02 | -35E+00 | 8.2E-12
26 93600 4 4.0E-06 6.3E-08 13E05 | 7.1E+02 | -3.5E+00 | 7.8E-12
27 97200 4 3.8E-06 5SE-08 | 12E-05 | 7.2E+02 | -3.6E+00 | 73E-12
28 100800 4 3.8E-06 6.0E-08 12E-05 | 7.2E+02 | -3.6E+00 | 7.3E-12
29 104400 3 32E-06 5.0E-08 99E-06 | 7.5E+02 | -3.8E+00 | 6.1E-12
30 108000 3 30E-06 | 4.7E-08 9.5E-06 | 7.6E+02 | -3.8E+00 | 5.8E-12
48 172800 2 20E-06 | 3.2E-08 63E-06 | 84F+02 | -4.2E+00 | 3.9E-12
49 176400 2 20E06 | 3.1E-08 63E-06 | 84E+02 | 4.2E+00 | 3.9E-12
50 180000 2 19E-06 | 3.0E-08 59E06 | 8.6E+02 | -4.3E+00 | 3.7E-12

Table B2:  Results from experiment 1.2
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EXPERIMENT 1.3
Variable: Feed concentration (CuSQs): 200 ppm,
t (r) t(sec) motem® | mole(em’) | Vin(CiC) | m(oicy | Fmolemises
0 0 203 2.0E-04 3.2E-06 6.4E-04 0.0E+00 0.0E+00 3.7E-10
1 3600 156 1.6E-04 2.5E-06 4 9E-04 5.3E+01 -2.6E-01 2.9E-10
2 - 7200 121 1.2E-04 1.9E-06 3.8E-04 1.0E+02 -5.2E-01 2.2E-10
-3 10800 105 1.1E-04 1.7E-06 3.3E-04 1.3E+02 -6.6E-01 1.9E-10
4 - 14400 92 9.2E-05 1.4E-06 2.9E-04 1.6E+02 -1.9E-01 1.7E-10
-5 7 18000 74 74E-05 1.2E-06 23E-04 2.0E+02 -1.0E+00 1.4E-10
6 21600 68 6.8E-05 1.1E-06 2.1E-04 2.2E+02 -1L1IE+00 |* 13E-10
24 86400 8 80E-06 | 13E-07 | 25E-05 | 6.5E+02 | -32E+00 | 1.5E-11
25 90000 7. 70E-06 | 1.1E-07 2.2E05 6.7E+02 -3 AE+00 1.3E-11
26 93600 6 6.0E-06 9.4E-08 1.9E-05 7.0E+H02 -3.5E+00 1.1E-11
27 97200 6 6.0E-06 9.4E-08 1.9E-05 7.0E+H02 -3.5E+00 1.1E-11
28 -100800 6 6.0E-06 9.4E-08 1.9E-05 7.0E+02 -3.5E+00 1.1E-11
29 104400 5 5.0E-06 7.9E-08 1.6E-05 TAEH02 -3.7E+00 9.2E-12
30 - 108000 5 5.0E-06 7.9E-08 1.6E-05 T4E+H02 -3.7ﬁ+00 9.2E-12
48 172800 2 2.0E-06 3.1E-08 6.3E-06 9.2E+02 -4.6E+00 3.7E-12
49 "~ 176400 3 3.0E-06 4.7E-08 9.4E-06 84E+02 -4.2E+00 5.5E-12
50 ~ 180000 2 2.0E-06 3.1E-08 6.3E-Q6 9.2E+02 -4.6E+00 3.7E-12
Table B3:  Results from experimenf 13
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EXPERIMENT 14

Variable: Feed concentration (CuSQO,4): 250 ppm,

t (@) t (sec) molem® | mole(em® | Vin(CiC) | Wmeoicy | I melemised

-0 0 242 24E-04 " 3.8E-06 7.6E-04 0.0E+00 0.0E+00 3.4E-10

1. 3600 . i 190 1.9E-04 3.0E-06 6.0E-04 4.8E+01 -2.4E-01 2.6E-10

2 7200 | 150 1.5E-04 2.4E-06 4.7E-04 9.6E+01 -4.8E-01 2.1E-10

-3 . 10800 140 1.4E-04 2.2E-06 4 4E-04 1.1E+02 -5.5E-01 1.9E-10

4 - 14400 120 1.2E-4 1.9E-06 3.8E-04 1.4E+02 -7.0E-01 1.7E-10

-5 18000 110 1.1E-04 1.7E-06 3.5E-04 1.6E+02 -79E-01 1.5E-10

6 21600 100 1.0E-04 1.6E-06 3.1E-04 1.8E+02 -8.8E-01 " 1.4E-10

24 86400 22 | 22B05 | 35E07 | 69E05 | 48E+02 | -24E+00 | 3.1E-11

25 90000 18 1.8E-05 2.8E-07 5~7E'_05 52E+02 -2.6E+00 2.5E-11

26 93600 18 1.8E-05 2.8E-07 5.7E-05 5.2E+02 -2.6E+00 2.5E-11

27 97200 | 18 1.8E-05 2.8E-07 5.7E-05 5.2E+02 -2.6EH0 2.5E-11

28 100800 16 1.6E-05 2.5E-07 5.0E-05 54E+02 -2.7E+00 2.2E-11

29 104400 14 1.4E-05 2.2E07 4.4E-05 5.TE+02 -2.8E+00 1.9E-11

.30 108000 13 1.3E-05 2.0E-07 4.1E-05 5.8E+02 -2.9E+00 1.8E-11

43 172800 6 6.0E-06 A 9.4E-08 1.9E-05 TAE+02 -3.7E+00 8.3E-12

49 176400 6 6.0E-06 9.4E-08 1.9E-05 TAE+02 -3.7E+00 8.3E-12

‘50 180000 5 5.0E-06 7.9E-08 1.6E-05 7.8E+02 | -3.9E+00 7.0E-12

Table B4:  Results from experiment 1.4
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EXPERIMENT 1.5

Varishle:  Feed concentration (CuSO,): 300 ppm,

¢ hr) t(sec) molem® | moleem) | Viln(CIC) | In(CIC) ¥ molem™sec” |
0 0 308 | 3.E04 | 48E06 | 9.7E-04 | 0.0E+00 | 0.0E+00 | 5.1E-10
1 3600 | 226 | 23E04 | 36E06 | 7.0E04 | 62E+01 | -31E-01 | 38E-10
2 -| 7200 | 208 | 21E04 | 33E06 | 6.5E04 | 79B+01 | -39E-01 | 3.5E-10
3 | 10800 | 181 | 18B04 | 28B06 | S7E04 | LIEW2 | -53E01 | 30E-10
4| 14400 | 156 | 1604 | 2.5B06 | 49E-04 | 14E+02 | 68E-01 | 26E10
.5 | 18000 | 141 | 14E-04 | 22E06 | 44E-04 | 1.6E+02 | -7.8E-01 | 24E-10
6 | 21600 | 137 | 14804 | 22E06 | 43E-04 | 16E+02 | -81E-01 | 23E-10
24 | 86400 | 21 | 21E05 | 33E07 | 66ES | saEr2 | 27B+00 | 35E11
25 | 90000 | 18 | 18805 | 28807 | s7B0s | 57E+02 | 28B+00 | 3.0E-11
26 | 93600 | 17 | 17E05 | 27E07 | 54E05 | 58E+02 | -29E+00 | 2.8E-11
27 | 97200 | 14 | 14E05 | 22E07 | 44E05 | 62B+02 | 3.4E+00 | 23E-11
28 | 100800 | 13 | 13E05 | 20E07 | 41B05 | 63E+2 | -32B+00 | 22E11
20 | 104400 | 12 | 12B05 | 19E07 | 38E05 | 65E+02 | 32E+00 | 20E-11
30 | 108000 | 11 | 11E05 | 17807 | 35805 | 67E+02 | -33E+00 | L8E-11
48 | 172800 | 5 | 50E06 | 7.9E08 | 16E05 | 82E+02 | 41E+00 | 83E12
49 | 176400 | 4 | 40E06 | 63E08 | 13E0s | 87E+02 | 43B+0 | 67E-12

50 | 180000 | 4 .| 40E06 | 63E08 | 13E05 | 87E+02 | 43E+00 | 6.7E-12

Table B.5:  Results from experiment 1.5
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EXPERIMENT 1.6

Varable: Feed concentration (CuSOy4): 350 ppm,
t(hr) t (sec) ¢ gem® molem® | mole(em’) | Viln(C/C) | m(cicy | Jmolemsec
0" 0 | 331 | 33E04 | 52E06 | 1.0E03 | 0.0E+00 | 0.0E+00 | 3.8E-10
1 3600 | 200 | 29E04 | 46E06 | 9.1E-04 | 26E+01 | -13E-01 | 34E-10
2 | 7200 | 280 | 28E04 | 44B06 | 88E04 | 33E401 | -LTEO1 | 32E10
3 10800 | 250 | 2.5E04 | 39E-06 | 7.9E04 | S6E+01 | -28E01 | 2.9E-10
4 | 14400 | 230 | 23E-04 | 36E-06 | 72E04 | 73E+01 | -36E-01 | 2.7E-10
5 | 18000 | 210 | 21E-04 | 33E06 | 66E04 | 9.1E/01 | 46E01 | 24E-10
6 21600 | 190 | 19E-04 | 30E06 | 60E04 | LI1E+02 | -56E-01 | 22E-10
24 | 86400 | 65 | 65E05 | 10E06 | 20E04 | 33E+02 | -1.6E+00 | 7.5E-11
25 | 90000 | 54 | S4EQS | 85EQ7 | 17E-04 | 36EW02 | -18EH00 | 62E-1
26 | 93600 | 47 | 47E05 | 74E07 | 15E04 | 39EH02 | 2.0E+00 | 5.4E-11
27 | 97200 | 40 | 40E05 | 63E07 | 13E04 | 42E+02 | 21E+00 | 46E11
28 | 100800 | 35 | 3.5E05 | 55E07 | 1.1E-04 | 45E+02 | -22E+00 | 41E-11
20 | 104400 | 20 .| 29E-05 | 4.6E07 | 0.1E05 | 49E+02 | -24E+00 | 34E-11
30 | 108000 | 27 | 27805 | 42E07 | 85E-05 | 50E+02 | -25E+00 | 3.1E-11
48 | 172800 | 10 | 1.0E05 | 16E07 | 31E05 | 70B+02 | 3.5E+00 | 1.2E-11
49 | 176400 | 7 70E-06 | 1I1E07 | 22E05 | 7.7E+02 | -39E+00 | 8.1E-12
50 | 180000 | 6 60E-06 | 94E-08 | 19E05 | 8.0E+02 | -4.0E+00 | 6.9E-12

Table B.6:  Results from experiment 1.6
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-

EXPERIMENT 1.7

Variable: - Feed concentration (CuSOy): 400 ppm,
t (hr) gom?® molem® | mole(em’) | Vilm(C/C) | mm(cicy | I molemsec
0 38604 | 60E-06 | 12E-03 | 00E+00 | 0.0E+00 | 5.7E-10
1 3600 330 | 33E04 | 52E-06 | 1.0E03 | 28E+01 | -14E-01 | 5.0E-10
2 7200 310 | 3.1E-04 | 49E-06 | 9.8E-04 | 4.1E+01 | -20E01 | 4.7E-10
3 10800 | 270 | 27E-04 | 42E-06 | 8.5E04 | 68E+01 | -34E-01 | 4.1E-10
4 14400 | 240 | 24E-04 | 38E-06 | 7.6E-04 | 92E+01 | -46E-01 | 3.6E-10
5 18000 | 230 | 23E04 | 36E06 | 7.2E-04  1.01~:+02 5.0E-01 | 3.5E-10
6 | 21600 | 220 | 22E04 | 35E06 | 69E-04 | 11E+02 | -55E01 | 33E-10
24 86400 48 48E05 | 76E07 | 15E-04 | 41E+02 | -21E+00 | 72E-11
25 | 90000 43 43E05 | 6.8E-07 | 14E04 | 44E+02 | -22E+00 | 6.5E-11
26 93600 | 38 38E05 | 60E-07 | 12E-04 | 46E+02 | -23E+00 | S5.7E-11
27 | 97200 34 | 34E-05 | 54E-07 | 1.1E-04 | 48E+02 | -24E+00 | 5.1E-11
28 100800 | 31 3.0E05 | 49E07 | 9.8E-05 | 5.0E+02 | -25E+00 | 4.7E-11
29 104400 | 26 | 26E05 | 4.1E07 | 82E05 | 54E+02 | -2.7E+00 | 3.9E-I
30 .| 108000 | 23 23E05 | 3.6E-07 | 72E-05 | 56E+02 | -28E+00 | 3.5E-11
43 172800 4 | 35B-06 | 55E-08 | LIE0S | 94E+02 | 4TE+00 | S53E-12
49 176400 3 | 30E06 | 47E08 | 94E06 | 9.7E+02 | -4.8E+00 | 4.5E-12
50 180000 | 3 27606 | 42E08 | 85E06 | 99E+02 | <4.9E+00 | 4.1E-12

Table B.7:  Results from experiment 1.7
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pH values at different Feed concentration (CuSOx)

TIME(rs) | TIME(sec) 100 150 200 250~ | 300 350 400
0 0 3.56 3.41 2.79 3.46 33 3.14 3.09

1 3600 3.03 3.05 256 | 3.03 2.89 3.01 213

2 7200 | 3.04 2.76 242 3.04 2.67 2.79 2.66
3 10800 202 | 264 2.34 292 | 243 271 2.56
4 14400 . | 2.9 2.62 224 2.89 2.35 2.65 217
5 18000 2.82 2.58 223 2.82 221 241 2.01
6 21600 282 | 256 222 | 282 2.16 2.23 1.99
24 86400 223 | 204 19 241 1.92 19 1.83
25 90000 2.23 2.04 1.89 2.4 192 1.89 1.83
26 93600 | 222 2.02 1.88 232 1.93 1.89 1.86
27 97200 | 22 2.01 1.85 23 | 191 1.88 1.84
28 100800 | 219 2.03 1.89 2.09 1.9 187 | 1.3
29 | 104400 | 2.8 1.99 1.87 2.01 1.89 1.87 1.82
30 | 108000 | 219 1.99 1.86 2.01 1.89 1.86 1.82
48 172800 | - 1.93 1.88 1.8 176 1.73 1.71 1.68
49 | 176400 1.92 1.88 1.81 1.76 1.74 L7 1.66
50 | 180000 | 192 1.88 1.81 1.76 173 | 17 1.68

Tablé B.3: Results from experiment 1.1 -1.7
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Figute B.1: Experiniental courses of Cu am concehtration in the feed reservoir. The
: - effect of feed concentration on permeability. The results of experiment 1.1 —

1.7 shows on the graph how the gradient can be obtained (S;) by plotting V¢
In(C/Cy) vs TIME
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APPENDIX C

DATA
FROM
BATCH

EXPERIMENTS

~ AQUEOUS STRIP CONCENTRATIONS (H;SO,)
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The effect diﬂ'erenf aqueoﬁs strip (H,SO4) concentrations have on the extraction of Copper (II)

at the following exp,erjmgnfa'l‘ conditions.

Experimental parameters:

v,Vohinié of aqueous feed phase: ' 200cm’

Volume of aquc@nis strip ‘phase: - | 200cm’

Mémbrane Icﬁgfh: o 7 18cm

Feed concentration (CuSOy): ‘ 200ppm

Strip concentration (HzS0s): - 5%-30%

Extractant concentration (Lix7984): ’  20%

Feed flow rate (CuSOs): ' 20mlmin™ /0.33cm3.sec

Strip flow rate (H,SOs): " 20ml.min 7 0.33cm3.sec™
Time: o -~ 5Chours / 180 000sec
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EXPERIMENT 2.1

Variable: Strip concentration (H;804): 5%

tmn | t(seo ‘f " gem® molem? mole(em’) | Viln(CIC) | m(cicy | I molem’ses
0 "0 210 ~ 2.1E-04 3.3E-06 6.6E-04 0.0E+00 0.0E+00 8.0E-09
1 3600 170 1.7E-04 © 2.7E-06 " 54E-04 4.2E+01 -2.1E-01 6.5E-09
27 1 7200 160 I.GE-O4 2.5E-06 5.0E-04 5.4E+01 -2.TE-Q1 6.1E-09
3 10800 150 1.5E-04 2.4E-06 4.7E-04 6.7E+01 -3.4E-01 5.7E-09
4 14400 140 1.4E-04 2.2E-06 44E-04 8.1E+01 -4.1E-01 5.3E-09

* 5 ~. 18000 130 1.3E-04 2.0E-06 4.1E-04 9.6E+01 4.8E-01 | 5.0E-09
6 7 ' 721600,7 !30 "L3E-04 2.0E-06 4.1E-04 9.6E+01 -4.8E-01 ] 5.0E-09
24 86400 67 6.7E-05 1.1E-06 2. 1E-04 2.3E+02 -1.1E+00 2.6E-09

.25 90000 65 - 6.5E-05 1.0E-06 2.0}3—04 2.3E+02 -1.2E+00 2.5E-09
26 93600 65 6.5E-05 1.0E-06 2.0E-04 2.3E+02 -1.2E+00 2.5E-09
27 V 97200 60 6.0Ej05 9.4E-07 1.9E-04 2.5E+02 -1.3E+00 2.3E09
28 - 100800 57 5.7E-05 9.0E-07 1.‘8E-04 2.6E+02 -1.3E+00 2.2E-09
29 104400 567 5.6E-05 8.8E-07 1.8E-04 2.6E+02 -1.3E+00 2.1E-09
30 108000 ‘ 52 5.2E-05 8.2E-07 1.6E-04 2.8E+02 | -14E+00 2.0E-Q9
48 172800 | ~ 27 2.7E-057 42E-07 8.5E-05 4.lE+QZ -2.1E+00 1.0E-09
49 176400 26 2.6E-05 4.1E-07 8.2E-05 4.ZEfOZ -2.1E+00 9.9E-10

- 50 180000 25 2.5E-05 3.9E-07 7.9E-05 4.3E+02 -2.1E+00 9.5E-10

Table C.lﬁ * Results from experiment 2.1
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EXPERIMENT 2.2

Variable: = Strip concentration (H,SOs):  10%

t@n | . t(seo) gem® moLem® - | mole(en®) | Vilm(CIC) | m(cicy | ¥ molemisec
0 0 | 20388 | 20804 | 32E-06 | 64E-04 | 0.0E+00 | 00E+00 | 12E-08
1| 3600 |19158| 19E04 | 30B06 | 60E04 | 12E+01 | 62E02 | 11E-08
2 7200 | 1323.| 13E04 | 2.1E06 | 42E-04 | 86E+01 | -43E01 | 7.6E-09
3 10800 | 11626 | 12E-04 | 18E06 | 37E04 | 1I1E+02 | -56E01 | 6.6E-09
4 .| 14400 | 11258 | 11E04 | 18E-06 | 3.5E-04 | 12E+02 | -59E01 | 64E-09
s | 18000 | 10178 | 10B04 | 16E06 | 32E04 | 14E+02 | 6SE01 | S58E-09

6 | 21600 | 89.08 | 89E05 | 14E06 | 2.8E-04 L7EH02 | 83E01 | 5.1E09
24 | 86400 | 4438 | 44E05 | 70E07 | 14E04 | 30E+02 | -15E¥00 | 25E-09
25 | 90000 | 41.14 | 4.1E05 | 65E07 | 13E-04 | 32E+02 | -L6E+00 | 2.4E-09

26 | 93600 | 40.66 | 41E05 | 64E-07 | 13E04 | 32E+02 | -1.6E+00 | 23E-09
27 | 97200 | 4012 | 40805 | 63E07 | 13E04 | 33E+02 | -16E+00 | 23E-09
28 | 100800 | 37.16 | 37805 | 58807 | 12E-04 | 34E+02 | -1.7B+00 | 2.1E-09

29 | 104400 | 3494 | 35605 | 55807 | 1.1E04 | 35B+02 | -1.8E+00 | 20E-09
30 | 108000 | 3396 | 34E05 | 53E-07 | 11E-04 | 36E+02 | -18E+00 | 19E-09
a8 | 172800 | 1196 | 12B05 | 19E07 | 38E05 | 57E+02 | -28E+00 | 68E-10

49 | 176400 | 73 | 73E06 | 11E07 | 23E-05 | 67E+02 | -33E+00 | 4.2E-10

50 | 180000 | 602 | 6.0E06 | 95E08 | 19E-05 | 7.0E+02 | -3.5E+00 | 34E-10

Table C.2: Results from experiment 2.2
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EXPERIMENT 2.3

Variable:  Strip concentration (H;SO4):  15%

tr) | t(se) molem® | mole(em® | Vem(cic) | mcicy | I melem’sec

0 0 205.64 2.1E-04 3.2E-06 6.5E-04 0.0E+00 0.0E+00 1.9E-08

1 3600 V-l 85.35 1.9E-04 2.9E-06 5.8E-04 2.1E+01 -1.0E-01 1.7E-08

2- 7200 158.19 1.6E-04 2.5E-06 5.0E-04 5.2E+01 -2.6E-01 1.5E-08

3 10800 142.26 14E-04 2.2E-06 4 5E-04 TAEH01 -3.7E-01 1.3E-08

4 ] 14400 116.58 1.2E-04 1.8E-06 3.7E-04 1.1EH02 -5.7E-01 1.1E-08

-5 18000 1.10.23 1.1E-04 1.7E-06 35E04 | 1.2E+H02 -6.2E-01 1.0E-08

6 ' 2.1 660 92.16 79.2E—05 1.5E-06 2.9E-04 1.6E+02 -8.0E-01 | 8.6E-09

24 86400 17.66 , 1.8E-05 2.8E—07 ‘ 5.6E—05. 4 9E+02 -2.5E+00 1.6E-09

25 90000 13.22 1.3E-05 2.1E-07 425—05 5.5E+02 2. TE+Q0 1.2E-09

26 93600 12.43 1.2E-05 ‘ 2.0E-07 3.9E-05 5.6E+02 -2.8E+00 1.2E-09

27 97200 11.63 1.2E-05 1.8E-07 3.7E-05 5.7E+02 -2.9E+00 1.1E-09

28 100800 10.9 1.1E-05 1.7E-07 3.4E-05 5.9E+H02 -2 .9Ef00 1.0E-09

29 104400 9.06 9.1E-06 1.4E-07 2.9E-05 6.2E+02 -3.1E+00 8.5E-10

- 30 108000 7.69 7.7E-06 1.2E-07 2.4E-05 6.6E+H02 -33E+00 | 7.2E-10

48 172800 5.82 5.8E-06 9.2E-08 1.8E-05 T1E+02 -3.6E+00 54E-10

49 | 176400 4.83 4.8E-06 7.6E-08 1.5E-05 7.5E+02 -3.8E+00 4.5E-10

© 50 180000 3.52 3.5E-06 5.5E-08 1.1E-05 8.1EH02 | -4.1E+00 3.3E-10

Table C.3: Results from éxperimént'2.3
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EXPERIMENT 2.4

Variable: Strip concentration (H,SO4):  20%
() | tseo ~gem® molem® | mole(ew’) | Viln(C/C) | mcicy | ¥ melemses
0 0 | 233 | 23804 | 37806 | 73E04 | 00Er00 | 0.0E+00 | 22E-08
1 3600 | 22034 | 22E04 | 3.5E-06 | 69E-04 | LIE+01 | -5.6E02 | 2.1E-08
2-| 7200 |1968 | 19E04 | 30E06 | 60E04 | 40E+01 | 20801 | 18E-08
3 10800 | 166.1 | 17E-04 | 2.6E06 | 52E04 | 6.8E+01 | -34E-01 | 1.6E-08
4 | 14400 | 15871 | 16E04 | 25E06 | SOE-04 | 77E+01 | 3.8E-01 | 15E-08
5 18000 13924 | 14E-04 | 22E06 | 4.4E04 | 10E+02 | -5.1E-01 | 13E-08
6 21600 | 12983 | 13E04 | 20E06 | 4.1E04 | 12E+02 | -5.8E-01 |  1.3E-08
24 | 86400 | 21.82 | 22E05 | 34B-07 | 69E-05 | 4TE+02 | -24E+00 | 2.1E-09
25 | 90000 | 2037 | 20E05 | 32E07 | 64E-05 | 49E02 | -24E+00 | 2.0E-09
26 | 93600 | 191 | 19E05 | 30E-07 | 6.0E-05 | 50E+02 | -2.5E+00 | 1.8E-09
27 | 97200 | 1818 | 18E0S | 29B.07 | 57E-05 | S51E+02 | -2.6E+00 | 1.8E-09
28 | 100800 | 1637 | 16B05 | 26E07 | 52E-05 | 53E+02 | 27E+00 | 1.6E09
20 | 104400 | 1495 | 15805 | 24E07 | 47E-05 | 55E+02 | -2.7E+00 | 1.4E-09
30 | 108000 | 1452 | 15E05 | 23E-07 | 46B-05 | 56E02 | -28E+00 | 14E-00
48 | 172800 | 269 | 27E06 | 42E08 | 85E06 | 89EH2 | 4SE+0 | 26E10
49 | 176400 | 231 | 23E06 | 36E08 | 73E-06 | 92E+02 | 46E+00 | 22E-10
s0 | 180000 | 2 | 20E06 | 3.IE08 | 63E06 | 9.5E+02 | -4.8E+00 | 19E-10

Table C4:. Results from experiment 2.4
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EXPERIMENT 2.5

Variable: Stﬁp concentration (H2SOy4):  25%
tn | t(se) gem® - molem® | mole(em’) | Vilm(C/C) | mm(cicy | I molemsec
0 0 225 2.3E-94 3.5E-06 7.1E-04 0.0E+00 0.0E+00 2.4E-08
1 3600 202.5 |- 2.0E-04 ‘3.2E-06 6.4E-04 2.1E+01 -1.1E-01 . 2.1E-08
‘2 - 7200 178.3 1.8E-04 ' 2.8E-06 5.6E-04 4.7TE+01 -2.3E-01 1.9E-08
3 1. 10800 159 1.6}3-047 2.5E-06 5.0E-04 6.9E+01 -3.5E-01 1.7E-08
4 © 14400 143.7 1.4E-04 2.3E-06 4.5E-04 9.0E+01 -4.5E-01 1.5E-08
"5 18000 136.5 1.4E-04 2.1E-06 _ 4.3E-04 ‘ 1.0E+02 -5.0E-01 1.4E-08
6 21600 121.5 1.2E-04 1.9E-06 3.8E-04 1.2E+02 -6.2E-01 1.3E-08
24 86400 15 1.5E-05 - 2.4E-07 4.7E-05. 5.4E+02 -2.7E+00 1.6E-09
25 90000 12.2 12E05 | 19E-07 3.8E-05 5.8E+02 -2 9E+00 1.3E-09
26 93600 12.6 1 .3E;05 2.0E-07 4.0E-05 | 5 S8E+02 -2.9E+00 1.3E-09
27 97200 10.5 ) 1.1E-05 1.7E-07. 3.3E-05 6.1E+02 -3.1E+00 1.1E-09
28 100800 9.5 95E-06 | 1.5E-07 3.0E-05 6.3E+02 ~-3.2E+00 1.0E-09
29 104400 | 95 | 9.5E-06 1.5E-07 3.0E-05 6.3E+02 -3.2E+00 1.0E-09
30 108000 9.5 9.5E-06 1.5E-07 3.0E-05 6.3E+02 -3.2E+00 1.0E-09
43 172800 32 3.2E-06 5.0E-08 7 1.0E-05 8.5E+02 -4.3E+00 3.A4E-10
49 7 176400 | 3.1 3.1E-06 4.9E-08 9.8E-06 8.6E+02 -4 3E+00 3.2E-10
50 | 180000 3 3.0E-06 4.7E-08 9.4E-06 8.6E+02 -4 3E+00 3.1E-10

Table C.Sﬁ B Results from experiment 2.5
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EXPERIMENT 2.6

Variable: -  Strip concentration (H>SO4):  30%

t (he) t(se0) gem® molem® | mole(em®) | Ven(C/C) | mm(cicy | T molemsec
0 -0 231 23E-04 3.6E-06 7.3E-04 0.0E+00 0.0E+00 2.2E-08
1 3600 215 2.2E-04 3.4E-06 6.8E-04 14E+01 -7.2E-02 2.0E-08
2- 7200 190 | 19E-04 | 3.0E06 | GOE-04 | 39E+01 | -20E01 | 1.8E-08
3 . 10800 160.6 1.6E-04 2.5E-06 5.1E-04 7.3E+01 -3.6E-01 1.5E-08
4 14400 » 141 1.4E-04 .2.2E-06 4 4E-04 9.9E+01 -4.9E-01 1.3E-08

-5 18000 134 1.3EM 2.1E-06 42E-04 ‘ 1.1E+H02 -5.4E-01 1.3E-08
6 21600 1723.7 1.2E-04 1.9E-06 39E-04 | 1.2E+02 -6.2E-01 1.2E-08
24 | 86400 | 24 | 24E05 | 38E07 | 76E05 | 45Et02 | 23E+00 | 23B-09
25 90000 193 1.9E-05 3.0E-07 6.1E-05 5.0E+02 -2.5E+00 1.8E-09

- 26 93600 15 1.5E-05 2.4E-07 4.7E—05 5.5E+02 -2.7E+00 1.4E-09
27 '} 97200 132 1.3E-05 2.1E-07 42E-05 5.TE+02 -2.9E+00 7 1.3E-09
28 100800 12 1.2E-05 1.9E-07 3.8E-05 5.9E+02 -3.0E+00 1.1E-09
29 104400 10.4 1.0E-05 1.6E-07 3.3E-05 6.2E+02 -3.1E+00 9.9E-10
30 108000 9.1 9.1E-06 1 .4E-07 2.9E-05 6.5E+02 -3.2E+Q00 8.6E-10
48 | 172800 | 5 S.OE;06 7.9E-08 1.6E-05 7.7E+02 -3.8E+00 4.7E-10
49 | 176400 | 4.2 4 2E-06 6.6E-08 1.3E-05 8.0E+02 -4 OE+00 4.0E-10
750 180000 |- 3.3 3.3E-06 5.2E-08 1.0E-05 8.5E+02 -4.2E+00 3.1E-10

Table C.6:  Results from experiment 2.6
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pH values at different strip concentration (H,SOy)

t@r) | t(sec) 5% | 10% 15% 20% 25% 30%
0 0 358 3.19 324 | 290 3.28 335
1 3600 | 299 2.89 2.98 2.72 2.77 2.81
2 7200 283 | 275 2.81 2.61 263 2.59
3 10800 | 278 2.67 2.69 2.53 2.57 2.50
4 14400 2.72 2.62 2.66 2.33 2.44 241
5 18000 2.70 2.58 2.53 2.30 2.30 231
6 21600 2.67 -2.54 2.48 226 2.12 2.18
24 86400 242 238 235 1.95 1.88 1.91
25 90000 241 237 2.34 1.94 1.85 1.90
26 93600 237 2.36 2.33 1.93 1.87 1.88
27 97200 2.36 235 2.32 1.91 1.86 1.86
28 100800 236 2.34 2.29 1.89 1.85 186

- 29 104400 233 234 2.32 1.88 1.84 1.83
30 108000 234 233 231 1.89 1.83 1.82
43 172800 2.18 2.12 2.04 1.43 1.40 1.38

49 176400 219 | 213 2.04 142 141 138
50 180000 | 219 | 212 2.04 1.43 141 1.38

Table C.7:  Results from experiment 2.1 -2.6
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Figure C.1: Experimental courses of Cu (II) concentration in the feed reservoir. The
effect of strip concentration on permeability. The results of experiment 2.1 —
2.6 shows on the graph how the gradient can be obtained (S;) by plotting Vi
In(C/C,) vs TIME :
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The effect different extractant (CARRIER), LIX984C concentrations have on the permeation
of Copper (II) at the following experimental conditions.

- Experimental parameters:

Volume of aqueous feed phase: | , ~ 200cm’

Volume 6f a@wus strip phase: 200cm’
-Membrane length: ‘ o : : 18cm

Feed concentration (CuS0y): 200ppm

Strip concentration (HzSO04): C25%

Extractant concentration (Lix 984): 5% - 40%

Feed flow rate (CuSOx): ~° 20mlmin™ /0.333cm3.sec’
Stnp flow rate (H2S04): : 20ml.min" / 0.333cm3.sec’!

Time; - S - 50hours / 180 000sec
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EXPERIMENT 3.1

_ Varigble:  Reactant (carrier) concentration (LIX984): 5%

t (hr) t (sec) molem® | mole(en’) | VIIm(C/C) | Wm(cicy | I molem’ses
0| o 190 | 19E04 | 30BE06 | 60E04 | 00E+00 | 0.0E+00 | 1.7E-10
1 3600 | 168 | 17E04 | 26E06 | 53E04 | 25E+01 | -12E01 | 15E-10
2 | 7200 | 139 | 14604 | 22B06 | 44804 | 63B+01 | -3.1E01 | 13E-10
3 | 10800 | 125 | 13804 | 20806 | 39804 | 84E+o1 | 42801 | 1.1E-0
4 | 18400 | 11 | 1L1E04 | 17B06 | 35E04 | 11E+02 | -54E01 | 1.0E-10

5| 18000 | 93 | 93E-05 | 15B06 | 29604 | 14E+02 | -7.1E01 | 8.6E-1

6 | 21600 | 88 | 88E05 | 14E06 | 28E-04 | 15E+02 | -77E01 .| 8.IE-1
24 | 86400 | 28 | 28E05 | 44E07 | 88E-05 | 38E+02 | -19E+00 | 2.6E-11

25 | 0000 | 26 | 26805 | 41E-07 | 82B-05 | 40E+02 | -20E+00 | 24E-11
26 | 93600 | 25 | 25E05 | 39B07 | 79E05 | 41E02 | 208400 | 23E-11
27 | 97200 | 25 | 25E05 | 3SE07 | 79E05 | 4.1E+02 | -20E+00 | 23E-11
28 | 100800 | 24 | 24E05 | 38B-07 | 76E05 | 41E+02 | -2.1E+00 | 22E-11
29 | 104400 | 23 | 23B05 | 36B-07 | 72805 | 42E+02 | 2.1E+00 | 2.1E-1
30 | 108000 | 22 | 22E05 | 35E07 | 69E-05 | 43E+02 | 22E+00 | 2.0E-11
48 | 172800 | 16 | 16E05 | 2507 | 50E05 | 49E+02 | 25E+00 | 15E-11
40 | 176400 | 16 | 16E05 | 25607 | 50B-05 | 49E+02 | -2.58+00 | 1SE-11
50 | 180000 | 15 | 15E-05 | 24E07 | 47E-05 | S5.E+02 | -2.5B+00 | 14E-11

T

Table D.1:  Results from experiment 3.1
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EXPERIMENT 3.2

Variable: Réactant (carrier) concentration (LIX984): 10%

t@ t(sec) ‘molem® | mole () | vimccy | mocy | 3molemses
0 0 29E06 | 59E-04 | 0.0E+00 | O0.0E+00 | 19E-10
1 3600 160 | 1.6E04 | 25E-06 | 5.0E-04 | 3.1E+01 | -1.6E-01 | 17E-10
2 7200 146 | 1.5E-04 | 23E06 | 4.6E04 | S50E+01 | -2.5B-01 | 1.5E-10
'3 10800 130 | 13E-04 | 20E-06 | 4.1E04 | 73E+01 | -3.6E-01 | 1.3E-10
4 114400 114 | LIE04 | 18E06 | 3.6E04 | 99E+01 | -49E01 | 12E-10
5 18000 106 | 1.1E04 | 17E06 | 33E-04 | 1.1E+02 | -57E01 | 1.1E-10
6 21600 | 97 9.7E-05 | 1SE06 | 3.1E-04 | 13E+02 | -66E01 | 1.0E-10
24 | 86400 24 24E05 | 3.8E-07 | 7.6E-05 | 4.1E+02 | -2.1E+00 | 2.5E-11
25 90000 23 23605 | 3.6E-07 72E-05 | 42E+02 | -21E+00 | 24E-11
26 | 93600 22 22E-05 | 3.5E-07 | 69E-05 | 43E+02 | -2.1E+00 | 2.3E-11"
27 | 97200 | 21 21E05 | 33E07 | 6.6E-05 | 44E+02 | -22E+00 | 22E-11
28 100800 19 | 19E05 | 3.0E07 | 6.0E-05 | 4.6E+02 | -23E+00 | 2.0E-11
29 | 104400 | 19 19E05 |- 3.0E-07 | 6.0E-05 | 4.6E+02 | -23F+00 | 2.0E-11
30 108000 18 |- 18E05 | 28E07 | 57E-05 | 47E+02 | -23E+00 | 1.9E-11
48 172800 11 11E05 | 1.7E-07 | 3.5E-05 | 5.7E+02 | -2.8E+00 | 1.1E-11
49 | 176400 | 11 1.1E-05 1.7E-07 | 3.5E-05 | 5.7E+02 | -2.8E+00 | 1.1E-11
50 | 180000 | 11 ' |.11E05 | 17E07 | 3.5E-05 | 57E+02 | -28E+00 | LIE-1I

Tabfe D.Zf Results from experiment 3.2
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- EXPERIMENT 3.3

Variable: Reactant (carrier) concentration (LIX984):  15%

t(hr) t(sec) . gem? molLem? mole(em®) | VEm(C/C) | m(oicy | Jmolemsec
0 0 195 2.0E-04 3.1E-06’ 6.1E-04 0.0E+00 0.0E+00 2.4E-10
1 3600 143 1.4E-04 2.3E-06 4.5E-04 6.2E+01 -3.1E-01 1.8E-10
2- ' - 7200 123 1.2E-04 1.9E-06 3.9E-04 9.2E+01 -4.6E-01 1.5E-10
3 10800 106 1.1E-04 1.7E-06 3.3E-04 1.2E+02 -6.1E-01- 1.3E-10
4- 14400 - 97 9.7E-05 1.5E-06 3.1E-04 14E+02 -7.0E-01 1.2E-10

-5 18000 86 8.6E-05 1.4E-06 2.7E-04- 1 1.6E+02 -8.2E-01 1.1E-10
6 21600 75 7.5E-05 1.2E-06 24E-04 1.9E+02 96E-01 1§ 9.3E-11
24 86400 7 23 23E-05 3.6E-07 7.2E-05 4.3E+02 -2.1E+00 2.8E-11
25 90000 21 2.1E-05 3.3E-07 6.6E-05 4 5E+02 22E+00 2.6E-11
26 93600 20 2.0E-05 3.1E-07 6.3E-05 4.6E+02 -23Em0 2.5E-11
27 97200 19 " 1.9E-05 3.0E-07 6.0E-05 4. TE+02 2.3E+00 2.4E-11
28 100800 17 1.7E-05 2.7E-07" 5.4E-05 4 9E+02 -2.4E+00 2.1E-11
29 104400 17 1.7E-05 | 2.7E-07 5.4E-05 4 .9E+02 -2.4];3:?00 2.1E-11
30 108000 16 ‘ 1.6E-05 2.5E-07 5.0E-05 5.0E+02 -2.5E+00 2.0E-11
43 172800 "6 5.6E-06 8.8E-08 1.8E-05 7.1E+02 -3.6E+00 6.9E-12
49 176400 5 52E06 | 8.2E-08 1.6E-05 7.2E+02 -3.6E+00 6.4E-12
50 180000 5 5.1E-06 8.0E-08 1.6E-05 7.3E+02 , -3.6E+00 6.3E-12

Table D.3: Results from experiment 3.3
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EXPERIMENT 3.4

Variable: Reactant (carrier) concentration (LD(984): 20%

t(hr) t (sec) gem? molem® | mole(em® | Vim(C/C) | Wm(cicy | I molemses

0 0- 211 2.1E-04 3.3E-06 6.6E-04 0.0E+00 0.0E+00 3.0E-10

1 3600 174 1.7E-04 2.7E_—06 5.5E-04 3.9E+01 -1.9E-01 24E-10

2 7200 129 1.3E-04 | 2.0E-06 4.1E-04 9.8E+01 -4.9E-01 1.8E-10

3 10800 105 1.1E-04 1.7E-06 33E-04 1.4E+02 -7.0E-01 1.5E-10

4 - 14400 90 9.0E-05 1.4E-06 2.8E-04 1.7E+02 -8.5E-01 1.3E-10

-5 l 8000 78 7.8E-05 1.2E-06 | 2.5E-04 2.0E+02 -1.0E+00 1.1E-10

6 21600 69 6.9E-05 1.1E-06 2.2E-04 2.2E+02 -1.1E+00 | 9.7E-11

24 86400 22 2.2E-05 3.5E-07 6.9E-05 4.5E+02 -2.3E+00 3.1E-11

25 90000 21 2.1E-05 3.3E-07 6,.65-05 4.6E+02 -2.3E+00 2.9E-11

26 93600 19 1.9E05 3.0E-07 | 6.0E-05 4 8E+02 -2.4E+00 2.7E-11

27 97200 18 1.8E-05 2.8E-07 5.7E-05 4 9E+02 -2.5E+00 2.5E-11

28 100800 17 1.7E-05 2.7E-07 5.4E-05 5.0E+02 -2.5E+00 2.4E-11

29 104400 17 1.7E-05 2.6E-07 53E-05 5.1E+02 -2.5E+00 2.3E-11

30 108000 15 1.5E-05 2.4E-07 4.7E-05 5.3E+02 -2.6E+00 2.1E-11

48 | 172800 3 . 34E-06 5.4E-08 1.1E-05 8.3E+H02 -4.1E+00 4.8E-12

49 176400 3 3.2E-06 5.0E-08 1.0E-05 8.4E+02 -4.2E+00 4.5E-12

50 180000 3 3.0E-06 4.7E-08 9.4E-06 8.5E+02 _ -4.3E+00 4.2E-12

TableD.4: Results from experiment 3.4
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EXPERIMENT 3.5

Variable: Reactant (carrier) concentration (LIX984): 25%

tmr) | t(sed) - molem® mole(em® | Vim(C/C) | m(cicy | T melem’sec
O—A 0 3.4E-06 6.7E-04 0.0E+00 0.0E+00 2.8E-10
1. 3600 167 1.7E-04 2.6E-06 5.3E-04 5.0E+01 -2.5E-01 2.2E-10
2° 7200 137 1.4E-04 2.2E-06 4 3E-04 8.9E+01 ~4.5E-01 1.8E-10
3 10800 118 1.2E-04 1.9E-06 3.7E-04 1.2E+02 -6.0E-01 1.5E-10
4 14400 106 1.1E-04 1.7E-06 3.3E-04 1.4E+02 -71.0E-01 1.4E-10

-5 - 18000 99 - | 9.9E-05 1.6E-06 3.1E-04° ’ 1.5E+02 -71.7E-01 1.3E-10
6 21600 92 9.2E-05 1.4E-06 2.9E-04 1.7E+02 -8 4E-01 1.2E-10
24 - 86400 26 2.6E-05 4.iE-07 8.2E-05 4.2E+02 2.1E+00 |- 3.4E-11
25 90000 23 23E-05 3.6E-07 7.2_E—05 4.5E+02 -2.2E+00 3.0E-11
26 93600 21 2.1E-05 3.3E-07 6.6E-05 4.6E+02 -2.3E+00 2.7E-11
27 97200 19 | 19E-05 3.0E-07 6.0E-05 4.8E+02 -2.4E+00 2.5E-11
28 100800 19 1.9E-05 3.0E-07 6.0E-05 4.8E+02 -2.4E+00 2.5E-11

- 29 104400 19 - 1.9E-05 - 3.0E-07 6.0E-05 4.8E+02 -2.4E+00 2.5E-11
30 108000 18 1.8E-05 2.8E-07 5.7E-05 5.0E+02 -2.5E+00 23E-11
48 172800 4 4.4E-06 6.9E-08 1.4E-05 7.8E+02 -3.9E+00 5.7E-12.
49 - 176400 4 4.1E-06 6.5E-08 - 13E-05 T9E+02 -4.0E+00 53E-12
50 180000 4 4.0E-06 6.3E-08 1.3E-05 8.0E+02 -4.0E+00 5.2E-12

Table D.5:  Results from experiment 3.5
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EXPERIMENT 3.6
Variable: | Reactant (carrier) concém:raﬁon (LIX984): 40%
thr) | t(se) gem® molem® | mole(ew’) | Vim(@Cy | m(cicy | I molemses
0 0 205 | 21E-04 | 32E06 | 6.5E-04 | 0.0E+00 | 0.0E+00 | 12E-10
1 3600 196 | 20E-04 | 3.E-06 | 62E-04 | 9.0E+00 | -4.5E-02 | LIE10
2 | 7200 178 | 18E-04 | 28E-06 | 56E04 | 28E+01 | -14E-01 | 1.0E-10
3 10800 | 166 | 1.7E-04 | 2.6E-06 | 52E-04 | 42E+01 | -2.1E-01 | 9.6E-11
4 14400 160 | 16E-04 | 25E06 | S50E-04 | 50E+01 | 25601 | 9.2E-1
5 18000 152 | 15E-04 | 24E-06 | 48E-04 | 6.0E+01 | -3.0E-01 | 8.8E-1
6 21600 - i145 15E-04 ‘| 23E-06 | 4.6E-04 | 69E+01 | -3.5E-01 | 8.3E-11
24 | 86400 | 57 57E-05 | 9.0E-07 | 1.8E04 | 26E+02 | -13E+00 | 3.3E-11
25 90000 56 56805 | 8.8E-07 | 1.8E-04 | 26E+02 | -13E+00 | 3.2E-1
26 93600 57 57JE-05 | 9.0E-07 | 1.8E-04 | 2.6E+02 | -13E+00 | 3.3E-11
27 | 97200 55 | 55E05 | 8.7E-07 | 17E-04 | 2.6E+02 | -13E+00 | 32E-11
28 100800 | 54 | 54E-05 | 85E-07 | L7E-04 | 27EH02 | -13E+00 | 3.1E-1
29 | 104400 | 52 52E05 | 82E07 | 16E-04 27E+02 | -14E+00 | 3.0E-11
30 | 108000 | 52 52E05 | 8.1E-07 1.6E-04 | 2.8B+02 | -14E+00 | 3.0E-11
48 - | 172800 | 34 | 34E05 | 54E-07 | 1.1E-04 | 3.6E+02 | -1.8E+00 | 2.0E-11
49 | 176400 | 33 33E05 | 53E07 | 1.1E04 | 3.6E+02 | -18E+00 | 1.9E-11
50 180000 | 30 30E05 | 47E-07 | 94E-05 | 3.8E+02 | -19E+00 | 1.7E-11

TableD.6:  Results from experiment 3.6
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pH values at different reactant concentration (LIX984)

t@n) | tee) | 5% 10% 15% 20% | 25% 40%

0 o | 320 3.54 345 3.50 2.73 2.98

1 3600 280 | 3.8 3.06 3.12 251 2.53

2 7200 | 271 295 2.82 2.98 2.39 242

] 3 10800 | 2.67 2.34 2.60 2.88 231 | 242
1 4 14400 | 255 2.74 2.57 2.80 2.24 2.40
5 | 18000 | 249 267 242 2.60 2.28 2.36

6 | 21600 | 242 251 | 222 | 256 227 232

24 | 86400 | 211 2.03 1.90 1.89 1.98 2.12

25 90000 | 213 2.00 1.88 1.86 1.98 2.10

26 | 93600 | 210 1.98 1.87 1.86 1.96 2.06

27 | om00 | 209 1.96 1.85 1.84 1.94 2.02

28 | 100800 | 2.8 1.95 1.86 1.83 1.95 2.02

29 104400 | 207 | 193 | 191 182 | 193 1.98

30 | 108000 | 205 1.91 1.89 181 | 193 1.98

43 | 172800 | 1.87 1.84 1.77 1.71 1.69 1.89

49 176400 | 187 | 18 | 177 | 172 | 160 | 188

50 180000 | 185 | 184 | 177 171 | 168 1.89

Table D.7: Results from experiment 3.1 -3.6
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Figure D.1: Experimental courses of Cu (II) concentration in the feed reservoir. The
- effect of reactant concentration on permeability. The results of experiment
- 3.1 - 3.6 shows on the graph how the gradlent can be obtained (S,,) by plotting
V¢ In(C/Co) vs TIME -
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- The effect different feed and strip flow rates have on the permeation of Copper (II)

at the following expeﬁmental conditions.

Experimental parameters:

Volume of aqueous feed phase:  200cm’
Volume of aqﬁeoqs strip phasé: o 200cm’
 Membrane length: o  18em
Feed concentration (CuSOs): . 200ppm
 Strip concentration (H;SO4): o 25% :
7 Exﬁéctant concentration (Lix 984). - - 20% ,
Feed ‘ﬂow rate (CuSOs): ' «7 k 0.167c17n‘1'.sec'1 -0.833cm’sec”!
Strip flow rate (;80:: ~~ 0.167cm’.sec” - 0.833cm’ sec”

Time: | ~ 50hours/ 180 000scc
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EXPERIMENT 4.1

Variable:  Feed and Strip flow rates: 0.167cm’ sec’

0 0 | 224 22E-04 3.5E-06 TI1E-(04- 0.0E+00 0.0E+00 2.0E-10
1 3600 - 180 1.8E-04 2.8E-06 5.7E-04 4.4E+01 -2.2E-01 1.6E-10
2 - 7200 158 | 1.6E-04 ,72.5E-06 5.0E-04 7.0E+01 -3.5E-01 1.4E-10
3 - 10800 147 - 1.5E-04 2.3E-06 4.6E-04 8.4E+01 -4.2E—01 1.3E-10
4 . 14400 143 1.4E-04 2.3E-06 4.5E-04 9.0E+01 -4.5E-01 1.3E-10
5 18000 135 ‘1.4E-04 2.1E-06 4.2E-04 1.0E+02 -5.1E-01 1.2E-10
6 '7 21600 122 1.2E-04 1.9E-06 3.8E-04 | 1.2E+02 -6.1E-01 1.1E-10

24 86400 41 7 4.1E-05 6.5E-07 1.3E-04 3A4E+02 -1.7E+00 3.6E-11

25 90000 37 37E05 | 5.8EQ7 1.2E-04 3.6E+02 -1.8E+00 3.3E-11

26 - |. 93600 36 3.6E-05 5.7E-07 1.1E-04 3.7EH02 -1.8E+00 3.2E-11

27 - 97200 35 3.5E-05 5.5E-07 1.1E-04 3.7E+02 -1.9E+00 3.1E-11

28 100800 | 32 32E05 | 5.0E-07 1.0E-04 39EH2 -1.9E+00 2.8E-11

29 104400 32 | 32E05 5.0E-07 | 1.0E-04 | 3.9E+02 -I.9E+00 28E-11

30 108000 29 2.9E-05 4.6E-07 9.1E-05 4.1E+02 -2.0E+00 2.6E-11

- 48 172800 17 1.7E-05 2.7E-07 5.4E-05 5.2E+02 -2.6E+00 1.5E-11

49 | 176400 16 -1.6E-05 2.5E-07 5.0E-05 S3EH2 | -2.6E+00 14E-11

50 - 180000 10 1.0E-05 1.6E-07 3.1E-05 6.2E+02 | -3.1E+00 8.8E-12

Table El: Resﬁlts from experiment 4.1
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EXPERIMENT 4.2

Variable:  Feed and Strip flow rates:

0.250cm’.sec™

t (hr) t(sec) gem?® molem® - | mole (em’) | Viin(C/C) | Im(CIC) J molem*sec
0 0 215 22E-04 34E-06 6.8E-04 0.0E+00 0.0E+00 2.3E-10
1 3600 205 2.1E-04 3.2E-06 6.5E-04 9.5E+00 -4.8E-02 2.2E-10
2 7200 155 1.6E-04 2.4E-06 49E-04 6.5E+01 -3.3E-01 1.7E-10
3. 110800 145 1.5E-04 2.3E-06 4.6E-04 TIE+01 -3.9E-01 1.6E-10
4 14400 ) 135 1.4E-04 2.1E-06 4.2E-04 9.3E+01 -4.7E-01 1.5E-10

i 5 - . 18000 125 1.3E-04 2.0E-06 39E-04 | 1.1E+02 -5.4E-01 1.3E-10
6 21600 115 1.2E-04 1.8E-06 3.6E—04' 1.3E+02 -6.3E-01 1.2E-10
24 86400 36 - 3.6E05 5.7E-07 1.1E-04 3.6E+02 -1.8E+00 39E-11
25 90000 34 34E-05 | 54E-07 1.1E-04 3.7E+02 | --1.8E+00 3.7E-11
26 93600 32 32E0S 5.0E-07 - 1.0E-04 3.8E+02 -1.9E+00 3.5E-11
27 97200 28 - 2.8E-05 4 4E-07 8.8E-05 4.1E+02 -2.0E+00 - 3.0E-11
28 100800 27 2.7E05 4.2E-07 8.5E-05 4.1E+02 |- .Z'IE,H)O 2.9E-il
29 | 104400 27 2.7E-05 4.2E-07 8.5E-05 4.1E+02’ -2.1E+00 29E-11

~30 108000 24 24E-05 3.8E-07 7T.6E-05 | 4.4E+02 -2.2E+00 2.6E-11
48 172800 7 6.9E-06 'l.lE-07. 2.2E-05 6.9E+02 -3.4E+00 7.4E-12
49 176400 6 6.3E-06 9.9E-08 2.0E-05 7.1E+02 -3.5E+00 6.8E-12
50 180000 6 5.9E-06 9.3E-08 1.9E-05 72E+02 | -3.6E+00 6;4E-12

TableE2:  Results from experiment 4.2
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EXPERIMENT 4.3

Variable:  Feed and Strip flow rates:

0.333cm’.sec’!

£ (hr) t (sec) gem?® molem® | mole(em® | Vilncic) | mcicy | Fmelomisec
0 0 | 222 | 22E04 | 35B06 | 70E04 | 0.0B+00 | 0.0E+00 | 29E-10
1 {-3600 | 192 | 19804 | 30806 | 60E-04 | 298t01 | -15B-01 | 2.5E-10
2 7200 | 164 | 16E04 | 26E-06 | 52E-04 | 6.IE+01 | -30E-01 | 2.1E-10
3 .| 10800 | 132 | 13E-04 | 21E06 | 42E04 | 1.0E+02 | -52E01 | 17E-10
4 | 14400 | 123 | 12B04 | 19E06 | 39E04 | L2E+02 | -SSEO1 | 16E10
5 | 1800 | 113 | 11E04 | 18E06 | 36E04 | 14E+02 | -68E01 | 15E-10
6 21600 | 96 | 96B05 | L5E06 | 30E04 | L7E+02 | -84E01 ' 12E10
24 | 86400 | 29 | 29E05 | 46E07 | 9.E05 | 41E+02 | 208400 | 37EI
25 | 90000 | 26 | 26805 | 41E07 | 82E05 | 43E+02 | -2.1E+00 | 33E-11
26 | 93600 | 23 | 23E05 | 36E07 | 72805 | 45E+02 | -23E+00 | 3.0BE-1
27 | 97200 | 20 | 20E05 | 31E07 | 6205 | 48E+02 | -24E+00 | 25E-11
28 | 100800 | 16 | 16E05 | 25807 | s51E05 | sam02 | <26Es00 | 21E11
29 | 104400 | 16 | 16E05 | 25807 | 50E05 | s53Br02 | -26E+00 | 21E-11
30 | 108000 | 15 | 15E05 | 24E07 | 47805 | s4aE+02 | 27E+00 | 19E-11
48 | 172800 | 6 | 60E06 | 94E-08 | 19E-05 | 72E+02 | -3.6E+00 | 7.7E-12
49 | 176400 | 5 | 5006 | 79E08 | 16E05 | 7.6E+02 | -38E+00 | 64E-12
s0 | 180000 | 5 | 45E06 | 7.0E08 | 14E05 | 78E+02 | -39E+00 | S8E-12

Table E3: | i{esnlts from experiment 4.3
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EXPERIMENT 4.4

Variable: Feed and Strip flow rates:

0.500cm>.sec’!

t@o | t(sec) gem® | molem® | mole(enm®) | Viln(C/C) | mm(cicy | I molemses
0 0 \211 ‘ 2.1E-04 3.3E-06 6.6E-04 O.QE+00 0.0E+OQ 2.9E-10
1 3600 | 189 | 19E04 | 30E06 | 59E04 | 22B+01 | -LIEOL | 26E-10
' 2 7200 161 1.6E-04 2.5E-06 5.1E04 5.4E+01 -2.7E-01 2.2E-10
3 10800 7 130 1.3E-O4 2.0E-06 4.1E-04 9.7E+01 -4.8E-01 1.8E-10
. 4 14400 120 | 12E-04 1.9E-06 3.8E-04 1.1E+02 -5.6E-01 L7E-10
5 18000 114 1.1IE04 - 1.8E-06 3.6E-04 12E+02 |. -6.2E-01 -1.6E-10
6 21600 92 92E-05 | 1.4E-06 2.9E-04 , 1.7E+02 -8.3E-01 1.3E-10
24 86400 22 22E05 | 3.5E07 76.9E-05 4 5E+02 23E+00 3.0E-11
25 .- 90000 21 2.1E-05 * 3.3E-07 6.6E-05 4.6E+02 -2.3E+00 2.9E-11
26 93600 20 2.0E-05 3.1E-07 | 6.2E-05 4.7TE+02 -2.4E+00 2.7E-11
27 97200 . 18 7 1.8}3-05' 2.8E-07 5.6E-05 4 9E+02 25E+00 2.5E-11
‘28 100800 15 1.5E-05 2.4E-07 4.7E-05 53E+02 -2.6Ef00 2.1E-11
29 104400 14 1.4E-05 2.2E-07 4 3E-05 5.5E+02 , -2.7E+00 1.9E-11
36 108000 12 1.2E-05 1.9E-07 3.8E-05 5.TE+02 -2.9E+00 1.7E-11
48 172800 4 4.2E-06 | 6.6E-08 . 1.3E-05 7.8E+02 -3.9E+00 5.8E-12
, 49 | 176400 4 4.0E-06 6.3E-08 13E-05 7.9E+02 -4.0E+00 5.5E-12
-50 180000 , 4 73.8E-V06 6.0E-08 1.2E-05 8.0E+02 4. 0E+00 | 5.2E-12

Table E4 ' Ré.sults frbm experiment 4.4
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EXPERIMENT 4.5

Variable: ~ Feed and Strip flow rates:

0.667cm’.sec™

t (hr) t (sec) molem® | moleem®) | Viln(C/C) | m(cicy | I melem’sec
0 . 0 - 218 2.2E-04 3.4E-06 - 6.9E-04 0.0E+00 0.0E+00 3.5E-10
1 3600 180 1.8E-04 | 2.8E-06 S5.7E-04 3.8E+01 -19E-01 2.9E-10
2 7200 - 156° 1.6E-04 2.5E-06 4.9E-04 6.7E+01 -3.3E-01 2.5E-10
3 - 10800 124 1.2E-04 | 2.0E-06 39E-04 | 1.1E+02. | -5.6E-01 2.0E-10
4 14400 101 - 1.0E-04 1.6E-06 3.2E-04 1.5E+02 -71.7E-01 1.6E-10

) 5 18000 81 8.1E-05 1.3E-06 25E-04 | 20E+02 | -99E-01 71.3E—10
6 21600 68 6.8E-05 1.1E-06 Z'IE;O4l 23E+02 -1.2E+00 1.1E-10
24 86400 16 1.6E-05 2.5E-07 5.0E-05 5.2E+02 -2.6E+00 | 2.6E-11
25 90000 15 1.5E-05 2.4E-07 4.7E-05 | S54E+02 -2.7TE+00 24E-11
26 - 93600 14 1.4E-05 2.2E-07 4.4E-05 5.5E+02 -2.7E+00 2.2E-11
27 97200 - 13 13E-05 | 2.1E-07 4.2E-05 5.6E+02 -2.8E+00 2.1E-11

.28 100800 12 1.2E-05 1.9E-07 3.8E-05 5.8E+02 2.9E+00 1.9E-11
29 | 104400 10, | 1.0E-05 | 1.6E-07 3.1E-05 6.2E+02 ‘ -3.1E+00 1.6E-11
30 | 108000 | 8 | 80E06 | 13E07 | 25E05 | 66E+02 | -33E+00 | 13E-1
48 | 172800 3 3.4E-06 54E-08 | 1.1E-05 | 83E+02 | 42E+00 | 54E-12
49 | 176400 3 3.1E06. | 4.9E-08 | 9.8E-06 8.5E+02 | -43E+H00 5.0E-12
50 " { 180000 3 3.0E-06 | 4.7E-08 9.4E-06 8.6E+02 | -4.3E+00 44.8E-12'

Table E'.SV: Results ﬁ'om experiment 4.5
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EXPERIMENT 4.6
Variable: ~ Feed and Strip flow rateé: © 0.833cm’.sec’
t(ho) t (sec). e gem® molem® | mole(ew’) | Viln(CIC) | In(C/CY J molemsec”
0 0 | 225 | 23804 | 35806 | 7.1E04 | 0.0E00 | O00E+00 | 3.6E-10
1 3600 | 200 | 20E04 | 3.1E-06 | 63E-04 | 24E+01 | -12E01 | 32E-10
2 7200 160 | 16E04 | 25E-06 | S50E04 | 68E+01 | -34E01 | 25E-10
3. | 10800 | 126 | 13E-04 | 20E-06 | 40E04 | 12E+02 | -58E01 | 2.0E-10
4 14400 *| 105 | 1IE04 | 17E06 | 33E-04 | L5SE+02 | -T6E01 | L7E-10
5 18000 | 92 | 92E05 | 14E06 | 29E-04 | 18E+02 | -89E-01 | 1.5E-10
6 21600 | 72 | 72E05 | LIE-06 | 23E04 | 23E+02 | -LIE+00 | LIE-10
24 86400 17 | 17805 | 27E-07 | 54E05 | 52E+02 | -26E+00 | 27E-11
25 | 90000 | 15 | 1SE0S | 24B-07 | 48E05 | 54E+02 | 27E+00 | 24E-11
26 93600 15 | 15B05 | 23E-07 | 46E05 | 55E+02 | 2.7E+00 | 23E-11
27 97200 14 | 14E05 | 22E07 | 43E05 | 56E+02 | -2.8E+00 | 22E-11
28 100800 13 | 13E05 | 20E-07 | 4.1E05 | 5.7E+02 -29E+00 | 2.1E-11
20 | 104400 | 11 '"1.1"54’)5” 1.7E07 | 3.5E05 | 6.0E+02 | -3.0E+00 | L7E-11
30 | 108000 | 9 90E-06 | 1.4E-07 | 28E05 | 64E+02 | -32E+00 | 1.4E-11
48 | 17280 | 4 | 35E06 | SSE08 | 11E05 | 83E+02 | 42E00 | 55E-12
49 176400 | 3 | 3.1E06 | 49E-08 | 9.8E-06 | 8.6E+02 | -43E+00 | 4.9E-12
so | 180000 | 3 | 30806 | 47E-08 | 94E-06 | 86E+02 | 43Ew0 | 48E-12

Table E,G:' 7 Résults from experiment 4.6
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pH values at different feed flow rates

TIME | TIME | 0.167 025 0333 05 0.667 0.833
(hrs) (sec) cm’.sec? | em’sec? | cmlsec”? | emPsec? | em’sec? | emdsec?!

0 0 341 3.44 3.42 3.45 3.10 3.36

1 3600 305 | 3.08 3.02 2.98 2.63 2.84

2 7200 2.76 2.89 2.81 283 2.51 2.71

'3 10800 272 | 281 2.58 2.73 2.39 2.52

4 14400 2.65 2.76 2.45 2.63 228 | 232

. 5 18000 2.63 271 2.42 2.52 2.10 222
6 21600 | 2.51 264 229 | 242 2.01 2.18

24 86400 | 243 233 2.16 2.17 1.91 1.95

25 90000 | 242 233 2.15 2.16 1.92 1.94

26 93600 243 231 2.14 215 | 191 1.92

27 97200 2.41 229 2.15 2.16 1.90 1.89

28 | 100800 | 241 | 228 2.14 2.15 1.90 1.90

29 | 104400 | 242 | 227 213 2.15 1.89 191

30 | 108000 | 239 | 228 2.13 2.14 1.88 1.90

48 172800 | 1.74 182 | 193 186 | 1.82 1.78

49 . | 176400 | 174 1.81 192 | 18 | 183 1.78

50 - | 180000 | 1.74 1.82 193 1.86 1.81 1.78

Table E.7:  Results from éxperiment 4.1 -4.6
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Figure E.1: Experimental courses of Cu (II) concentration in the feed reservoir. The
- effect of feed flow rates on permeability. The results of experiment 4.1 - 4.6
* shows on the graph how the gradient can be obtained (S;) by plotting V¢
In(C/Cy) vs TIME
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AQUEOUS FEED CONCEN TRATIONS (CuSO4) at
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* The effect different aqueous feed (CilSO4) concentrations have on the permeation of Copper
(ID) at the following éxperimental conditions.

Experimental parameters:

Volume of aqueous feed phase: - 200cm’

Volume of aquéous strip phase: 200(:11713

Membrane length: i , ~ 19cm

Feed concentration (CuS0y): P 100ppm — 400ppm

Strip concentration (H,S0,): 7' 25% '
Extractant concentration (Lix 984): 20%

Feed flow rate (CuSOs): © 20mLmin/ 033cm’sec™
Strip flow rate (FpSOs):  20mlmin/ 0.33cm’sec

Time: ~~ 50hours/ 180 000sec
pH: 2 '
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EXPERIMENT 5.1

Variable: Feed concentration (CuSO4): 100 ppm,

: t(r) t(sec) gom® “molem? | mole(em®) | Vil (C/C) | m(C/C) J““’"}"Js""
0 -0 92 ) 9.2E-05 1.4E-06 29E-04 0.0E+00° 0.0E+00 1.8E-10
: 17' 3600 . 78 7.8E-05 1.2E-06 2.5E-04 33E+01 | -1.7E-01 1.5E-10
2 7200 74 74E-05 1.2E-06 2.3E-04 4 4E+01 -2.2E-01‘ 1.5E-10
3 - 10800 60 6.0E-QS 9.4E-07 1.9E-04 8.5E+01 -4.3E-01 1.2E-10
44 14400, 57 S.7E-05 | 9.0E-07 1.8E-04 | 9.6E+01 -4 8E-01 1.1E-10
-5 18000 44 4 4E-05 6.9E-07 14E-04 | 1.5E+02 -1.4E-01- ) 8.7E-11
6 - |- 21600 34 3.4E-05 7 5.4E-07 1.1E-04. 2.0E+02 -1.0E+00 6.7E-11
24 86400 4 43E-06 | 6.8E-08 ° 1.4E-05 6.1E+02 -3.1E+00 8.5E-12
'257 90000 | 4 3.8Ef06 6.0E-08 1.21?—05 6.4E+02 -3.2E+00 7.5]3.—12
26 93600 | 3 | 34E-06 5.4E-O8 1.1E-05 6.6E+02 -33E+00 | * 6.7E-12
27 972(7)07 3 ) 773.4E-06 54E-08 1.1E-05 6.6E+02 -33E+00 6.7E-12

- 28 100809 3 2.9]3-06 74.6E-08 9.1E-06 6.9E+02 | -3.5E+00 5.7E-12
29 | 10400 | 3 | 26606 | 4.1E08 | 82E06 | 7.1E+02 | 3.6E+00 | SIE12
" 30 108000 1 1.3E-06 2.0E-08 4.1E-06 | 8.5E+02 -4.3E+bO 2.6E-12
48 | 172800 1 1.3E-06 2.0E-08 '| 4.1E-06 8.5E+02 -43E+00 | 2.6E-12
49 176400 1 ’ '1.3E-0§ " 2.0E-08 | 4.1E-06 8.5E+02 43E+00 | 26E-12
Sb 180000 1- ‘1.3E-06 |- 2.0}':".-08 4.1E-06 8.5E+02 -4.3E+00 2.6E-12

TableF.1:  Results from experiment 5.1
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EXPERIMENT 5.2

Varable: Feed concentration (CuSQ;): 150 ppm,

to) | tsed gem? molem® | mole(em | Vem(C/C) | mqcicy | 3 molemses
0 0 | 148 | 15E-04 | 23E06 | 47E-04 | 00E+00 | 0.0E+00 | 29E-10
1 3600 126 | 13E-04 | 20E-06 | 4.0E-04 | 32E+01 | -1.6E01 | 24E-10
2- 7200 | 114 | LIE04 | 18E06 | 3.6E-04 | 52E+01 | -26E-01 | 22E-10
3 10800 98 | 98E-05 | 15E06 | 3.1E-04 | 82E+01 | 4.1E-01 | 19E-10
4 14400 | 88 | 88E0S | 14E06 | 28E-04 | 10E+02 | -52E01 | 17E-10
5 18000 | 72 | 72E05 | 11E06 | 23E-04 - 14E+02 | 72E-01 | 14E-10
6 | 21600 68 | 68805 | 1.1E06 | 21E04 | 16E+02 | -7.8E01 | 13E-10
24 | 86400 | 6 62E-06 | 9.8E-08 | 20E-05 | 63E+02 | 32E+00 | 12E-1
25 | 90000 | 6 | 59E06 | 93E-08 | 19E05 | 64E+02 | -3.2E+00 | LIE-
26 93600 | S | 54E06 | 8.SE-08 | 1.7E05 | 66E+02 | -3.3E+00 | 1.0E-11
27 97200 5 | 52E06 | 82E-08 | 1.6E-05 | 67E+02 | -3.3E+00 | 1.0E-11
28 | 100800 5 | 48B-06 | 7.6E08 | 1.5E-05 | 69E+02 | -34E+00 | 93E-12
29 | 104400 | 4 | 43E06 | 63E-08 | 14E05 | 7AEH2 | 35EH00 | 84E-12
30 | 108000 4 | 39806 | 61E08 | 12E05 | 73Ex2 | -36E+00 | 7.6E-12
48 | 172800 2 | 20E06 | 3.1E08 | 63E-06 | 86E+02 | -43E+00 | 3.9E-12
49 | 176400 2 | 19E06 | 30E-08 | 6.0E06 | B7EH02 | 44E+00 | 37E12
50 | 180000 | 2 | 20E06 | 3.E-08 | 63E06 | 8.6E+02 | -43E+00 | 3.9E-12

TableF2: = Results from experiment 5.2




157

EXPERIMENT 5.3

Variable:r Feed concentration (CuS0Os4): 200 ppm,

t(hr) t (sec) molem® | mole(em’) | Ven(CiC) | mecicy | I molemses
0 -0 - 180 1.8E-04 2.8E-06 5.7E-04 0.0E+00 0.0E+00 3.2E-10
1 3600 © 150 1.5E-04 2.4E-06 4.7E-04 3.6E+01 -1.8E-01 2.7E-10
2 7200 13Q 1.3E-04 2.0E-06 4.1E-04 6.5E+01 -3.3E-01 2.3E-10
3 | 10800 120 1.2E-04 1.9E-06 3.8E-04 8.1E+01 -4.1E-01 2.1E-10
4 14400 112 | 1.1E-04 1.8E-06 3.5E-04 9.5E+01 -4.7E-01 "2.0E-10
-5 18000 101 1.0E-04 1.6E-06 3.2E-04 ‘ 1.2E+02 -5.8E-01 1.8E-10
6 21 600 86 8.6E-05 1.4E-06 2.7E-04 1.5E+02 -74E-01 | 1.5E-10
224 36400 9 8.9E-06 | 1.4E-07 2.8E-05 ' 6.0E+02 -3.0E+00 1.6E-11
25 90000 9 8.7E-06 | 14E-07 - 2.7TE-05 6.1E+02 -3.0E+00 1.5E-11
26 93600 8 8.3E-06 1.3E-07 2.6E-05 6.2E+02 -3.1E+00 1.5E-11
- 27 " 97200 8 8.2E-06 1.3E-07 2.6E-05 6.2E+02 -3.1E+00 14E-11
28 100800 -8 8.1E-06 1.3E-07 2.5E-05 6.2E+02 -3.1E+00 1.4E-11
29 104400 7 8 - 8.0E-06 1.3E-07 2.5E-05 6.2E+02 -3.1E+00 1.4E-11
30 108000 T 7.4E-06 1.2E-07 23E-05 6.4E+02 3.2E+00 1.3E-11
48 172800 4 3.9E-06 6.1E-08 1.2E-05 71.7E+02 -3.8E+00 6.9E-12
49 176400 3 3.3E-06 5.2E-08 1.0E-05 8.0E+02 4.0E+00 1 58E-12
50 180000 3 3.4E-06 5.4E-08 1.1E-05 T9E+H02 -4.0E+00 G.OE-I 2

Table F.3 7 Results from experiment 53
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EXPERIMENT 5.4

Variable: Feed concentration (CuSOy): 250 ppm,
tan) | teed gem® molem?® | mole(em® | Vein(C/C) | m(Cicy | 3molmses
0 0 220 22E-04 3.5E-06 6.9E-04 0.0E+00 0.0E+00 3.7E-10
1 3600 180 1.8E-04 2.8E-06 5.7E-04 4.0E+01 -2.0E-01 3.0E-10
2° 7200 7 160‘ 1.6E-04 2.5E-06 5.0E-04 6.4E+01 -3.2E-01 2.7E-10
3 10800 130 1.3E-04 2.0E-06 4.1E-04 1.1E+H02 -5'3E_0,l 2.2E-10
4 < 14400 118 1.2E-04 1.9E-06 3.7E04 1.2E+02 -6.2E-01 2.0E-10
-5 18000 107 | 1.1E-04 1.7E-06 3.4E-04 ] 1.4E+02 -71.2E-01 1.8E-10
6 i 721600 . 98 9.8E-05 1.5E-06 3.1E-04 1.6E+02 -8.1E-01 | 1.6E-10
24 4 86400 11 1.1E-05 1.8E-07 3.6E-05 ' 5 .9E+02 -3.0E+H00 1.9E-11
25 90000 11 1.1E-05 1.7E-07 3.5E-05 6.0E+02 -3.0E+00 1.9E-11
26 93600 10 1.0E-05 1.6E-07 3.1E-05 6.2E+02 -3.1E+00 1.7E-11
27 97200 10 9.8E-06 1.5E-07 3.1E-05 6.2E+02 -3.1E+00 1.6E-11
28 100800 .9 9.0E-06 1.4E-07 2.8E-05 64E+02 -3.2E+00 1.5E-11
’7 29 104400 9 8.6E-06 1.4E-07 7 2.7E-05 6.5E+02 -32E+00 14E-11
30 108000 8 8.0E-06 1.3E-07 2.5E-05 6.6E+02 -33E+00 1.3E-11
48 172800 5 5.4E-06 8.5E-08 1.7E-05 7.4E+02 -3.7E+00 9.0E-12
49 - 176400 -5 5.3E-06 8.3E-08 1.7E-05 1.5E+02 -3.7E+00 8.9E-12
50 180000 - 5 5.1E-06 8.0E-08 1.6E-05 7.5E+02 -3.8E+00 8.5E-12

TableF.4:  Results from experiment 5.4
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EXPERIMENT 5.5

Variable: Feed concentration (CuS0Oy4): 300 ppm,

ta) | t(seo) gem® molem® | mole(em®) | Vyn(CIC) | m(cicy | Ymolemses
0 0 280 ' 2.8E-04 4 4E-06 8.8E-04 0.0E+00 0.0E+00 39E-10
-1 3600 240 - | 24E-04 3.8E-06 7.6E-04 3.1E+01 -1.5E-01 34E-10
2- 7200 . 209’ ‘ 2.1E-04 3.3E-06 6.6E-04 58E+01 -29E-01 29E-10
3 10800 179 1.8E-04 28E-06 | S5.6E-04 8.9E+01 -4.5E-01 2.5E-10
4 "~ 14400 153 1.5E-04 24E-06 4.8E-04 1.2E+02 -6.0E-01 2.2E-10
5 18000 135 14E-04 2.1E-06 | 4.2E-04 ‘ 1.5E+H02 -7.3E-01 1.9E-10
6 721600 113 1.1E-04 1.8E-06 3.6E-04 1.8E+02 9.1E-01 | 1.6E-10
24 86400 26 2.6E-05 4.1E-07 8.2E-05 4 4.8E+H02 -24E+00 3.7E-11
25 90000 24 2.4E-05 3.8E-07 7.6E-05 4.9E+H)2 -2.5E+00 34E-11
26 93600 23 2.3E-05 3.7E-07 7T.4E-05 5.0E+02 -2.5E+00 3.3E-11
- 27 97200 22 2.2E-05 3.5E-07 6.9E-05 5.1E+02 -2.5E+00 3.1E-11
28 100800 21 2.1E-05 3.3E-07 6.6E-05 5.2E+02 -2.6E+00 3.0E-11
20 | 104400 | 20 | 20E05 | 31B07 | 63E-05 | 53E+02 | -26E+00 | 28E-11

30 108000 20 2.0E-05 3.1E-07 6.1E-05 5.3E+02 -2.7E+00 2.7E-11
48 172800 7t 7.11‘3-06 ’ 1.1E-07 2.2E-05 “73E+02 | -3.7E+00 lfOE-ll
49 . 176406 7 ~ 6.8E-06 1.1E-07- |- 2.1E-05 - 7.4E402 -3.7E+00 9.6E-12
50 180000 7 6.5E-06 1.0E-07 2.0E-05 7.5E+02 -3.8E+00 9.1E-12

Table F.5:  Results from eXperiment 55
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VI LN(C/Co) vs TIME @ [Cu] t=0
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Figure F.1: Experimental courses of Cu (II) concentration in the feed reservoir. The
effect of constant pH on the permeability. The results of experiment 5.1 - 5.5
shows on the graph how the gradient can be obtained (S;) by plotting V;
In(C/C,) vs TIME
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- APPENDIX G

DATA
FROM
BATCH

EXPER[MENTS

| AQUEOUS FEED CONCENTRATION (CuSO4) at
, | various feed pH
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The effect different pH values have on the permeation of Copper (II) at the followmg

expenmental conditions.

Experimental parameters:

Volume of aqueous feed phase: 200cm’
-Volume of aqueous strip phase: ~ 200cm’
Membrane length: 19cm
‘Feed concentration (CuSO,): :  100ppm
Strip concentration (E>SO4): 25%
Extractant conceﬁﬁ'aﬁon (Lix 984): 20%
Feed flow rate (CuSOs): © 20mlmin/ 0.33cm’.sec’
Strip flow rate (HzSO4):' : " 20ml.min™ / 0.33cm’ sec’!
Time: -~ N , - 50hours /180 000sec

pPH ‘ | 1,15,2
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EXPERIMENT 6.1
~ Variable: | rpH’: 1

t(hr) t(se0) gem® molem® | mole(em’) | Velm(C/C) | m(cicy | Jmolemsec

O 0 200 2.0E-04 3.1E-06 6.3E-04 0.0E+00 0.0E+00 8.3E-11

i - 3600 130 1.8E-04 2.8E-06 5.7E-04 2.1E+01 -1.1E-01 7.5E-11

2" 7200 170 1 7E-04 2.7E-06 ‘5.4E-04 3.3E+01 -1.6E-01 7.1E-11

-3 10800 160 1.6E-04 2.5E-06 5 .0E—Q4 4.5E+01 -2.2E-01 6.6E-11

4 14400 150 , 1.5E-04 2.4E—06 4.7TE-04 5.8E+01 -2.9E-01 6.2E-11

5 18000 135 14E-04 2.1E-06 42E-04 h 7.9E+01 -3.9E-01 5.6E-11

6 21600 127 13E-04 2.0E-06 4.0E-04 9.1E+01 -4.5E-01 5.3E-11

24 86400 98 9.8E-05 1.5E-06 3.1E-04 14E+02 -7.1E-01 4.1E-11

25 - 90000 96 -9.6E-05 1.5E-06 3.0E-O4 1.5E+02 -713E-01 4.0E-11

26 93600 93 9.3E-05 1.5E-06 2.9E-04 1.5E+02 -71.7E-01 3.9E-11

27 97200 90 9.0E-05 1.4E-06 2.8E-04 1.6E+02 -8.0E-01 3.7E-11

28 100800 86 8.6E-05 1.4E-06 2.7E-04 1.7E+02 -8 4E-01 3.6E-11

29 104400 |- 81 8.1E-05 1.3E-06 2.5E-04 1.8E+02 -9.0E-01 | 3.4E-11

30 - 1080007 79 7.9E-05 1.2E-06 2.5E-04 19E+02 | -93E-01 3.3E-11

48 172800 45 . 4.5E-05 1.1E-07 1.4E-04 3.0E+02 -1.5E+00 | ,1.9E-11

- 49 176400 44 4 4E-05 6.9E-07 1.4E-04 3:0E+02 -1 SE+00 1.8E-11

50 180000 43 4.3E-05 6.8E-07 1.4E-04 3.1E+02 | -1.5E+00 1.8E-11

Table G1:  Results froin experiment 6.1
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EXPERIMENT 6.2
Vairiable:: pH:15
t (hr) t(sec) . gem® mol.cm’ mole(em’) | Vem(C/C) | mm(cicy | T melemses
0 0 | 202 | 20E04 | 32E06 | 64E04 | 0.0E+00 | 0.0E+00 | .1.4E-10
1 3600 170 | 17E-04 | 27E-06 | S54E-04 | 34E+01 | -17E01 | LI1E-10
27| 7200 | 10 | 15E04 | 24E06 | 47B04 | 60E+01 | 30E01 | 10E-10
3 | 10800 130 | 13E04 | 20E-06 | 4.1E-04 | 88E+01 | 44E01 | 87E-11
, 4 | 14400 18 | 12E04 | 19E-06 | 37E04 | LIE+02 | -54E01 | 79E-11
5 18000 | 12 | 11E04 | 18E06 | 35E04 12E402 | S9E01 | 75E-1
6 | 21600 103 | 10E-04 | 16E06 | 32E04 | 13E+02 | -67EO1 | 69E-11
24 | 86400 | 56 | 56E0S | 88E-07 18E-04 | 26E+02 | -13E+00 | 3.8E-11
25 | 90000 | s2 52E05 | 82E-07 | 16E04 | 27E+02 | -1AE+00 | 3.5E-11
26 | 93600 50 50E05 | 79E07 | 16E-04 | 28E+02 | -14E+00 | 3.4E-11
27 97200 4 | 49E05 | 7.7B-07 | 15E-04 | 28E+02 | -14E+00 | 33E-11
28 | 100800 | 47 47E05 | 74E07 | 1.5E-04 | 29E+02 | -1.5E+00 | 32E-11
29 104400 | 46 46E05 | 72E-07 | 14E04 | 30E+02 | -1.5E+00 | 3.1E-11
30 | 108000 | 44 44E05 | 69E-07 | 14E-04 | 3.0E+02 | -15E+00 | 3.0E-11
48 | 172800 | 28 | 28E-05 45E-07 | 89E0S | 39B+02 | -20E+00 | 19E-11
49 | 176400 | 28 28E05 | 44E-07 | B8.8E-05 | 39E+02 | -2.0E+00 | 19E-11
50 | 180000 | 28 | 28E-05 | 44E-07 | 8.7E-05 | 40E+02 | -2.0E+00 | 19E-11

Table G.2§ - Results from experiment 6.2
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EXPERIMENT 6.3
Variable:  pH:2
t(hr) ' t(se0) gem? moLem™® mole(em) | Velm(C/C) | m(oicy | I melemses
0 0 185 1.9E-04 2.9E-06 5.8E-04 0.0E+00 0.0E+00 3.0E-10
1 . 3600 - 150 1.5E-04 24E-06 4.7E-04 4.2FE+01 -2.1E-01 2.4E-10
2- 7200 130 1.3E-04 2.0E-06 4.1E-04 7.1E+01 -3.5E-01 2.1E-10
3 10800 IZQ 1.2E-04 1.9E-06 3.8E-04 8.7E+01 -4.3E-01 2.0E-10
4 14400 112 1.1E-04 1.8E-06 .3.5E-04 1.0E+02 | -5.0E-01 1.8E-10
5 18000 98 9.8E-05 1.5E-06 3.1E-04 7 1.3E+02 -6.4E-01 1.6E-10
6 21600 82 8.2E-05 1 .3E-06 2.6E-04 1.6E+02 -8.1E-01 4 1.3E-10
: 24 86400 9 9.2E-06 1;4E-07 2.9E-05 6;0E+02 -3.0E+00 1.5E-11
25 90000 9. 8.7E-06 1.4E-07 2.7E—05 6.1E+02 -3.1E+00 1.4E-11
- 26 93600 8 8.3E-06 1.3E-07 2.6E-05 6.2E+02 -3.1E+00 1.4E-11
27 97200 8 8.2E-06 1.3E-07 2.6E-05 6.2E+02 -3.1E+00 1.3E-11
28 100800 8 7.9E-06 1.2E-07 25E05 | 6.3E+02 -3.2E+00 1.3E-11
29 104400 7 7.3E-06 1.1E-07 23E-05 6.5E+02 -3.2E+00 1.2E-11
30 108000 7 7.0E-06 1.1E-07 2.2E-05 6.5E+02 -33E+00 1.1E-11
" 48 172300 4 3.7E-06 5.8E-08 1.2E-05 7.8E+02 -3.9E+00 6.0E-12
49 176400 3 3.2E-06 5.0E-08 1.0E-05 8.1E+02 -4 1E+00 5.2E-12
50 180000 - 3 3.4E—66 5.4E-08 1.1E-05 8.0E+02 | -4.0E+00 5.5E-12

Table G3: Results from experiment 6.3




166

EXPERIMENT 6.4

Variable: : pH:25
t (br) t (sec) moLem? mole(em’) | Vem(C/Cy | moicy | Imolemises
0 -0 190 1.9E-04 '3.0E-06 6.0E-04 0.0E+00 0.0E+00 4.2E-10
1 3600 140 | 1.4E-04 2.2E-06 4 4E-04 6.1E+01 -3.1E-01 3.1E-10
2- 7200 126 1.3E-04 2.0E-06 ‘ 4.0E-04 8.2E+01 -4.1E-01 2.8E-10
3 10800 112 I.iE—04 1.8E-06 3.5E-04 1.1E+02 -5.3E-01 2.5E-10
4 14400 94 7 9.4E-05 1.5E-06 3.0E-04 1.4E+02 -7.0E-01 2.1E-10
-8 18000 83 8.3E-05 1.3E-06 | 2.6E-04 | 1.7E+02 -8.3E-01 1.8E-10
V 6 21600 T4 7.4E-05 l.iE—Oﬁr 1 23E-04 1.9E+02 -94E-01 1.6E-10
24 86400 10 1.0E-05 1.6E-07 3.1E-05 5.9E+02 -2.9E+00 2.2E-11
25 90000 10 95E06 | 1.58-07 3.03—05 6.0E+02 -3.0E+00 2.1E-11
26 93600 8 8.0E-06 1.3E-07 2.5E-05 6.3E+02 ~3.2E+00 1.8E-11
‘ 27 97200 - 8 7.6E-06 1.2E-07 24E-05 6.4E+02 -3.2E+00 1.7E-11
28 100800 6 6.2E-06 9.8E-08 2.0E-05 6.8E+(02 -3.4E+00 1.4E-11
29 104400 6 6.0E-06 9.4E-078 1.9E-05 6.9E+(02 -3.5E+00 1.3E-11
30 108000 4 4.4E-06 6.9E-08 -1.4E-05 7.5E+02 -3.8E+00 9.7E-12
48 - 172800 1 8;05-07 1.3E-08 2.5E-06 1.1E+03 -5.5E+00 1.8E-12
:49 176400 | 1 8.0E-07 1.3E-08 - 2.5E-06 1.1IEH03 | -5.5E+00 1.8E-12
50 180000 ‘ I 7.8E-07 1;2E-08 2.5E-06 1.1E+03 7 -5.5E+00 1.7E-12

Table G4: Results from experiment 6.4
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VILN(C/Co) vs TIME @ [Cu] t=0 Const. pH
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Figure G.1: Experimental courses of Cu (II) concentration in the feed reservoir. The
: effect of varying pH on the permeability. The results of experiment 6.1 - 3.4
shows on the graph how the gradient can be obtained (S,,) by plottmg Vi
In(C/Co) vs TIME
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APPENDIX H

 RAW DATA

~ FROM
 BATCH

EXPERIMENTS
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H.1. = Copper permeation at different Copper feed concentrations in (ppm) mg.dm'3 :
FEED - B
I(hmmm) I(msecm) 100 150 200 250 300 350 | 400
0 0 98 135 203 242 308 320 380
1 3600 77 96 156 190 226 290 330

2 7200 . 54 75 121 150 208 280 310
3 10800 39 64 105 140 181 250 270
4 14400 32 48 92 120 156 230 240
5 18000 | 25 43 74 110 141 210 230
6 21600 21 41 68 100 137 190 220
24 86400 3 5 8 22 21 " 65 48
25 90000 2 4 7 18 18 .54 - 43
26 93600 2. 4 6 18 17 47 38
27 97200 2 4 6 18 14 40 34
28 100800 2 4 6 16 13 35 31

- 29 104400 2 3 5 14 12 29 26
30 108000 2 3 5 13 11 27 23
48 172800 1 2 2 6 5 10 4
49 176400 1 2 3 6 4 7 3
50 180000 1 2 2 5 4 6 3

Table H.1.1: Raw data from Experiments 1.1 — 1.7 in the FEED side.

[Cu] m Feed vs Time
450
400 100ppm
350 \ : - : o 150ppm
300 &\ ' X - 200ppm
0" ,
g 250 9, e 250ppm
L3 ‘A d\ . .
‘e 200 XA o, ' 4 - 300ppm
3 150 [X\ A, e - Bmem
- g X N A '\'. ————— 400me
- 100 {g X¢ "~ Soo
. My "L ~ -
o_~X teel N9 :
50 _‘Q%‘ T --._%Oqo__ )
o : ——ARIAAA T g0
500 10 20 30 40 50 60
Time (hours)

Figure H.1.1: Experimental courses of Cu (II) concentration in the feed reservoir at
- different feed concentrations. :



170

STRIP
TIME TIME
 (hrs) (sec) 100 150 200 250 300 350 400
0 0 0 0 0 0. 0
1 3600 . 2 2 4 1 1 4 3
2 7200 4 4 9 3 2 9 7
-3 10800 6 5 26 7 10 15 12
4 14400 8 10 29 15 15 24 23
5 18000 13 - 19 35 . 24 26 - 29 25
6 21600 15 22 58 - 31 30 36 35
24 86400 67 | 103 140 165 179 211 231
25 | -90000 68 100 140 169 182 218 240
26 93600 |- 71 105. | 140 173 184 219 236
27 97200 70 107 150 177 190 228 244
©28 100800 71 108 150 189 - 187 229 249
29 104400 72 107 150 193 190 233 251
30 108000 73 108 160 - 194 199 235 255
48 172800 75 116 184 226 240 284 325
49 176400 .75 117 185 226 250 285 325
50 180000 75 117 185 226 250 286 327
Table H.1.2: Raw data from Experiments 1.1 — 1.7 in the STRIP side.
[Cu] in strip vs Time
350 - 100ppm
o 150ppm P
300 - -t
X 200ppm e 000
2504  --e---- 250ppm /\00/00/ . ‘fA
200 A 300ppm 7 o%° ORI
=3 o 350ppm 7 aaadad XXX
10 00ppm e X
S, 100 ) R ognosao maa
o3 T ~ T
‘ § 30 40 50
-50
/ Time (hours)

Flgure H.1.2: Experimental courses of Cu (I) concentratlon in the stnp reservoir at
- different feed concentratlons.
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H2..  Copper permeation at different Sulphuric acid concentrations in (ppm) mg.dm™:
FEED ,
I(hmmm) I(Hm‘m) 5% 10% 15% 20% 25% | 30%
0 0 - 210 204 206 233 225 231
1 3600 170 192 185 220 203 215
2 - 7200 160 132 158 191 178 190
3 10800 150 116 142 166 159 161
4 14400 140 113 117 159 144 141
5 18000 130 102 110 139 137 134
6 21600 130 - 89 . 92 130 122 124
24 86400 67 44 18 42 15 24
25 90000 65 41 13 40 12 19
26 93600 65 41 12 35 13 15
27 97200 60 40 12 35 11 13
28 100800 57 37 11 31 10 - - 12
i 29 104400 56 35 9 28 10 10
30 108000 52 34 8 25 10 9
48 | 172800 27 12 6 6 3 5
49 176400 26 7 5 4 3 4
50 180000 | 25 6 4 -2 3 3

Table H2.1: Raw data from Experiments 2.1 — 2.6 in the FEED side.

[Cu] in FEED vs Time
275

[Culin FEE’D(pprn") |

Time (hrs)

Figure H2.1: Expenmental courses of Cu (II) concentration in the feed reservoir at
different strip concentrations.
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STRIP

T(]ilg “ '1;11:)5: 5% 10% | 15% 20% | 25% 30%

0 0 0 0 0 0 0 0

1 3600 2 3 4 3 3 1

2 7200 3 9 6 3 7 4

3 10800 4 13 10 6 14 6

4 14400 6 16 14 13 23 1

5 18000 11 17 19 24 35 18

6 21600 15 18 26 a1 47 23

24 | 86400 | o1 o8 1o | 144 | 176 181

25 90000 92 | 10 114 149 179 187

2% 93600 % 105 121 | 153 183 188

27 97200 | 99 104 128 157 185 | 192

4 28 100800 | 100 |. 111 132 161 185 197
. 29 104400 | 100 114 138 166 185 199
30 108000 | 110 116 144 167 185 204

28 | 172800 | 150 143 168 185 199 214

29 | 176400 | 150 144 171 188 200 215

50 180000 | 150 | 146 171 187 202 215

V,Tablé H.2.2: Raw data from Experiments 2.1 - 2.6 in the STRIP side.

275

W
!

*(Cuin Strip (pprm)
B

75

[Cu] in STRIP vs Time

Time (hrs)

Figure H.2.2: Experimental courses of Cu (II) concentration in the strip reservoir at
different strip concentrations.
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The eﬁ'ect of CuSO; concentration on the permeablhty at 100, 200, 300 and 400ppm
concentrations:

| Iai‘g m 00 | % 200 % 300 | % 400 %

0 0 98 100 203 100 308 100 380 100

1 3600 a7 79 156 77 226 73 330 87

2 7200 54 55 - 121 60 208 68 310 82

3 . 10800 39 40 105 52 181 59 270 71

4 14400 32 . 33 92 45 156 51 240 63

5 - 18000 25 26 74 36 - 141 46 230 61

6. 21600 21 21 68 33 137 44 220 58

24 86400 3 3 8 4 21 7 48 13

25 90000 -2 2 7 3 18 - 6 43 11

26 - 93600 2 2 6 -3 17 6 38 10

27 97200 "2 2 6 3 14 5 34 9

28 100800 2 2 6 3 13 4 31 8

29 104400 2 2 5 2 12 4 26 7

30 108000 2 2 5 2 11 4 23 6

- 48 | 172800 1 1 2 1 5 2 4 1

49 176400 1 1 3 1 4 1 3 1

50 180000 1 1 2 1 4 1 3 1

Table H2.3: Raw data from Experiments 2.1 and 2.6 in the FEED side.
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TIME

(D) (se9) 100 % 200 % 300 % 400 %
0 0 0 0 0 0 0 0 0 0
1 3600 2 2 4 2 1 0 3 1
2 7200 4 4 9 5 2 0 7 2
3 ~ 10800 6 6 26 13 10 3 12 3
4 14400 8 8 29 14 15 5 23 6
5 18000 | 13 13 35 17 26 8 25 7
6 21600 15 15 58 | 29 30 10 35 9
24 86400 67 68 140 69 179 58 231 61
25 90000 68 69 140 69 182 59 240 63
26 93600 | 71 72 140 69 184 60 236 62
27 97200 70 7 150 74 190 62 244 64

- 28 100800 71 72 150 74 187 61 249 66

29 | 104400 72 73 150 74 190 62 251 66
30 108000 73 74 160 9 199 65 255 67
48 | 172800 | 75 77 184 91 240 78 325 86
49 176400 75 77 185 o1 250 81 325 86
50 180000 75 77 185 o1 250 81 327 86

Table H.2.4: Raw data from Expériments 2.1 and 2.6 in the STRIP side.
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The effect of H,SO4 concentration on the permeability at 5 and 20% strip concmmﬁons

‘ m T(gc‘fl 5% % | 20% %
0 0 210 100 233 100
1 3600 170 | 81 | 220 95
2 7200 | 160 76 191 82
3 10800 | 150 | 71 166 7
4 14400 | 140 67 150 68
5 18000 | 130 62 139 60
6 21600 | 130 62 130 56
24 36400 | 67 32 ) 18
25 90000 65 31 20 17
26 | 93600 65 31 35 15

27 | 97200 60 29 35 15
28 | 100800 | 57 27 31 13
29 | 104400 | 56 27 28 12
30 | 108000 | 52 25 25 11
as | 172800 | 27 13 6 2

49 | 176400 | 26 . 12 4
so | 180000 | 25 12 2 1

Table H.2.5: Raw data from Experiments 2.1 and 2.4 in the FEED side.

STRIP
TIME(hrs) g:g‘ 5% | % 20% %
0 0 0 0 0 0
1 3600 2 1 3 1
2 7200 3 1 3 1
3 10800 4 2 6 3
2 14400 6 3 13 6
5 18000 11 5 24 10
6 21600 15 7 41 18
24 86400 91 43 144 62
25 90000 94 45 149 64
2 93600 9% | 46 153 66
27 97200 99 47 157 67
28 | 100800 100 48 161 69
29 104400 100 48 166 71
30 .| 108000 | 110 52 167 7
48 172800 | 150 71 185 79
49 176400 150 7 188 81
50 | 180000 150 71 187 80

Table H.2.6: Raw data from Expériments 2.1 and 2.4 in the STRIP side.
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H3.  Copper permeation at different Carrier concentrations in (ppm) mg.dm'3:
FEED ' : ‘ ,
TIME(hrs) | TIME(sec) | 5% 10% 15% 20% 25% 40%

0 0 190 187 195 211 - 214 205

1 3600 168 160 143 174 167 196

2 7200 139 146 123 129 137 178

3 10800 125 130 106 105 118 166

4 14400 111 114 97 90 106 160

5 18000 93 106 86 78 99 152

6 21600 88 97 75 69 92 145

24 86400 - 28 24 23 22 26 . 57

25 90000 26 23 21 21 23 56

; 26 93600 25 22 20 19 21 57

27 97200 - 25 21 19 18 19 55

28 100800 24 19 17 17 19 54

29 104400 23 19 17 17 19 52

30 108000 22 18 16 15 18 52

43 1 172800 16 11 6 3 4 34

49 176400 16 11 5 ) 3 4 33

50 180000 15 11 5 3 4 30

Table H.3.1: Raw data from Experiments 3.1 — 3.6 in the FEED side.

[Cu] vs Time
275 -

[Culinppm

Time (hrs)

Flgure H3.1: Expenmental courses of Cu (Il) concentration in the feed reservoir at
different carrier concentrations.
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STRIP v

TIME(hrs) | TIME(see) | 5% 10% 15% 20% 25% -40%

0 0 Q 0 0 0 0 0

1 3600 2 1 2 2 3 5

2- 7200 4 5 6 5 8 12

"3 - 10800 8 9 14 14 17 15

4 14400 15 20 22 24 24 21

5 18000 21 26 35 32 33 - 26

6 21600 28 34 40 42 40 32

24 86400 132 138 148 158 134 112

25 90000 134 145 152 157 137 113

26 93600 138 147" ‘155 155 139 120

3 27 . 97200 142 150 158 164 144 121
28 | . 100800 145 155 159 153 145 121
29 104400 150 159 155 161 143 129
30 108000 152 161 160 162 151 - 128

48 172800 174 173 178 180 177 163
49 176400 176 172 178 180 175 166
50 180000 177 172 179 | 181 176 166

Tabié H.3.2: Raw data from Experiments 3.1 — 3.6 in the STRIP side.

- [Qu}inppr

[Cu] vs Time

Figure H.3.2: Expenmental courses of Cu (II) concentration in the strip reservoir at

Txme (hrs)

different carrier concentrations.
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H4. Copper permeation at different feed and strip flow rates in (ppm) mg.dm™:
FEED ‘

0.167 0.25 0.333 0.5 0.667 0.833

TIME(hrs) | TIME(sec) | cm®.sec” | cm®sec” | cm®sec” | em’.sec”’ | cm®.sec” | cm’.sec”

0 0 224 215 222 211 | 218 225 .
1 3600 180 205 192 189 180 | 200
2 7200 158 155 164 161 | 156 160
3 10800 147 145 132 130 © 124 126
4 14400 143 135 123 120 101 105
5 18000 135 125 113 114 81 92
6 21600 122 115 9% 92 68 72
24 86400 41 36 .29 22 . 16 17
25 20000 37 7 26 21 15 15
26 . 93600 36 32 23 20 14 15
27 | .e7200. | . 35 28 20 18 13 14
i 28 100800 32 27 16 15 12 13
29 | 104400 32 27 16 14 10 11
30 108000 29 24 15 12 8 9
: 48 172800 17 7 6 4 3 4
49 176400 16 6 5 4 3 3
50 180000 10 6 5 4 3 3

Table H.4.1: Raw data from Experiments 4.1 — 4.6 in the FEED side.

Time vs [Cu] in FEED (Flow Rates)

250 X 0.167cm3.sec-1
5 —————- 0.250cm3.sec-1
200 |
A 0.333cm3.sec-1
- i s el 0.500cm3.sec-1
Te . 150 -
_§V o 0.667cm3sec-1
3 N 7 )
g N ———— 0.833cm3.sec-1
g 100 -
&
g
é 50
0 L
60
Time (hrs)

-5Q 4

Figufe H.4.1: Experimental courses of Cu (II) concentration in the feed reservoir at
~ different feed/strip velocities. '
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STRIP . L o :
TIME TIME 0.167 025 0.333 0.5 0.667 0.833
hrs) (sec) em'sec’ | cm’.sec’ | cm’.sec’ | cm’sec’ | cm’sec’ | cm®.sec”
0 0 0 0 ¢} 0 0 -0
1 3600 1 . 1 2 1 3 2
2 7200 3 2 12 13 17 15
3 10800 7 6 35 34 44 38
4 14400 12 12 55 60 66 - 58
5 18000 17 14 71 70 76 72
6 21600 25 28 82 84 90 88
24 86400 145 150 143 145 168 166
25 90000 146 150 151 146 173 “ 173
26 93600 154 185 160 164 178 175
27 97200 157. 160 166 161 181 176
. 28 ) 100800 158 160 171 168 182 178
- ) 29 104400 159 165 173 171 186 - - 178
- 30 108000 162 165 179 175 189 181
) 48 172800 188 195 204 200 - 201 197
- 49 176400 191 198 206 202 202 197
50 180000 193 200 207 202 201 198

Table H.4.2: Raw data from Experiments 4.1 — 4.6 in the STRIP side.

Time vs [Cu] STRIP (Flow Rates)
250 - ) :

200 -

~ard
P

—

W

(=]
1

X 0.167cm3sec-1
e ————- 0.250cm3.sec-1
. 7 : A 0.333cm3.sec-1

S i 0.500cm3.sec-1
. , ' , : 0  0.667cm3.sec-1
——0.833cm3sec-1

[Cu]in ppm (mg.dm™)
T o
‘O <

10 20 30 40 50 60

-50
Time (hrs)

Figure H.4.2: Experimental courses of Cu (II) concentration in the strip reservoir at
- different feed/strip velocities.
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H.5.  Copper permeation at different Copper feed conc. in (ppm) mg.dm’3 at pH=2:
FEED S .

TIME(hrs) | TIME(sec) 100 150 200 250 300

0 0 92 148 180 220 280
1 3600 78 126 150 180 240

2 7200 74 114 130 160 209
3 10800 60 98 120 130 179
4 14400 57 88 112 118 153
5 18000 44 72 101 107 135
6 21600 34 68 86 98 113

24 86400 4 6 9 11 26

25 90000 4 6 9 11 24

26 93600 3 5 8 10 - 23

27 -} 97200 3 5 8 10 22

28 100800 3 5 8 9 21

29 104400 3 4 8 9 20

30 108000 1 4 7 8 20

48 172800 1 2 4 5 7

49 176400 1 2 3 5 7

50 180000 1 2 3 5 7

Table H5.1: Raw data from Experiments 5.1 - 5.5 in the FEED side.

[Cu] vs TIME Different feed @ t=0 (pH=2)

300
‘ . © 100ppm
C201¢ 7 o % 150ppm
. 260 % " ) ~ ©200ppm
: é A X A 250ppm
"8 1so Ay ) x 300ppm
= 100 - Ax
. .3 a
*Rx
s0f ®
A ,
. XeRoex
0 . M — .
0 50000 100000 150000 200000
- TIME (sec)

Flgure H.51 Experixhental courses of Cu (1) concentration in the feed reservoir at
. different feed concentrations at a pH=2
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STRIP

TIME(hrs) | TIME(sec) 100 150 200 250 300
0 0 0 0 Q 0 0
1 3600 2 2 8 9 10
2 7200 2 4 9 10 12
3 10800 2 5 16 16 17
4 14400 3 7 . 18 19 21
5 18000 5 8 20 23 28
6 21600 8 13 23 28 34
24 "~ 86400 54 81 120 148 173
25 90000 58 87 120 150 174
26 93600 59 89 126 151 176
27 97200 60 90 127 152 180
28 . 100800 64 93 129 154 184
29 | 104400 64 96 133 154 190
. 30 108000 65 98 132 155 192
48 172800 78 125 160 188 237
49 - 176400 78 125 160 188 237
] 50 180000 78 125 160 188 238
Table H.5.2: Raw data from Experiments 5.1 — 5.5 in the STRIP side
[Cu] vs TIME Different feed @ =0 (pH=2)
250
© 100ppm XK
200 1 X 150ppm
g o 200ppm M Al
£ 150{ 4250ppm aMAMAMA o
:E: 7 x 300ppm oooo°°° 300K
. F 100 '
S, | 2R o
50 et
0 50000 100000 150000 200000
TIME (sec)

anure H.5.2: Expenmental courses of Cu (II) concentration in the stnp reservoir at

dxfferent feed concentrations at a pH=2
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H.6. Copper permeatmn at different Copper feed conc. in (ppm) mg. dm” at
‘ A constant feed pH: - :
TIME(hrs) | TIME(sec) 1 1.5 2 25
0 0 200 202 185 190
1 3600 180 170 150 140
2 7200 170 150 130 126
3 10800 160 130 120 112
4 14400 150 118 112 94
5 18000 135 112 93 83
6 21600 127 103 82 74
24 86400 98 56 9 10
25 90000 96 52 9 10
26 93600 93 50 8 3
27 97200 90 49 8 8
28 100800 86 47 8 6
29 104400 81 46 7 6
30 108000 ) 44 7 4
48 172800 45 28 4 1
49 176400 44 28 3 1
50 180000 43 28 -3 1

Table H.6.1: Raw data from Experiments 6.1 — 6.4 in the FEED side.

250

2005

L,

A
A

150 4> A
o

{
#

1004 o

[Cu]in Feed h
o

[Cu] in Feed vs Time (const. pH)

a pH=1

= pH=1.5

X pH=2

o pH=25 .

50000

Time (sec)

150000 200000

Figure H.6.1: Experimental courses of Cu (I) concentration in the feed reservoir at
different feed concentrations at a constant feed pH
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TIME(hrs) | TIME(sec) | - 1 1.5 2 2.5
0 0 0 0 0 0

1 3600 3 3 8 1

2 7200 5 4 9 2

3 . 10800 6 5 16 3
4 14400 7 8 23 3

5 18000 7 14 28 4

6 21600 8 19 37 5

24 86400 41 77 118 38

25 90000 47 80 120 42

26 193600 - 52 84 124 46

. 27 97200 54 86 130 48
28 100800 56 89 132 52

29 104400 60 90 135 55

30 108000 63 92 137 58

48 172800 112 130 148 08

49 176400 114 130 148 98
50 180000 115 130 148 98

Table H.6.2: Raw data from Experiments 6.1 — 6.4 in the STRIP side '

200 -

150 -
-E' 100
8
-
Q 50

T

o e

x

[Cu] in strip vs Time (const. pH)

apH=1
= pH=1.5
x pH=2
© pH=2.5

x*g«xx

—-
-*

(06%°

R11}:

50000

100000

Time (sec)

150000

200000

Figure H.6.2: Experimental courses of Cu (II) concentration in the strip reservoir at
different feed concentrations at a constant feed pH
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APPENDIX I

o ;Calculating and test results of the

Distribution coefficient

(partitioning coefficient) mc,
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Distribution coefficient (mc,) at different H;SO4 concentrations:

o

The results of solvent extraction tests are presented in this appendix in tables L1.1-11.12.
The results in 1.1.1-1.1.6 represént the testing in the feed and 11.7-1.12 in the strip. The mcy
values are calculated by equation L1 for the feed and equation .2 for the strip. '

The reportedrconrcentratiorir of the copper in the organic phase is calculated from mass balance

equations I.1.3 and L.1.4.

The extraction percentage of the system was calculated.

Ez_rgr erixhenta] parameters:

Volume of aquedﬁs feed phasé:
| Vdiume of aqueous strip phasé:

Volume of organic phase:

Feed concentration (CuSOs): |

Strip concentration (H2SO4):

Extractant concentration (Lix 984):

20cm’

20cm’®

20cm’® - . ,
100, 150, 200, 250, 300, 350 and 400ppm
5,10, 15, 20, 25 and 30%

- 20%
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) Aqueous before Aqueous after Organic after | Extraction
ppm [Culs | molem® | [Cu] | molem™| [Cu] | mol.em™ % mce g
100 20 1.42E-06 1.80 2.83E-08 | 88.20 | 1.39E-06 98.00 0.9800
150 160 2.52E-06 2.10 3.30E-08 | 15790 | 2.48E-06 98.69 0.9869
200 200 3.15E-06 1.60 2.52E-08 | 198.40 | 3.12E-06 99.20 0.9920
250 260 4.09E-06 0.80 1.26E-08 { 259.20 | 4.08E-06 99.69 0.9969
300 300 4.72E-06 1.40 2.20E-08 | 298.60 | 4.70E-06 99.53 0.9953
350 350 5.51E-06 0.20 3.15E-09 | 349.80 | 5.50E-06 99.94 0.9994
4 400 390 6.14E-06 1.60 2.52E-08 | 388.40 | 6.11E-06 99.59 0.9959
Table.1.1: Distribution coefficient (mc,) using 5% strip
Agqueous before Agqueous after Organic after | Extraction
pPpm [Culo mol.cm™ [Cu] mol.cm™ [Cu] mol.cm™ % mca g
100 100 1.57E-06 0.00 0.00E+00 | 100.00 | 1.57E-06 100.00 1.0000
- 150 140 2.20E-06 0.20 3.15E-09 | 139.80 | 2.20E-06 99.86 0.9986
200 210 1 3.30E-06 1.80 2.83E-08 | 208.20 | 3.28E-06 | -~ 99.14 0.9914
250 2490 3.78E-06 1.70 2.68E-08 | 238.30 | 3.75E-06 99.29 0.9929
300 "310 4.88E-06 2.10 3.30E-08 | 307.90 | 4.85E-06 9932 0.9932
350 350 5.51E06 | 2.60 4.09E-08 | 347.40 | 5.47E-06 99.26 0.9926
400 390 6.14E-06 1.30 2.05E-08 | 388.70 | 6.12E-06 99.67 0.9967
Table 1.1.2: Distribution coefficient (mc,) using 10% strip
Aqueous before Aqueous after Organic after | Extraction
Ppm [Culo mol.cm™ [Cu] mol.cm™ [Cu] molem® | % My
100 120 1.89E-06 1.40 220E-08 { 118.60 | 1.87E-06 98.83 0.9883
150 160 2.52E-06 1.10 | 1.73E-08 | 158.90 | 2.50E-06 99.31 0.9931
200 190 2.99E-06 0.00 0.00E+00 | 190.00 | 2.99E-06 100.00 1.0000
- 250 240 3.78E-06 0.60 944E-09 | 239.40 | 3.77E-06 99.75 0.9975
3000 | 300 | 4.72E-06 5.90 9.28E-08 | 294.10 | 4.63E-06 98.03 0.9803
350 340 | 5.35E-06 3.10 4.88E-08 | 336.90 | 5.30E-06 99.09 0.9909
400 380 5.98E-06 0.50 | 7.87E-09 | 379.50 | 5.97E-06 99.87 0.9987

Table 1.1.3:  Distribution coefficient (mc,) using 15% strip
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) ~ Aqueous before Aqueous after Organic after | Extraction
ppm [Cules | mol.cm™ [Cu] mol.cm™ [Cu] mol.cm™ % | mcug
100 98 1.54E-06 1.60 2.52E-08 | 96.40 | 1.52E-06 98.37 0.9837
150 160 2.52E-06 | 090 1.42E-08 | 159.10 | 2.50E-06 99.44 0.9944
200 200 3.15E-06 | 0.00 - | 0.00E+00 | 200.00 | 3.15E-06 100.00 1.0000
250 260 | 4.09E-06 | 2.00 3.15E-08 | 258.00 | 4.06E-06 99.23 0.9923
300 304 4.78E-06 | 0.40 6.29E-09 | 303.60 | 4.78E-06 99.87 0.9987
350 348 5.48E-06 | 8.80 1.38E-07 | 339.20 | 5.34E-06 97.47 0.9747
, 400 410 6.45E-06 | 240 3.78E-08 | 407.60 | 6.41E-06 99.41 0.9941
Table 1.1.4: - Distribution coefficient (m,) using 20% strip
: Aqueous before Aqueous after Organic after Extraction
ppm [Cule | molem™| [Cu] | molem™ | [Cu] | molem® % Mca
100 110 1.73E06 | 2.00 3.15E-08 | 108.00 | 1.70E-06 98.18 0.9818
150 140 220E-06 | 270 425E-08 § 137.30° | 2.16E-06 98.07 0.9807
200 190 2.99E-06 140 220E-08 | 188.60 | 2.97E-06 99.26 0.9926
250 250 3.93E-06 1.60 2.52E-08 | 248.40 | 3.91E-06 99.36 0.9936
300 280 441E-06 | 1.90 2.99E-08 | 278.10 | 4.38E-06 99.32 0.9932
350 340 5.35E-06 1.80 2.83E-08 | 33820 | 5.32E-06 99.47 0.9947
400 400 6.29E-06 1.60 2.52E-08 | 398.40 | 6.27E-06 99.60 0.9960
Table 1.1.5: - Distribution coefficient (mc,) using 25% strip
Aqueous before Aqueous after Organic after | Extraction
ppm [Culo | molem™ | [Cu] molL.cm™ [Cu]l | molem™ % Mcaqn
100 100 1.57E-06 | 1.30 2.33E-08 | 9820 | 1.55E-06 98.20 0.9820
150 140 | 2.20E-06 { 0.00 0.00E+Q0 | - 140.00 | 2.20E-06 100.00 1.0000
200 210 330E-06 | 0.00 0.00E+00 | 210.00 | 3.30E-06 100.00 1.0000
250 260 4.09E-06 | 3.20 5.04E-08 | 256.80 | 4.04E-06 98.77 0.9877
300 310 438E-06 | 1.60 2.52E-08 | 308.40 | 4.85E-06 99.48 0.9948
350 348 548E-06 | 0.80 126E-08 | 347.20 | 5.46E-06 99.77 0.9977
- 400 396 6.23E-06 | 0.40 6.29E-09 | 395.60 | 6.23E-06 99.90 0.9990

Table 1.1.6: Distﬁbution coefﬁciént (mc,) using 30% strip
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Distribution coefficient (mc,) strip

Organic before Aqueous after Organic after | Extraction
ppm | [Cu] |moLem™®| [Cu] | molem®| [Cu] | molem? % Mcags)
100 8820 | 1.39E-06 61 9.60E-07 27 4.28E-07 69.16- 0.6916
150 15790 | 2.48E-06 96 1.51E-06 62 9.74E-07 60.80 0.6080
200 198.40 | 3.12E-06 120 1.89E-06 78 1.23E-06 60.48 0.6048
250 259.20 | 4.08E-06 160 2.52E-06 99 1.56E-06 61.73 0.6173
300 298.60 | 4.70E-06 180 2.83E-06 119 1.87E-06 60.28 0.6028
350 349.8 | 5.50E-06 210 3.30E-06 140 2.20E-06 60.03 0.6003
400 3884 | 6.11E-06 230 3.62E-06 158 2.49E-06 59.22 0.5922
Table 1.1.7: Distribution coefficient (m.,) using 5% strip
Organic before Agqueons after Organic after | Extraction
ppm | [Cul mol.em™ [Cu} mol.cm™ [Cu] mol.cm™ Y% mc; ®
100 © 10000 1§ 1.57E-06 76 1.20E-06 24 3.78E-07 76.00 0.7600
150 139.80 | 2.20E-06 103 1.62E-06 37 5.79E-07 73.68 0.7363
200 208.20 | 3.28E-06 150 2.36E-06 58 9.16E-07 72.05 0.7205
250 238.30 | 3.75E-06 180 2.83E-06 58 9.17E-07 75.54 0.7554
300 307.90 | 4.85E-06 240 | 3.78E-06 68 | 1.07E-06 7795 0.7795
350 3474 | 547E-06 260 4.09E-06 87 1.38E-06 74.84 0.7484
400 388.7 | 6.12E-06 290 4.56E-06 99 1.55E-06 74.61 0.7461
Table 1.1.8: Distribution coefficient (mc,) using 10% strip
* QOrganic before Aqueous after Organic after | Extraction
ppm [Cu] mol.cm™ [Cu] mol.cm™ [Cu] mol.cm™ % m;;. ®
100 118.60 | 1.87E-06 86 1.35E-06 33 5.13E-07 72.51 0.7251
150 158.90 | 2.50E-06 | ~ 113 1.78E-06 46 7.22E-07 71.11 0.7111
- 200 190.00 | 2.99E-06 140 - | 2.20E-06 50 | 7.87E-07 73.68 0.7368
250 . | 23940 | 3.77E-06 200 3.15E-06 39 6.20E-07 83.54 0.8354
300 | 294.10 | 463E-06| 250 3.93E-06 44 6.94E-07 85.01 0.3501
350 336.9 | 530E-06 295 © | 4.64E-06 42 6.59E-07 87.56 0.8756
- 400 - | 379.5 | 597E-06 340 5.35E-06 40 6.22E-07 89.59 0.8959
Table 11.9:

Distribution coefficient (nc,) using 15% strip
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Organic before Aqueous after Organic after | Extraction
ppm [Cu] mol.cm™ [Cu] mol.em’ [Cu] mol.cm™ % My )
100 . 9640 1.52E-06 86 1.35E-06 10 1.64E-07 89.21 0.8921
150 159.10 | 2.50E-06 145 2.28E-06 14 2.22E-07 91.14 0.9114
200 -200.00° | 3.15E-06 190 2.99E-06 10 1.57E-07 95.00 0.9500
250 258.00 | 4.06E-06 240 3.78E-06 18 2.83E-07 93.02 0.9302
300 303.60 | 4.78E-06 280 441E-06 24 3. 71E-07 9223 0.9223
350 3392 | 5.34E-06 276 4.34E-06 63 9.95E-07 8137 0.8137
400 -407.6 | 6.41E-06 340 5.35E-06 68 1.06E-06 8342 0.8342

'Tab(le L1.1.10: Distribution coefficient (mc,) using 20% strip

Organic before Agqueous after Organic after | Extraction
ppm [Cu] mol.cm™ [Cu] mol.cm? [Cu] mol.cm™ % McCas)
100 108.00 | 1.70E-06 94 1.48E-06 14 2.20E-07 87.04 0.8704
150 137.30 - | 2.16E-06 120 1.89E-06 17 2.72E-07 87.40 0.8740
200 188.60 | 2.97E-06 170 2.68E-06 19 2.93E-07 90.14 0.9014
250 | 24840 | 391E-06 240 3.78E-06 8 1.32E-07 96.62 0.9662
300 278.10 | 4.38E-06 260 4.09E-06 18 2.85E-07 93.49 0.9349
350 3382 5.32E-06 310 488E-06 ] 28 4 .44E-07 91.66 0.9166
400 3984 | 6.27E-06 375 5.90E-06 23 3.68E-07 94.13 0.9413

Table L1.11: Distribution coefficient (nc,) using 25% strip

- Organic before Agqueous after Organic after | Extraction
ppm [Cu] mol.cm™ [Cu] mol.cm™ [Cu] mol.cm™ % Mcags
- 100 98.20 1.55E06| 84 1.32E-06 14 2.23E-07 85.54 0.8554
150 140.00 | 2.20E-06 115 1.81E-06 25 3.93E-07 82.14 0.8214
200 210.00 | 3.30E-06 170 2.68E-06 40 6.29E-07 80.95 0.8095
250 248.40 | 3.91E-06 210 3.30E-06 38 6.04E-07 84.54 0.8454
300 308.40 | 4.85E-06 270 4.25E-06 38 6.04E-07 | 87.55 0.8755
350 3472 | 5.46E-06 320 5.04E-06 27 4.28E-07 92.17 09217
400 395.6 | 6.23E-06 | 368 5.79E-06 28 4.34E-07 93.02 0.9302

Table 1.1.12: Distribution coefficient (m,) using 30% strip
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Distribution coefficient (mc,) at different reactant (LIX) concentrations:

The results of solvent extraction tests are presented in this appendix in tables 1.2.1 —12.12.
The results in 1.2.1-1.2.6 represeht the testing in the feed and 1.2.7-1.2.12 in the strip. The mc,

values are calculated by equation L1 for the feed and equation L.2 for the strip.

The reported concentration of the copper in the organic phase is calculated from mass balance

equations I.1.3 and I.1.4.

The extraction percentage of the system was calculated.

Ex_gr erimelital g‘ar'ameters:

Volume of aqueous feed phase:
Volumre;rof aqueous stn'pr phase: |
Volume of ofganic phase:

Feed conéentration (CuSOy):
Strip concentration (H,SOg4):

Extractant concentration (Lix 984):

20cm’ -
20cm’
20cm’

100, 150, 200, 250, 300, 350 and 400ppm -

25%

5,10, 15,20, 25, 30, 40%



Distribution coefficient (mc,) in FEED
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Aqueous before Aqueous after Organic after | Extraction )
ppm [Cu] mol.cm™ [Cu] | molcm? [Cu] mol.cm? % Dcagn
100 100 1.57E-06 0.00 0.00E+00 | 100.00 | 1.57E-06 100.00 1.0000
150 160 2.52E-06 1.80 2.83E-08 | 15820 | 2.49E-06 08.88 0.9888
200 180 2.83E-06 2.60 4.09E-08 | 177.40 | 2.79E-06 98.56 0.9856
250 250 3.93E-06 9.40 1.48E-07 | 240.60 | 3.79E-06 96.24 0.9624
300 300 4.72E-06 3.20 5.04E-08 | 296.80 | 4.67E-06 98.93 0.9893
400 400 6.29E-06 3.80 5.98E-08 | 396.20 | 6.23E-06 99.05 0.9905
Table 1.2.1: Distribution coefficient (m,) using 5% reactant
Aqueous before Aqueous after Organic after | Extraction
pPpm [Cu] mol.em™ [Cu] mol.cm? [Cu] mol.cm’® % Deuep
100 100 1.57E-06 0.10 157E-09 | 9990 . | 1.57E-06 99.90 0.9990
150 160 2.52E-06 0.00 0.00E+00 | 160.00 | 2.52E-06 100.00 1.0000
200 180 2.83E-06 3.10 4.38E-08 | 176.90 | 2.78E-06 98.28 0.9828
250 . 240 3.78E-06 4.80 7.55E-08 | 235.20 | 3.70E-06 98.00 0.9800
300 300 4.72E-06 2.40 3.78E-08 | 297.60 | 4.68E-06 99.20 0.9920
400 400 6.29E-06 4.90 7.71E-08 | 395.10 | 6.22E-06 98.78 0.9878
Table 1.2.2: Distribution coefficient (m,) using 10% reactant
Aqueous before Aqueous after ._Organic after | Extraction
ppm . [Cu]l - molL.cm? [Cu] mol.cm? [Cu] mol.cm? % | ) PN
100 100 1.57E-06 7.60 1.20E-07 | 92.40 | 1.45E-06 9240 0.9240
150 160 2.52E-06 240 3.78E-08 | 157.60 | 2.48E-06 98.50 0.9850
200 180 2.83E-06 3.80 5.98E-08 176.20 | 2.77E-06 97.89 0.9789
250 240 3.78E-06 4.30 6.77E-08 | 235.70 | 3.71E-06 98.21 0.9821
300 300 4.72E-06 5.40 8.50E-08 | 294.60 | 4.64E-06 98.20 0.9820
400 - 400 6.29E-06 3.90 6.14E-08 | 396.10 | 6.23E-06 99.03 0.9903

Table 1.2.3: Distribution coefficient (mc,) using 15% reactant
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Aqueous before

- Aqueous after Organic after | Extraction
Ppm [Cul mol.cm? {Cu] mol.cm® [Cu] mol.cm™ Yo D
100 100 1.57E-06 0.00 0.00E+00 | 100.00 | 1.57E-06 100.00 1.0000
150 160 2.52E-06 1.40 2.20E-08 | 158.60 | 2.50E-06 99.13 0.9913
200 180 2.83E-06 2.80 441E-08 | 177.20 | 2.79E-06 98.44 0.9844
250 240 3.78E-06 4.90 7.71E-08 | 235.10 | 3.70E-06 97.96 0.9796
300 300 4.72E-06 4.60 7.24E08 | 295.40 | 4.65E-06 98.47 0.9847
400 400 6.29E-06 5.10 8.03E-08 | 39490 | 6.21E-06 98.73 0.9873

Table 1.2.4: Distribution coefficient (nc,) using 20% reactant

Agqueous before Aqueous after Organic after | Extraction
ppm [Cu] mol.cm™ [Cu] mol.cm™ [Cu] | mol.em™ % Deugpy
100 100 1.57E-06 0.00 0.00E+00 | 100.00 | 1.57E-06 100.00 .| 1.0000
- 150 160 2.52E-06 0.00 0.00E+00 | 160.00 | 2.52E-06 100.00 1.0000
200 180 .2.83E-06 2.30 3.62E-08 | 177.70 | 2.80E-06 98.72 0.9872
250 240 3.78E-06 4.80 7.55E-08 | 23520 | 3.70E-06 98.00 0.9800
300 300 4.72E-06 3.70 5.82E-08 | 296.30 | 4.66E-06 98.77 0.9877
400 400 6.29E-06 4.70 7.40E-08 | 395.30 | 6.22E-06 98.83 0.9883

Table 1.2.5: Distribution coefficient (m,) using 25% reactant

Aqueous before Agqueous after Organic after | Extraction
ppm | [Cul |molLem®| [Cu] |moLem™| [Cu] | moLem™ % Dea
100 . 100 1.57E-06 4.40 6.92E-08 | 95.60 | 1.50E-06 95.60 0.9560
150 . 160 . | 2.52E-06 030 | 472E-09| 159.70 | 2.51E-06 99.81 0.9981
200 . 180 2.83E-06 1.90 2.99E-08 | 178.10 | 2.80E-06 98.94 0.9894
250 . 240 3.78E-06 5.40 8.50E-08 | 234.60 | 3.69E-06 97.75 0.9775
300 300 4.72E-06 4.80 7.55E-08 | 29520 | 4.65E-06 98.40 0.9840
400 - 400 . | 6.29E-06 3.60 5.67E-08 | 396.40 | 6.24E-06 99.10 0.9910

Table 1.2.6: Distribution coefficient (mc,) using 30% reactant
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Extraction

Aqueous before Aqueous after Organic after
pPpm [Cu]. | molem? [Cul mol.cm™ [Cu] mol.cm™ % Deun
100 100 1.57E-06 0.00 0.00E+00 | 100.00 | 1.57E-06 100.00 1.0000
150 160 2.52E-06 0.00 0.00E+00 | 160.00 | 2.52E-06 100.00 1.0000
200 180 2.83E-06 1.80 2.83E-08 | 178.20 | 2.80E-06 99.00 0.9900
250 - 240 3.78E-06 5.30 8.34E-08 | 234.70 | 3.69E-06 97.79 0.9779
300 300 4.72E-06 6.00 9.44E-08 | 294.00 | 4.63E-06 98.00 0.9800
400 400 6.29E-06 5.80 9.13E-08 | 39420 | 6.20E-06 98.55 0.9855
Table 1.2.7: Distribution coefficient (mc,) using 40% reactant
Distribution coefficient (mc,) strip
Organic before Aqueous after Organic after | Extraction
~ ppm [Cu] mol.cm™ [Cu] molLem™ |  [Cu] moL.cm’ % Mce )
100 100.00 | 1.57E-06 | .95 1.49E-06 5 7.87E-08 95.00 0.9500
150 158.20 | 2.49E-06 150 2.36E-06 8 1.29E-07 94.82 0.9482
200 177.40 | 2.79E-06 170 2.68E-06 7 1.16E-07 95.83 0.9583
250 240.60 | 3.79E-06 240 3.78E-06 1 9.44E-09 99.75 0.9975
300 296.80 | 4.6TE-06 280 441E-06 17 2.64E-07 94.34 0.9434
400 3962 | 6.23E-06 360 5.67E-06 36 5.70E-07 90.86 0.9086

Table 1.2.8:

Distribution coefficient (mc,) using 5% reactant
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Organic before Aqueous after Organic after | Extraction
ppm [Cu} mol.cm™ [Cu] mol.em™ [Cu] mol.cm™ % Mmcy ()
100 99.90 | 1.57E-06 91 1.43E-06 9 1.40E-07 91.09 0.9109
150 160.00 | 2.52E-06 150 236E-06 10 1.57E-07 93.75 0.9375
200 176.90 | 2.78E-06 172 2.71E-06 5 7.71E-08 97.23 0.9723
250 235.20 | 3.70E-06 220 3.46E-06 15 2.39E-07 93.54 0.9354
300 297.60 | 4.68E-06 270 4.25E-06 28 4.34E-07 90.73 0.9073
400 395.1 6.22E-06 355 5.59E-06 40 6.31E-07 89.85 0.8985

- Table 1.2.9: Distribution coefficient (mc,) using 10% reactant

Organic before Aqueous after Organic after | Extraction
ppm [Cu] moL.cm™ {Cu] mol.cm™ [Cu] mol.cm™ % Mcu )
100 9240 | 1.45E-06 90 1.42E-06 2 3.78E-08 9740 0.9740
. 150 157.60 | 2.48E-06 140 2.20E-06 18 2.77E-07 38.83 0.8883
200 176.20 | 2.77E-06 175 2.75E-06 1 - | 1.89E-08 99.32 0.9932
250 23570 | 3.71E-06 230 3.62E-06 8.97E-08 97.58 0.9758
300 294.60 | 4.64E-06 280 4.41E-06 15 2.30E-07 95.04 0.9504
400 396.1 | 6.23E-06 360 5.67E-06 36 5.68E-07 90.89 0.9089

Table 1.2.10: Distribution coefficient (m,) using 15% reactant

Organic before Aqueous after Organic after | Extraction
ppm [Cu] | molLcm™ [Cu] mol.cm™ [Cu] mol.cm? % Mews)
100 100.00 | 1.57E-06 92 1.45E-06 8 1.26E-07 92.00 0.9200
150 158.60 | 2.50E-06 130 2.05E-06 29 4.50E-07 81.97 0.8197
200 177.20 | 2.79E-06 170 2.68E-06 7 1.13E-07 95.94 0.9594
250 235.10 | 3.70E-06 220 3.46E-06 15 2.38E-07 93.58 0.9358
300 295.40 | 4.65E-06 280 4.41E-06 15 2.42E-07 94.79 0.9479
400 3949 | 6.21E-06 365 5.74E-06 30 4.71E-07 92.43 0.9243

Table 1.2.11; Distribution coefficient (mc,) using 20% reactant
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Organic before Aqueous after Organic after | Extraction
PPm [Cu] mol.cm™ [Cu] molL.cm™ [Cul mol.cm™ % Mcais)
100 100.00 | 1.57E-06 89 1.40E-06 11 1.73E-07 89.00 0.8900
150 160.00 | 2.52E-06 140 2.20E-06 20 3.15E-07 87.50 0.8750
200 177.70 |.2.80E-06 175 2.75E-06 3 4.25E-08 93.48 0.9848
250 235.20 | 3.70E-06 220 3.46E-06 15 2.39E-07 93.54 0.9354
300 296.30 | 4.66E-06 270 4.25E-06 26 4.14E-07 91.12 0.9112
400 3953 | 6.22E-06 370 5.82E-06 25 3.98E-07 93.60 0.9360
Table 1.2.12: Distribution coefficient (mc,) using 25% reactant
Organic before Aqueous after Organic after | Extraction
ppm [Cu] | molem® [Cu] molL.cm™ [Cu] mol.cm™ % Mcags)
100 9560 | 1.50E-06 87 1.37E-06 9 1.35E-07 91.00 0.9100
150 159.70 | 2.51E-06 120 - | 1.89E-06 40 6.25E-07 75.14 0.7514
200 - 178.10 | 2.80E-06 170 2.68E-06 8 1.27E-07 95.45 0.9545
- 250 234.60 | 3.69E-06 210 3.30E-06 25 3.87E07 89.51 0.8951
300 295.20 | 4.65E-06 265 4.17E-06 30 4.75E-07 89.77 0.8977
400 . 3964 | 6.24E-06 355 5.59E-06 41 6.51E-07 89.56 0.8956
Table 1.2.13: Distribution coefficient (mc,) using 30% reactant
Organic before Aqueous after Organic after | Extraction
ppm [Cu] moL.cm™ [(Cu] mol.em™® [Cu]} mol.cm™ % Mca(s)
100 100.00 { 1.57E-06 84 1.32E-06 16 2.52E-07 84.00 0.3400
150 160.00 | 2.52E-06 120 1.89E-06 40 6.29E-07 75.00 0.7500
200 178.20 | 2.80E-06 165 2.60E-06 13 2.08E-07 92.59 0.9259
250 23470 | 3.69E-06 200 3.15E-06 35 5.46E-07 85.22 0.8522
300 294.00 | 4.63E-06 260 4.09E-06 34 5.35E-07 88.44 0.8844
400 3942 | 6.20E-06 350 5.51E-06 44 6.96E-07 88.79 0.8879

Table 1.2.14: Distribution coefficient (=, ) using 40% reactant
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APPENDIX J

Permeation coefficient (Pc,)
Calculations using

Equation 14



ppm pH [H+)teed | [H+%feea | [HRlorg | [HR?0rg | mcu Pm 1/Pm | 1/Pcu Pcu

100 | 192 | 1.20E-02 | 1.45E-04 | 1.30E-02 | 1.68E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04
150 1.88 | 1.32E-02 | 1.74E-04 | 1.42E-02 | 2.00E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04
200 1.81 | 1.55E-02 | 2.40E-04 | 1.67E-02 | 2.79E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04
250 1.76 | 1.74E-02 | 3.02E-04 | 1.87E-02 | 3.51E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04
300 173 | 1.86E-02 | 3.47E-04 | 2.01E-02 | 4.03E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04
350 1.70 | 2.00E-02 | 3.98E-04 | 2.15E-02 | 4.62E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04
400 1.69 | 2.04E-02 | 4.17E-04 | 2.20E-02 | 4.84E-04 | 0.9873 | 4.34E-04 | 2.31E+03 | 9.55E+03 | 1.05E-04

Table J.1.1: Permeation coefficient calculations at different feed concentrations at equilibrium shown in Appendix A.1




- % pH [Htlreea | [HHreea [HR]org [HRlzorg mcy Pm 1/Pm 1/Pcu Pcu
S 2.19 6.46E-03 | 4.17E-05 | 6.96E-03 | 4.84E-05 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.24E+04 8.09E-05
10 1.12 7.59E-02 | 5.75E-03 | 8.18E-02 | 6.68E-03 | 0.9873 | 4.34E-03 | 2.31E+02 | 1 .24E+04 8.09E-05
15 2.04 9.12E-03 | 8.32E-05 | 9.83E-03 | 9.66E-05 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.24E+04 | 8.09E-05
20 1.43 3.72E-02 | 1.38E-03 | 4.00E-02 | 1.60E-03 | 0.9873 4.34E-03 | 2.31E+02 | 1.24E+04 | 8.09E-05
25 1.41 | 3.89E-02 | 1.51E-03 | 4.19E-02 | 1.76E-03 | 0.9873 4.34E-03 | 2.31E+02 | 1.24E+04 | 8.09E-05
30 . 1.38 4.17E-02 | 1.74E-03 | 4.49E-02 | 2.02E-03 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.24E+04 | 8.09E-05

‘Table J.1.2: Permeation coefficient calculations at different strip concentrations at equilibrium shown in Appendix A.2




FLOW

1/Pm

RATE .pH [H+]feea [H+]2(e¢d [HR]org | [HRorg | micy Pm 1/Pcu Pcu
0.167 1.74 1.82E-02 | 3.3 1E-04 | 1.96E-02 | 3.85E-04 0.9873 | 4.34E-03 | 2.31E+02 1.66E+04 | 6.01E-05
0.25 1.82 1.51E-02 | 2.29E-04 | 1.63E-02 | 2.66E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.44E+04 | 6.92E-05
0.333 1.93 1.17E-02 | 1.38E-04 | 1.27E-02 | 1.60E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.31E+04 | 7.65E-05
0.5 1.86 1.38E-02 | 1.91E-04 | 1.49E-02 | 2.21E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.13E+04 | 8.82E-05
0.667 1.81 1.55E-02 | 2.40E-04 | 1.67E-02 | 2.79E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.03E+04 | 9.74E-05
0.833 1.78 1.66E-02 | 2.7SE-04 | 1.79E-02 3.20E-04 0.9873 | 4.34E-03 | 2.31E+02 | 9.50E+03 | 1.05E-04

Table J.1.3: Permeation coefficient caiculations at different flow rates at equilibrium shown in Appendix A.3




LIX] % | pH | [Htltea | H+teea | HRlorg | HRorg | m1c0 Pm 1/Pm | 1/Pen | Peu
5 1.85 | 1.41E-02 | 2.00E-04 | 1.52E-02 | 2.32E-04 | 0.9873 | 4.34E-03 | 231E+02 | 1.46E+04 | 6.87E-05
10 1.84 | 1.45B-02 | 2.09E-04 | 1.56E-02 | 2.43E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.46E+04 | 6.87E-05
15 1.77 | 1.70E-02 | 2.88E-04 | 1.83E-02 | 3.35E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.46E+04 | 6.87E-05
20 1.71 | 1.95E-02 | 3.80E-04 | 2.10E-02 | 4.42E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.46E+04 | 6.87E-05

25 1.68 | 2.09E-02 | 4.37E-04 | 2.25E-02 | 5.07E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 1.46E+04 | 6.87E-05
40 1.80 | 1.29E-02 | 1.66E-04 | 1.39E-02 | 1.93E-04 | 0.9873 | 4.34B-03 | 2.31E+02 | 1.46E+04 | 6.87E-05

Table J.1.4: Permeation coefficient calculations at reactant concentrations at equilibrium shown in Appendix A.4




pH [Htlreea | [H+Pteca [HR]org | [HRPorg mcy Pm 1/Pm 1/Pcu Pcu
1 0.100 1.00E-02 | 9.94E-01 | 1.15E+00 | 0.9873 | 4.3 IE-OI 2.32E+00 1.28E+04 | 7.82E-05
1.5 0.032 1.00E-03 | 9.94E-01 | 9.94E-01 | 0.9873 |3.71E+00 | 2.70E-01 | 1.28E+04 | 7.82E-05
2 0.010 1.00E-04 | 9.94E-01 | 9.94E-01 | 0.9873 | 3.71E+01 | 2.70E-02 | 1.28E+04 | 7.82E-05
25 0.003 1.00E-05 | 9.94E-01 | 9.94E-01 | 0.9873 | 3.71E+02 | 2.70E-03 | 1.28E+04 | 7.82E-05

Table J.1.5: Permeation coefficient calculations at constant pH at equilibrium shown in Appendix A.5




[HR] 20"8

1/Pm |

.pH [H+)teea | [H+ teea | [HRorg Mcu Pm 1/Pcu Pcu
100 2 1.00E-02 | 1.00E-04 | 1.08E-02 | 1.16E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 8.98E+03 | 1.11E-04
150 2 1.00E-02 | 1,00E-04 | 1.08E-02 | 1.16E-04 |. 0.9873 | 4.34E-03 | 2.31E+02 | 8.98E+03 | 1.1 1E-Q4
200 2 1.00E-02 | 1.00E-04 | 1.08E-02 | 1.16E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 8.98E+03 | 1.11E-04
250 2 1.00E-02 | 1.00E-04 | 1.08E-02 | 1.16E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 8.98E+03 | 1.11E-04
300 2 1.00E-02 | 1.00E-04 | 1.08E-02 | 1.16E-04 | 0.9873 | 4.34E-03 | 2.31E+02 | 8.98E+03 | 1.11E-04

Table J.1.6: Permeation coefficient calculations at pH =2 at equilibrium shown in Appendix A.6
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APPENDIX K

Locating of mass transfer coefficient (k;)



(ppm) Sp Pcu 1/Pcu Pm 1/Pm ki ki
100 | 6.43E-03 | 1.30E-04 | 7.71E+03 | 4.34E-04 | 2.31E+03 | 5.45E+03 | 1.84E-04
150 6.21E-03 | 1.23E-04 | 8.13E+03 | 4.34E-04 | 2.3 1E+03 | 5.87E+03 | 1.70E-04
200 6.00E-03 | 1.17E-04 | 8.55E+03 | 4.34E-04 | 2.31E+03 | 6.29E+03 | 1.59E-04
250 | 4.93E-03 | 8.84E-05, | 1.13E+04 | 4.34E-04 | 2.31E+03 | 9.05E+03 | 1.11E-04
300 5.61E-03 | 1.06E-04 | 9.44E+03 | 4.34E-04 | 2.31E+03 | 7.18E+03 | 1.39E-04
350 | 4.29E-03 | 7.35E-05 | 1.36E+04 | 4.34E-04 | 2.31E+03 | 1.13E+04 | 8.82E-05
400 5.22E-03 | 9.58E-05 | 1.04E+04 | 4.34E-04 | 2.31E+03 | 8.18E+03 | 1.22E-04

Table K.1.1: Locating of the mass transfer coefficient (k;) using Equation 17 and shown in Figure 2.25 at different feed

concentrations




(ppm) Sp PCu* 1/PCu* Pm 1/Pm 1/ki ki
5 2.50E-03 | 3.82E-05 | 2.62E+04 | 4.34E-03 | 2.31E+02 | 2.60E+04 | 3.85E-05
10 3.51E-03 | 5.71E-05 | 1.75E+04 | 4.34E-03 | 2.31E+02 | 1.73E+04 | 5.79E-05
15 5.13E-03 | 9.34E-05 | 1.07E+04 | 4.34E-03 | 2.31E+02 | 1.05E+04 | 9.54E-05
20 5.25E-03 | 9.66E-05 | 1.04E+04 4.34E-03. 2.31E+02 | 1.01E+04 | 9.87E-05
25 5.57E-03 | 1.05E-04 | 9.54E+03 | 4.34E-03 | 2.31E+02 | 9.31E+03 | 1.07E-04
30 5.18E-03 | 9.47E-05 | 1.06E+04 | 4.34E-03 | 2.31E+02 | 1.03E+04 | 9.68E-05

Table K.1.2: Locating of the mass transfer coefficient (k;) using Equation 17 and sh
strippant concentrations

own in Figure 2.25 at different




(ppm) Sp Pcu 1/Pcu Pm 1/Pm 1/ki ki
5 3.46E-03 | 5.62E-05 | 1.78E+04 | 4.34E-03 | 2.31E+02 | 1.76E+04 | 5.69E-05
10 4,06E-03 | 6.86E-05 | 1.46E+04 | 4.34E-03 | 2.31E+02 | 1.44E+04 | 6.97E-05
15 4.64E-03 | 8.16E-05 | 1.23E+04 | 4.34E-03 | 2.31E+02 | 1.20E+04 | 8.31E-05
20 4.89E-03 | 8.76E-05 | 1.14E+04.| 4.34E-03 | 2.31E+02 | 1.12E+04 | 8.94E-05
25 5.44E-03 | 1.01E-04 | 9.85E+03 4.34E-03 | 2.31E+02 | 9.63E+03 | 1.04E-04
30 5.41E-03 | 1.01E-04 | 9.93E+03 | 4.34E-03 | 2.31E+02 | 9.71E+03 | 1.03E-04

Table K.1.3: Locating of the mass transfer coefficient (k;) using Equation 17 and shown in Figure 2.25 at different reactant

concentrations




(ppm) Sp Pcu 1/Pcu Pm 1/Pm 1/ki ki
5 -~ | 3.58E-03 | 5.85E-05 | 1.71E+04 | 4.34E-03 | 2.31E+02 | 1.69E+04 | 5.92E-05
10 3.93E-03 | 6.57E-05 | 1.52E+04 | 4.34E-03 | 2.31E+02 | 1.50E+04 | 6.67E-05
15 4.52E-03 | 7.87E-05 | 1.27E+04 | 4.34E-03 | 2.31E+02 | 1.25E+04 | 8.01E-05
20 4.96E-03 | 8.92E-05 | 1.12E+04 | 4.34E-03 | 2.31E+02 | 1.10E+04 | 9.11E-05
25 4,70E-03 | 8.29E-05 | 1.21E+04 | 4.34E-03 | 2.31E+02 | 1.18E+04 | 8.45E-05
40 2.41E-03 | 3.66E-05 | 2,73E+04 | 4.34E-03 | 2.31E+02 | 2.71E+04

3.69E-05

Table K.1.4: Locating of the mass transfer coefficient (k;) using Equation 17 and shown in Figure 2.25 at different flow

rates




pH Sp PCu* 1/PCu* Pm 1/Pm Uk ki
1.00 1.72E-03 | 2.64E-05 | 3.79E+04 | 4.31E-01 | 2.32E+00 | 3.79E+04 ‘2.64E-05
1.50 | 2.64E-03 | 4.27E-05 | 2.34E+04 | 3.71E+00 | 2.70E-01 | 2.34E+04 | 4.27E-05
2.00 5.33E-03 | 1.04E-04 | 9.64E+03 | 3.71E+01 | 2.70E-02 9;64E+03 1.04E-04
2.50 6.55E-03 | 1.40E-04 | 7.14E+03 | 3.71E+02 | 2.70E-03 | 7.14E+03 | 1.40E-04

Table K.1.5: Locating of the mass transfer coefficient (k;) using Equation 17 and shown in Figure 2.25 at a constant pH




(ppm) Sp Pcy 1/Pcu Pn 1/Pn 1/k; k;
100 6.06E-03 | 1 .25E-Q4 7.99E+03 | 2.26E+02 | 1.25E-04 | 5.93E-03 | 1.69E+02
150 6.01E-03 | 1.24E-04 | 8.09E+03 | 2.26E+02 | 1.24E-04 | 5.88E-03 | 1.70E+02
200 5.62E-03 | 1.12E-04 | 8.90E+03 2.26E+O2 1.12E-04 | 5.51E-03 | 1.81E+02
250 5.41E-03 | 1.06E-04 | 9.41E+03 | 2.26E+02 | 1.06E-04 | 5.30E-03 | 1.89E+02
300 4.77E-03 | 8.94E-05 1.12E+04‘ 0.00E+00 | 8.94E-05 | 4.68E-03 | 2.14E+02

Table K.1.6: Locating of the mass transfer coefficient (k;) using Equation 17 and shown in Figure 2.25 at pH =2
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 APPENDIX L

Mass balance calculations
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ppm 100 150 200 250 300 350 400
Feed(t=0) 0.01960 | 0.02700 | 0.04060 | 0.04840 | 0.06160 | 0.06400 | 0.07600
Feed(t=0) 0.00020 | 0.00040 | 0.00040 | 0.00100 | 0.00080 | 0.00120 | 0.00054
Strip 0.01695 | 0.02644 | 0.04181 | 0.05108 | 0.05650 | 0.06464 | 0.07390
Membrane 0.00034 | 0.00031 | 0.00025 | 0.00023 | 0.00093 | 0.00059 | 0.00082
Total - 0.01749 | 0.02715 | 0.04246 | 0.05230 | 0.05823 | 0.06643 | 0.07526 -
| % Recovery -89 101 - 105 108 95 104 99

o 116 0 21 65 30 14 1
mass error 11 1 5 8 5 4 1
average error 5 %

Table L.1.1: Mass transfer calculations at different feed concentrations

(H2S0y) 5% 10% 15% 20% 25% 30%

Feed(t=0) 0.04200 | 0.04078 | 0.04113 | 0.04660 | 0.04500 | 0.04620

Feed(t=0) 0.00500 | 0.00120 | 0.00070 | 0.00040 | 0.00060 | 0.00066

Strip 0.03390 | 0.03300 | 0.03865 | 0.04226 | 0.04556 | 0.04859

Membrane 0.00073 | 0.00054 | 0.00059 | 0.00099 | 0.00048 | 0.00034

Total 0.03963 | 0.03474 | 0.03994 | 0.04365 | 0.04664 | 0.04959

% Recovery 94 85 97 94 104 107

B 32 219 8 40 13 54
mass error 6 15 3 6 4 7
average error 7 %

Table L.1.2: Mass tranéfer calculations at different strippants concentrations
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0.167 0.25 0.333 0.5 0.667 0.833

cm’.sec” | em’.sec” | em’.sec”! | cm’.sec | em®.sec? | em®.sec!
Feed(t=0) 0.04480 | 0.04300 | 0.04440 | 0.04220 § 0.04360 { 0.04500
Feed(t=0) 0.00200 | 0.00118 | 0.00090 | 0.00076 | 0.00060 | 0.00060
Strip 0.04362 | 0.04520 | 0.04678 | 0.04574 | 0.04543 | 0.04475
Membrane 0.00068 | 0.00076 | 0.00031 | 0.00105 | 0.00034 | 0.00048
Total ] 0.04630 | 0.04714 | 0.04799 | 0.04755 | 0.04637 | 0.04583
% Recovery 103 101 105 108 95 104

11 0 21 65 30 14

mass error 3 1 5 8 5 4
average error 4 %

Table L.1.3: Mass transfer calculations at different flow rates

5% 10% 15% 20% 25% 40%

Feed(t=0) 0.03800 | 0.03740 | 0.03900 | 0.04220 | 0.04280 | 0.04100
Feed(t=0) 0.00300 | 0.00220 | 0.00102 | 0.00060 | 0.00080 | 0.00600
Strip - -{ 0.04000 | 0.03887 | 0.04045 | 0.04091 | 0.03978 | 0.03752
Membrane 0.00028 | 0.00031 | 0.00034 | 0.00059 | 0.00048 | 0.00048
Total - 0.04328 | 0.04138 | 0.04181 | 0.04210 | 0.04106 | 0.04400
% Recovery 114 111 107 100 96 107

' 116 0 .21 65 . 30 14
mass error 14 11 7 0 4 7
average error 7 %

Table L.1;4: Méss ﬁansfer calculations at different reactant concentrations
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1 1.5 .2 - 25

Feed(t=0) 0.04000 | 0.04040 { 0.03700 { 0.03800
Feed(t=0) 0.00860 | 0.00554 | 0.00068 | 0.00016
Strip 0.02599 | 0.02938 | 0.03345 | 0.02215
Membrane 0.00096 | 0.00107 | 0.00059 | 0.00102
Total 0.03555 | 0.03599 | 0.03472 | 0.02332
% Recovery 389 89 94 61

116 0 21 65
mass error 11 11 6 9
average €rror - 9 %

Table L.1.5: Mass transfer calculations at constant pH

100 150 200 250 300
Feed(t=0) 0.01840 | 0.02960 | 0.03600 | 0.04400 | 0.05600
Feed(t=0) 0.00026 | 0.00040 | 0.00068 | 0.00102 |0.00130
Strip C 0.01763 | 0.02825 | 0.03616 | 0.04249 | 0.05379
Membrane 0.00020 |0.00045 | 0.00028 | 0.00051 |0.00068
Total , 0.01809 | 0.02910 | 0.03712 |0.04402 | 0.05577
.% Recovery 98 98 103 100 100

116 0 - 121 65 30

" | mass error 2 2 3 0 0

average error 1 %

Table L.1.6: Mass transfer calculations at pH =2
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NOMANCLATURE

A O Z2 R >

o1

Iim -

mMCy feed
MCystrip
Dagcusos

Dagosos
Dorg

o

eff

Ssepprryrr

total internal area of TSLM module (cm?)
membrane radius (cm)

number of tubes

tube length

copper concentration (g/cm’)

diameter of one fibre (cm)

inner fibre radius '

outer fibre radius

logarithmic mean radius of one fibre

outer fibre diameter

distribution coefficient in aqueous feed

distribution coefficient in aqueous strip

diffusion coefficient of copper complex in feed
diffusion coefficient of sulphuric acid complex in strip
diffusion coefficient of organic reactant in membrane
effective diffusion coefficient of organic reactant in membrane
mass transfer coefficient of aqueous feed (cm.s™)
membrane mass transfer coefficient (cm.s™)

mass transfer coefficient of aqueous strip (cm.s™)
organic mass transfer coefficient for stripping (cm.s™)
extraction constant

thickness of the fibre membrane (cm)

volume of feed tank (cm®)

volume of stripping tank (cm®)
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GREEK SYMBOLS

Vi

Vs

porosity of the membrane

tortuosity of the membrane
membrane thickness

velocity of liquid on tube side (cm/s)
velocity of liquid on shell side (cm/s)
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SUBSCRIPTS

‘aq

membrane
feed side
strip side

inner

"~ outer

tube side

aqueous
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'GLOSSARY

Solvent extraction

Permeability

Flux

Feed
Retentate
Permeate

" Extractant

Aqueous phase

- A term used to describe a liquid-liquid extraction process that involves a

- transfer of ionic species from the extractant to the aqueous phase in

exchange for ions from the aqueous phase.
The rate of flow of a liquid through a porous material

The rate of flow of copper ions through the membrane porous material

per unit time per unit area.

The stream that flows into any membrane module

That part of the feed retained by the membrane

That part of the feed that crosses the membrane

A viscous chemical solution used to load a metal ion from the aqueous
phase. An extractant is usually mixed with a diluent to comprise the
organic phase.

The water portion of a system consisting of two liquid phases, one that is

primarily water and a second that is a liquid immiscible (CuSO4)

with water
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ABBREVIATIONS

SLM
PVDF
SEM
SX
IX
TSLM

PS

Supported liquid membrane
Polivinyldenedifluoride
Scanning electron microscopy
Solvent extraction

Ion exchange

Tubular supported liquid membrane

Polysolphone
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