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A.l Introductory statement

This project is an extended investigation into the extraction potential of supported liquid
membranes (SLM) for dissolved chemical species from aqueous solution This emerging new
technology involves the concept of an unconfined reactor which entails the membrane to be

configured in the form of a capsule. This implies that no expensive reactor containment is

necessary

An important principle which motivated this research is the ever increasing environmental
awareness fostered by a strong global drive towards sustainability. The depollution of waste
waters (effluents) cerntainly ranks high in the prionty list for at least two reasons:

4 The recovery of "clean”, water and

b the recovery of valuable dissolved chemical species

The need to support this new, emerging technology was recognised by the WRC and the PU for
CHE A centre of expertise was consequently established through the financial subvention of
vanous projects in this field of research.  This participation led to networking with other instances

like ESKOM with whom a joint project was configured.

The WRC part of the project entailed the extraction of nickel from aqueous solution The results
from this project served as starting point and indication to the ESKOM project which was focused
on the extraction of lowly soluble cations (like barium, calcium and strontium)as well as the
removal of TOC from boiler feedwater This latter assignment posed extremely difficult problems
with expensive analyses procedures because the concentrations involved were in the range of

micrograms per liter.

Previous projects executed for the WRC on this research topic indicated the technical feasibility
of nickel extraction with SLM (WRC Project K5/516). This report will therefore relate the results
of two investigations which will cover (respectively) the WRC requirements and the requirements
as set out by ESKOM (Refer to appendix C). These requirements and objectives are set out as
follows for WRC and ESKOM respectively:
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WRC objecuives

The development, design. evaluation and testing of a suitably qualified membrane support. in the

form of a capsule, for the optimised extraction of nickel

1

‘et

The application and qualification of this support and its peripheral components such as
extractant in a typical extraction environment such as would be expected to vield

maximum extraction of nickel

The generation of an extraction equation from a six factonial experimental design to vield

typical extraction rates for nickel

The opumusation of the possible independent variables involved in the extraction protocol

for nickel with capsule membranes

3 The qualification of the system for plant use as well as for the wides: possible application
to other extraction system requirements such as the needs of ESKOM
ESKOM objectives:

The design of an extraction system using the analogy from the protocol for nickel extraction

!

L)

L

The testing of vanous membrane supports (substrates) to effect extraction of cations
and TOC from aqueous solutions

The qualification of the basic extraction potential by shake-out solvent extraction
techniques for the different species to be extracted

The assessment of the extraction potential of SLM in general for the species involved
at ESKOM.

The prognosis for the translation of the SLM results to the CME configuration using
firstly higher concentrations of synthetic solutions followed by real solutions

A.2 A summarised statement of the contract objectives

The joint objective for both projects can be summansed as an effort to translate the successes
achieved with the capsule extraction of nickel to the extraction of cations and TOC from boiler
feed water
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A.3 A brief summary of the results.

The integnity and the technical feasibility of the SLM and the CME systems were pointed out in
previous research (Refer to WRC Report No. K5/617) The interest and eventual participation
of ESKOM in this research caused the emphasis to be shifted to two virtually separate but simular
projects It can be stated that the two projects would develop along the same lines but out of

phase It 1s therefore logical to report the results separately
Nickel e ractic 1 refinement.

The extraction of nickel with suitably formed capsules gave extraction rates and total extraction
values which were dependent on the five vanables identified in previous research as mentioned

in A .2 These vanables are

l Temperature

2 Speed of agitation on the feed side (Reynolds number)
3 Acid concentration in the strip (inside) solution

4 Special ligand concentration in the feed side solution

5 Extractant concentration in the membrane.

Each of these vanables increased the extraction rate and the combined nett effect was an increase
of at least 100 tumes greater extraction than reported in literature. Furthermore an empirical rate
equation was developed which yielded. a polynomual expression in terms of all the independent
variables mentioned. This rate equation is a powerful tool to predict and determine the size of
a plant using this technology. In final summary the experience gained from the nickel refinement
experiments gave a very convincing platform from where the ESKOM assignment could be

approached.

The application on lowly soluble cations and TOC (ESKOM)

The potential and response of the ESKOM chemical species were firstly investigated using shake-
out tests followed by SLM experiments. This was necessary because the ESKOM project differed
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dramatically from the nickel and the following aspects complicated the direct use of results

obtained with nickel

1 The concentrations to be addressed in the ESKOM applicauion were in the lower

ranges of microgram per liter (ca.10-100 ug/liter)

(]

The metals involved are not amongst those which are traditionally extracted and there

15 consequently a dearth of information regarding extractants and the like

For these reasons the rese: 'ch protocol was slightly altered to qualifv this extraction svstem
regarding the extractants  The muuial expennments were also performed on synthetic solutions to

establish tendencies for the vanables before the low concentration ,real solutions were attempted

Suntable but low extraction was obtained with both shake-out tests as well as with SLM It was
however obvious that the four orders of magnitude lower concentration than the nickel had a

dramatic effect and decreased the extraction rates to very low levels

These low extraction vaiues imphed very large membrane surfaces and or very long retention
times both of which resulting in unfavourably large capital investment The same expenments
were repeated with the same configuration of capsules and the following observations were made
] The extractants were clearly not optirmused for extraction of any of the cations or the
TOC and substantial basic research 1s necessary.

Analysis had to be done at vanous different laboratones which raised senious doubts
on the relative comparability of these

ta

In summary the CME system does not concentrate the cations well The extractants used ranged
from the mundane, off-the shelf types to very sophisticated macrocyclic polyethers with differing
efficiencies. It was however obvious that the extraction is slow due to the low feed concentration
the possibility of using an enhancing external driving force (like for example an electrical EMF)
could improve the nett transfer tremendously.

The TOC values could not be extracted due to the non-availability of a suintable extractant
mentioned in literature but unavailable in RSA.
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A strongly positive indication was found that this technique could be used to concentrate
analyucal samples from the microgram/liter to the milligram per liter range This will obviousiy
have large cost and investment implications for analyses in these lower concentration ranges The
potenual of electrochemical treatment also holds promise especially with the degradation of

TOC coupled to the possibility of an external electnical dnving force

A.4 Assessment of the achievements of the research.

The project was completed satisf ctonly with the nickel attaining all of its aims and objectives
The ESKOM project, being of a more exploratory nature, also attained its major objective viz --
can CME be used for the extraction of lowly solubles” The answer is obviously negative - but
with some very good indications of the possibilities of alternatives. The main objective namely
to transfer the technology obtained with nickel to the ESKOM system was not attained
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A.5 Recommendations.

It is strongly recommended that this extraction technology be strongly supported by on-going
research. It has potential to extract even low level concentrations from aqueous solution
(effluents) It would therefore be able to desalinate (take out the not-so-harmful chemicals and
1ons) as well as the very obnoxious and/or toxic pollutants The strongest and most attractive

advantage of thus concept 15 the fact that it demineralises In the worst case an adjustment of pH

mught be necessary

The capsule configuration is highly satisfactory and only the design of a cheaper capsule is
necessary The membrane matenal used in these experiments was extremely expensive This cost

factor reflected negatively on the cost of economically extracting nickel

The research project led to vanous initiatives and exposure to the industnal and scientific public

The following are aspects which were directly denved from these research activities:

. Publications. The first article was entitled 7he extraction of mickel with the use of
supported liquid membrane capsules and was publicized in Warer SA, volume 22,
number 3, July 1996. The second article was entitled Optimuzanon of mickel

extraction with supported liquid membrane capsules and is in the process of being

refereed by the same journal.
. RSA patent.
. M (Eng)Chem. Dissertation by Mr. L. R. Koekemoer.
. A presentation of this emerging technology at the biennial forum of world leaders in

potable water financing and research organisations. This event was organised by the
American Water Works Association in Antwerp, Belgium, 5-8 May 1996 The WRC
presented seven selected research topics from RSA at this distinguished event
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Nomenclature Xxi

Unless otherwise stated. the symbols in this dissertation have the following meaning The
dimensions of the symbols are given in brackets

A Area (cm’)

AA  Atomic absorption spectrophotometer
C Concentration (mol/dm’)

Cir  Circumference (m)

D Impeller diameter (m)

E Activated energy (J/mol)

Ex Extractant.

Extr  Extraction (g/m°)

H Hydrogen

] Flux (ug/cm®s)

N Reacuon constant

S Frequency factor

K. Mass transfer coefficient of reverse reaction
k. Mass transfer coefficient of forward reaction.

K¢ Equilibrium constant.

M Metal species

R Organic extractant

r Rate of reaction (mol/m™h).
Rate  Rate of extraction (2/m*h).
Re Reynolds number

T Temperature (K).

t Time (s or h).
v Volume (cm’).
u Liquid viscosity (N's/'m’)

P Density (kg/m’).
w Rare ot rotation
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Acronvms
Ac Acetate
CME Capsule membrane extraction

D2EHPA Di-2-(ethvihexyl) phosphoric acid

DSP Double salt precipitation

EMF Electro motoric force

fce Face-centred cubic

FFC Flat film contactor

HCC Hyvdrodynamically charactensed contactor
LMP Emulsion liquid membrane permeation
MCOC Mult cell contactor

NMR Nuclear magnetic resonance

P\C Polvvinyl chloride

SFC Slurry flow comactor

SLM Supported hquid membranes

TBP Tri-n-butyl phosphate

TOC Total organic carbons

Superscript

b Bulk solution.

Subscript

A Component A

f Feed solution.

1 Initial

0 Organic solution.

s Strip solution.



Chapter 1

Introduction

In the past few vears there has been an increase in environmental awareness This forced
industnies to be more careful with the waste they generate  The recovery and upgrading of metal-
containing waste have become not only a very demanding assignment, but also a lucranve business
(refer to photograph 1. 1) The cleaning of nickel from waste streams is no exception. As one of
the carcinogenic substances, nickel discharge to sewers or public water must be stnictly himited
(Zhongmao e al . 1990:170) The trend in environmental legislation, world wide. 1s to limit the
concentration of the common heavy metals to 1-2 mg/dm’ for sewer discharge and 0.1 t0 0.5
mg'dm’ for open water discharge (Fane ez al.. 1992:5) Nickel has the additional advantage that
it 15 a verv valuable metal (R 31 76/kg (Anon., 1996:56)) and thus a candidate for recovery from

effluents

B.Sc. CHEMICAL ENGINEER

ENYRONMENTA-

A dynamic projects company has an excellent
opportunity 1or an engineer with edher air or waler
poiution and environmental control expenence
Contact Shella Moran on (011) 488.6822

Photograph 1.1: Advertisement in Sunday
Times (PAG. 1996 15)

An alloy of nickel was known in China more than 2000 years ago  Saxon muners were familiar
with the reddish-coloured ore, NiAs, which resembles Cu,0 The miners attributed their inability
1o extract copper from this ore to the work of the devil and named it "Kupfernickel” (Old Nick's
copper). In 1751 AF. Cronstedt isolated an impure metal from some Swedish ores and,
identifving it with the metallic component of Kupfernickel, named the new metal "nickel”

(Greenwood & Eamshaw, 1984 1328)



Introduction 2

Nickel is a high melting element with a ductile crystal structure and with chemical properties
which allow it to be combined with other elements Nickel-base alloys provide excellent
mechanical properties from cryogenic temperatures to temperatures in excess of 1000 °C (Tien
& Howson, 1981:787) Nickel also has the face-centered cubic crystal structure which makes it
highly formable but is relatively expensive (R 31 76/kg) and has a high density (8 9 g/cm’) which
limits its use (Smith, 1990 548)

Erlank (1994.96) proved that nickel can be extracted with the use of supported liquid membranes
(SLM) A vanation of the SLM configuration was found in the capsule membrane extraction
(CME) configuration Erlank found that extraction is strongly driven by a pH gradient between
the feed and stnp solution (1994 96).  The results only showed the technical tendencies of CME

and a full characterization and optimization still had to be done

A svstematc approach to process design was followed. The design problem was reduced to 2
mierarchy of decisions (Douglas, 1988:16). The flowchart of the hierarchial process can be seen

in figure 1 1 In this report only level zero (the input information) is researched

Level - 1
~—#  Batch versus
. Continuous

A

Input Information

. 4

Level -2
Input-Output
tructure

s e ——§
\ 4 _ PN, SRS Continue
Y f Project
Abandon i— Level -3
Project “Recycle Structure A
\ 4

A/ \-

‘ Level - 4

. - Enm | |
Separation Syﬂ‘“;. _ Optimisation _/,’

—

Fig. 1.1. Flowchart of hierarchial process design.
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Chapter 2

Literature survey
and theory

2.1 Nickel

Nickel is the seventh most abundant transition metal and the twentv-second most abundant

clement in the earth's crust (99 ppm) Its commercially important ores are of two types
Latenites Latentes are oxide/silicate ores such as garnierite Theyv are concentrated
in tropical rainbelt areas such as New Caledonia, Cuba and Queensland

3 Sulfides such as pentlandite. Thev are associated with metals such as copper, cobalt
and other precious metals. These ores typically contain about 1%s Ni and are found
in more temperate regions such as Canada, the USSR and South Africa (Greenwood

& Earmnshaw, 1984.1329)

The beneficiation of nickel 1s complicated. The oxide ores are not generally amenable to
concentration by normal physical separations and so the whole ore body has to be treated The
sulfide ores (which are found in South Africa) can be concentrated by flotation and magnetic
separations. This is the main reason why the sulfides provide the major part of the world's nickel

(Tien & Hawson, 1981 797)

Some physical properties of nickel are given in table 2 1 (Tien & Hawson, 1981.788) Nickel has
excellent corrosion-resistant properties. In general, nickel is very resistant to corrosion in marine

and industrial atmospheres, outdoors, in distilled waters and flowing sea water
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Table 2.1 Physical properties of nickel

Property Value
atoauc weight $8.71
crvstal structure fee
lattice constant at 25°C, nm 035238
melung pownt, *C 1453
botling pout (by extrapolation), *C 2732
densaty at 20°C, g/em’ 8 908
specific heat at 20°C, kM kgK) 044
av coeflicient of thermal expansion > 10 per *C

at 20-100°C 133

at 20.300°C 144

at 20-300°C 152
thermal conductivity, W/imrK)

a 100°C L )

at 300°C 636

at 500°C 619
electne resistivaty at 20°C, ulem 6.97
temperature coeflicient of resistivity at 0-100°C, (udem)°C 0.0071
Cune temperature, *C 353
saturaton magnetuzanon. T 0617
residual magnetization. T 0 300
coercive foree, A/m 239
watial permeabihity, mi/m 0251
max permeabihty, mH/m 251377
modulus of elasticity, » 10" MPa

lension 206.0

shear 736
reflectivity, %

at 0.30 um 4]

at0 35 um (=

a3 0 um 87
1otal emussivity uW/m?

a1 20°C 45

ar 100°C 60

at 300°C 120

at 1000°C 190
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Wrought and cast nickel are used widely for mickel electrodeposition onto many base metals
Nickel also can be plated by an electroless process Nickel plating provides resistance to
corrosion for many commonly used articles such as pins, paper clips, scissors. keys. fasteners as

well as for matenals used in food processing

Nickel plaung is also used in the paper and pulp industries and the chemical industnies which often
are characterized by severely corrosive environments. Nickel plating 1s used in conjunction with
chromium plating to provide decorative finishes and corrosion resistance to numerous articles
Nickel electroforming. in which nickel is electrodeposited onto a mold which subsequently 1s
separated from the deposit. is used to form complex shapes such as prinung plates. tubing.

nozzies. screens and gnds

Nickel also 1s an important industnal catalvst The most extensive use of nickel as a catalvst 1s
in the food industry concerning the hvdrogenation or dehvdrogenation of orgamic compounds to

produce edible fats and oils (Tien & Hawson. 1981 791)

Nickel 1s alloved with about 32% copper to produce Monel 400 alloy which has relatively high
strength weldability, and excellent corrosion resistance to many environments A whole spectrum
of nickel-base superalloys has been developed primarily for gas turbine parts which must be able
to withstand high temperatures. high oxidizing conditions and be creep-resistant  Most wrought
nickel-base superaliovs consist of about 50 to 60% nickel. 15 to 20% chromium and 15 to 20%
cobalt (Smuth, 1990 548)

With these properties and end-uses in mind it 1s evident that nickel 1s a widelyv used metal and
therefore subject to report in various effluents as a pollutant.  The extraction of nickel at the price
quoted (R31 76/kg) could consequently be a strong incentive to recover nickel from effluents
from vanous industries but mainly from the plating and catalyst industries It is for this purpose
that the SLM and the newly proposed CME are expected to contribute to the general field of

demuneralization
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2.2 Statistical experimental design

2.2.1 Introduction

The dissertation bv S N Erlank (1994) showed that the extraction of nickel with the use of SLM
is potentially feasible The dissertation also showed which factors are significant. The next step
is to undenake an expenmental design and to execute the expenments The purpose of
expenimental design 1s to plan the expenimentation so that the number of expenments to be
executed 1s minimuzed. but the results are still accurate The method of response surfaces was
used for the expenmental design Empinical equations are set up to draw three-dimensional plots
of responses studied Thereby the influences of a number of factors on the response are

simultaneously obtained. and the optimum conditions for the extraction of nickel are obtained

The classical way to find the optimum for a process with a number of factors which influence the
process 1s to keep all the factors (except one) constant. One factor at a time was vaned and the
response was measured This meant that 25 experiments were needed for a process with five
factors (each having five different values) This process i1s unfortunately not very dependable
An example of an expenment which gives a false optimum can be seen in figure 2 1. In the
expenment the X factor is kept constant at a value of x1 and the Y factor is vaned. The optimum
value for the X factor is found at point A If the classical wav of experimentation is used, the
following step would be to keep the value of Y constant at a value of A and to vary the X factor
The optimum according to the experiment is then at point B, but the true optimum is at a lower
value of Y. Another disadvantage of the method is that there is no mathematical response for the

different factors
Another way to obtain the optimum is to do all the possible combinations of experiments

Response surfaces are more reliable than the classical way of experimentation  The number of
experiments for a process with five factors (each having five different values) needs 46
expeniments  Another advantage of response surfaces is that a mathematical response can be

attained for the different factors
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Z-axis

X-axis Y-axis

Fig 2 1' False experimental optimum

2.2.2 Response surfaces

Draper (1988:107) describes a response surface as follows: "Suppose we have a set of
observations y,, §,.. & - & U™ 1,2, . ,n, taken on a response variable y and on k predictor
vanables §,. §,. .. .5 A response surface model is a mathematical model fitted to v as a function

of the §'s in order to provide a summary representation of the behaviour of y"

The purpose of response surface design is to fit a n-dimensional surface to the surface with the
method of least squares. The surface can then be analysed mathematically and the relationship

between the different factors and the optimum response can be determined.

The goal of this experimental design is to design a set of experiments to determine the

mathematical relationship between the different factors which influence the extraction of nickel



Luerature survev and theon 8

2.3 Supported liquid membranes (SLM)

2.3.1 Definition

Supported liquid membranes (SLM) represent an attractive alternative to hiquid-hiquid extraction
for the selective removal and concentration of metal ions from solution The permeation of metal
species through SLMs can be described as the simultaneous extraction and stnpping operation
combined in a single stage A thin laver of organic extraction reagent (extractant) 1s immobilized
in @ microporous inert support.  This support is interposed between the feed solution (agueous
phase), in which the valuable metal 1s dissolved and the second (stnipping) phase. in which

enrichment of the metal occurs by transmembrane diffusion (Erlank, 1994 28)

2.3.2 Mechanism

The techmique of SLM involves the transport of 1ons across the membrane under a concentration
gradient by using a suitable carrier dissolved in a water immiscible organic diluent which 1s
absorbed on a thin microporous polymeric film  The transport process takes place whenever the
conditions of the aqueous feed and strip solutions are such that the distribution ratio of the
permeating species at the aqueous feed solution membrane interface is much higher than at the

aqueous strip solution-membrane interface (Chianizia & Castagnola, 1984 481)

During extraction a metal-extractant complex is formed at the interface of the outer aqueous
(feed) phase and the membrane phase. The complex permeates across the membrane and
decomplexes at the interface yielding the metal species to the inner aqueous (strip) phase (Melzner
eral., 1984:107)

Two transport schemes mainly dominate the membrane processes, namely co-current transport
and counter-current transport. These two modes of transport are depicted in figure 2 2, and
although a number of vanations do exist these two are illustrative of the principle involved The
mechanism of coupled transport, as illustrated in figure 2 2, shows that coupled transport is a

reversible reaction of the permeating ion species with the metal carrier confined to the membrane
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Feed Solution Liquid Membrane Product Soltution
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Counter-transport

Fig 22 The mechamisms of transport across a membrane

phase (Babcock er al,, 1980:75). The permeant is an ionic species or chemical which cannot enter
the membrane because of its low solubility in the hydrophobic organic solvent on the membrane
On the interface between the aqueous (feed) solution and organic solution, the metal carrier, R
reacts with the metal ion 1o form a neutral complex, MR, This neutral complex can diffuse freely
within the organic phase and transports across the membrane to the second aqueous (strip)
solution At the interface the metal is released, the carner reacts with a hydrogen cation to obtain
a neutral charge, and diffuses back to the feed/membrane interface
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Previous work by Danesi ez al. (1984.876) demonstrated (and experimentally venfied) that the

steady state permeability process can be described by the following equation

M* ~ nHR = MR, + nH" 21

The equation above is valid when the following conditions exist
] The metal ion concentration s low

2 Fast interfacial reactions occur between the carrier and metal ion

L)

The distribution ratio of the permeating species at the strip membrane interface is very

low

The equilibrium constant (K, ) for the system is given by (Erlank, 1994 .30)

E = M (2.2)
" (M")(HRY
which 1s a mathematical expression of the Law of Mass Action which is very similar to the
equilibrium constant for a simple reversible reaction The overlined species represents the
compounds in the organic phase. The above equation does not say anything about the rate at
which equilibrium is attained It does say that when a reactant or product concentration is
changed, the equilibrium will adjust itself so as to maintain K; constant A constant K; will be
attained if the system vanables are such as to allow for the changes to occur These variables can

now be selected to attain a specific selection or transport of species
2.3.3 Kinetics

Unlike solvent extraction, facilitated transport is controlled by diffusion and chemical reaction
rates  The mass transport process is established by a combination of the diffusion rate and the
complexation reaction rate. The overall transfer rate in a facilitated transport system must
therefore account for the interfacial reversible reaction kinetics as well as the diffusion process
inherent in carner-facilitated transport (Erlank, 1994:31)
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A generalized model by Hofman (1991:12) is based on the permeation of metal species across the
SLM in five steps

1 Diffusion of the metal species from the bulk feed through the feedside boundary laver
to the feed side of the SLM

The reaction between the metal species and the extractant at the feedside surface of
the SLM

Diffusion across the SLM by the extractant-metal complex

t

‘)

B The chemical reaction between the extractant-metal complex and the strip solution
on the strip side surface of the SLM.
S, Diffusion of the metal species from the strip side surface of the SLM, through the

strip boundary layer, into the bulk strip solution.

Danesi (1985:862) developed a model for four cases where the assumptions are different for
different experimental conditions. Danesi further assumed Fick's law of diffusion for steps 1, 3
and S, and assumes that the chemical reactions in steps 2 and 4 are pseudo first order Two
parameters not considered in this model are the diffusion of the counter ion across the SLM, and
the back diffusion of the extractant across the SLM after the metal has been stripped out of the
SLM phase. The effect of the counter ion can be omitted if it is assumed that its mobility and
chemical reaction are fast compared to that of the metal species. However, this assumption can
not be applied to all systems and must be justified for each system which is modelled

In the first case (Equation 2.3), Danesi assumed linear concentration gradients and that the strip
metal loading is neghgible. The first assumption is acceptable because of the small distances and
concentration gradients in question.  The second is made because Danesi had a system where he
continuously added fresh strip, and hence he did not concentrate the metal species in the strip
solution This assumption is also acceptable for the studies done in this investigation. In most
of the experimental procedures used during the investigation the initial strip solution was zero.
Also, the durations of the experiments were relatively short, thus preventing the strip phase to

become too concentrated with the metal ion concentration
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xf
—‘.I—' - P = ! (23)
(M), k'Aa + k' 8o + 1

In the second case, Danesi considered the chemical reaction at the feed-SLM interface to be fast
Hence k," and k_, are large and a local chemical equilibrium is found at the interface. Hofman

(1991:27) extended the model to tubular and hollow fibre geometnies

In the third case Danesi considered the feed to have high metal ion concentration. A full recourse
of the pertinent equations involved is given in the cited literature (Hofman, 1991.28). Danesi er
al. extended this model to a fourth case (Equation 2.4) for situations where the strip metal
concentration is not zero. This experimental condition was investigated to evaluate the extraction

of metal ions against a gradient

In

M)F K] (M) ¥

2.3.4 Process Variables
2.3.4.1 Extractant concentrations

For a given metal concentration in the aqueous phase it is believed that the extraction coefficient
will increase with an increase in extractant concentration Extraction by a particular solvent,
however, does not necessarily increase linearly with increase in the extractant concentration, since
viscosity of the extractant increases with concentration. This might have an inhibiting effect on
the carrier function that it must perform during transportation of metal species across the
membrane. It is therefore necessary to evaluate each system individually in order to optimize the
conditions for maximum results (Erlank, 1994:40).
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2.3.4.2 The effect of pH

All chelating or acidic type extractants used in counter-current mode extraction processes, liberate

a hydrogen 1on on the extraction of a metal ion:

M"™ + nHR = MR_ + nH" (2.1)

Thus the greater the amount of metal extracted, the more hydrogen ions are produced and
transferred to the feed side. This results in a decrease in pH of the feed side. The equilibrium will
shift to the left and consequently results in a decrease in the amount of metal extracted (Erlank,

1984:40)

The pH of the system also affects both the metal ion and the extractant. If the pH on the feed side
1s increased, the metal will eventually hvdrolyse and will not extract. Decrease in pH may result
in the formation of non-extractable metal species as a result of complexation. At low pH values
all extractants suffer protonation. If the extractant is unable to ionise it will not be able to form
a complex with a metal ion, and extraction will not occur. It can thus be safely said that SLM
extraction in this mode is pH-driven which implies the maintenance of a maximum pH difference

across the membrane for optimum results.
2.3.4.3 Aqueous phase composition

Extraction of metals are affected by the type and concentration of the ionic species present in the
aqueous phase. Where the metal complex in the aqueous phase has a stability constant greater
than that of the metal-extractant complex, it can be predicted not to extract (Erlank, 1994:41).

If complexation of a metal in the aqueous phase produces a neutral species, it will not be extracted
by an anionic or cationic extractant. The formation of a non-extractable metal-ion or ion-
associated complex in the aqueous phase is dependent on the ion and on its concentration as well

as chemical conditions such as pH.
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Conversely, if the metal species in the aqueous phase are uncharged, then extraction with neutral
or solvating extractants is more likely. However, increasing the ionic strength may seriously
affect the extraction, either by the formation of stable metal complexes, or by the formation of
unextractable charged species or by increased osmotic pressure displacing the organic from the

membrane pores.

2.3.4.4 Metal ion concentration

If the metal ion concentration in the system is increased, all other conditions remaining constant,
the concentration of extractant associated with the extractant species will increase with the result
that the concentration of free extractant will decrease. Thus, a relative decrease in the extraction

coefficient for that system could result in the limiting case of carrying capacity (Erlank, 1994.42).

Under certain controlled conditions, the extraction coefficient is independent of the metal ion
concentration. This is not the case, however, at high metal concentrations. It must be kept in mind
that activities were replaced by concentration for the sake of simplicity, but activities can change

substantially with increasing concentration of reactants.
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2.4 Applications in the industry

2.4.1 Introduction

The requirements for environmentally sustainable development and the adverse economics of
water recovery demand a new approach to the contaminants contained in effluents (Smit,
1994 14) These contaminants are chemucal species with either 2 nuisance value or otherwise with
widely variable economic value. The basic needs for water recovery in industry and the
environment are therefor contained in the following:

1 To demineralise effluents of valuable metals with its associated cost incentive as the

driving force.

LB

To demineralise effluents of nuisance metals to foster sustainable ecological
development

To decontaminate effluent of other chemicals species having obnoxious, deleterious

‘ad

and/or hazardous effects in the ecology

The extraction of nickel from electroplating wastewater is a classic example where the process

can be both economically and environmentally justifiable

2.4.2 Nickel plating

Nickel plating is by far the most important electroplating process (Anon, 1970:684), since a
sufficiently thick coating of nickel protects iron and steel from rusting. Nickel is plated either by
an electroplating process or by electroless nickel plating. Soon after the metal became
commercially available, in about 1870, nickel plating became popular for the protection and
embellishment of hamess parts and bicycle parts. Subsequently it was used for all kinds of metal
articles. Its use was further stimulated by the advent of the motor car, particularly after 1930.
Out of the total consumption in the UK in 1965 of 36 300 tons of nickel it is estimated that about
5 000 tons (one seventh) were used in electroplating

The most common type of electroplating solution for nickel can be seen in table 2.2 (Anon ,
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1970 684). This solution is known as the Watts solution. The rate of deposition is between
0.0008 and 0 0053 in/h (0 02032 - 0.3462 mm/h). The voltage necessary varies with the current
density, the temperature and the size of the vat, but is in the range of 3 to 7 V. The solution is
almost saturated with nickel salts, to have the maximum amount of nickel ions available and to

achieve a high current density

Table 2 2° Composition and properties of Watts nickel bath

Nickel sulphate (NiSO, 7H,0) 250 g/l
Nickel chloride (NiCl, 6H,0) 37.5 g/
" Bonc acid (H,BO,) 251
"TAcidu_v (pH) 30-58
Temperature 35-65°C
1.39 - 929 A/m’

Current density

In nickel plaung, maintenance of a steady, but very slight acidity is most important. Satisfactory
nickel plating can only be obtained in the pH range 3.0 to 6.1, but in practice a much closer range
is maintained (pH 5210 5 8)

The first step in the plating process (Anon., 1970.685) is to attach the articles to be plated to
wires or jigs. The wires or jigs are hung on a central metal rod at the top of the tanks. The
articles are then placed in a tank with hot alkaline degreasing solution (fig. 2.3 A). The
degreasing action is sometimes assisted by an electnic current.  After degreasing, the articles are
rinsed in a steel rinse tank (fig 2 3 C), with flowing cold water. The articles are placed in a lead
lined tank containing cold dilute acid, to etch the articles lightly (fig. 2.3 B)

The articles are placed in the nickel plating tank (fig. 2.3 D). The nickel plating solution is held
in an open topped, lead or rubber lined tank. The solution is heated by submerged steam or
electric heaters. A temperature of at least 35 °C is usual, but because faster electroplating can be
achieved at higher temperatures, the baths are ofien operated at temperatures up to 65° or 70°C.
The plating solution is usually agitated by compressed air, which is blown in through a perforated
pipe on the floor of the tank.
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n

Fig 23 Diagrammatic representation of a simple nickel plating plant

The tank 1s provided with a central metal rod at the top, from which the articles hang. This rod
15 connected to the negative side of the low voltage direct current supply. Similar rods are
arranged at the two opposite sides of the tank and are connected to the positive side of the current
supply The nickel anodes hang on these rods by metal hooks. Nickel anodes are usually cast
from metal containing oxide and other trace elements to facilitate their dissolution. Nickel tends
to release tiny metallic fragments into the solution as it dissolves. If these particles should settle
on the articles being plated, a rough deposit would result  The anodes are therefore enclosed in
heavy cotton twill bags. The nickel plating solution is also filtered, either continuously or from

tume to time

After the selected peniod of electroplating, the racks of wires carrying the articles are lifted out
of the plating tank, thoroughly rinsed in running water to avoid stains (fig. 2.3 E) and then dned,

usually in a current of warm air
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Many other types of nickel plating have been advocated, mostly based on nickel sulphate,
although nickel chloride and nickel sulphamate baths can be worked more quickly (Anon.,
1970:689) With the nickel sulphate process the ENPB (electroless nickel plating bath) initially
contains 7 g/dm’ nickel (Smit, 1994:58). When the bath is operated for such a period that the
nickel is “worked-out” to = 1 - 3 g/dm’ the nickel sulphate is replenished by addition The
number of times such a bath can “work out” the nickel is called the number of metal tumovers
(MTO). Currently a bath can be operated for about 5 - 10 metal tumovers before a new ENPB
has to be used The number of metal tumovers is an indication of the bath’s useful life. The

higher the MTO's are, the lesser effluent (spent bath) must be discharged

2.4.3 Waste treatment

During the final rinsing step, valuable nickel plating solution inevitably adheres to the pars or is
trapped in recesses This is called “drag-out™(Anon., 1970:689)

In the nickel sulphate electroplating process “drag-out™ also occurs, but there is the additional
discharge of the spent bath after the ENPB has “worked-out™ the number of metal turnovers A
typical analysis of a spent ENPB can be seen in table 2.3 (Smit, 1994.60)

It is evident that nickel effluent sources are of two kinds, namely the “drag out”, which result from
rinsing, as well as nickel to be recovered from “spent™ baths where no more MTO's could be
attained.
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Table 2.3: Analysis of a spent ENPB

Concentration

(g/dm’)

97.98
24.10
98.20
95.77

7.00

Operating conditions

Temperature: 90 °C

19
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2.5 Results of previous work done on extraction of nickel

with SLM

The recovery of nickel, together with cobalt and iron, from ores, concentrates and residues were
exiensively researched by Chiarizia er al. (1984:479) with a vanety of extraction conditions. By
studying the permeability coefficients of Fe'" and Co ** as functions of the feed chloride
concentration, suitable conditions have been identified where a separation of Fe** from Co* and
Ni”", and from Co” from Ni** can be performed

Ritcey & Ashbrook (1979:105) reported that nickel can be extracted with the use of D2EHPA

Normally, extraction using D2EHPA is pH dependant From sulphate solutions the order of

extraction as function of pH is Fe*” < Zn*" < Cu*" < Co*" < Ni*" < Mg®" < Ca’* (see fig 2.4)
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Fig. 2.4: Extraction of some metals by D2ZEHPA from sulphate solution.

Verhaege er al. (1987:331) investigated the possibility of nickel recovery by static membrane
extraction focussing on the Watts nickel bath rinse solution. Several solvent mixtures were
prepared with D2EHPA dissolved in Solvesso 150. The feed solution contained 1.6 g/1 Ni** and
had a pH of 4 46. Their results are summarised in figure 2.5 and figure 2 6.
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Fig 2.5 Influence of membrane compositio
on mass transfer Verhaege ef al. (1987:333)

In the case of a sulphuric acid system, the extractants available for extraction of nickel perform
best in the pH range 4 to 6 (Ritcey & Ashbrook. 1979 111) It was found that LIX 64N and
Kelex 100 are non-selective and co-extracts iron and copper in this pH region. The extraction
charactenistics of these two chelating extractants are similar, and pH dependant, and will therefore

give similar results in dilute nitric or hydrochloric acid systems as the sulphuric acid system.

Bogacki ef al. (1993:2775) came to the conclusion that the use of hydrochloric acid for stripping

instead of sulphuric acid, increases the transfer of nickel from the feed to the strip

Flett (1981:321) reported the slow rate of extraction of nickel by a mixture of alpha-
hydroxyoximes and lauric acid to be due to specific interfacial effects caused by the interaction

between nickel and launc acid

Erlank (1994.97) also found that nickel can be extracted with SLM. The preliminary results
obtained by Erlank showed a general increase of nickel extraction with CME compared with
SLM. The addition of 18-crown-6-ether to D2EHPA had a positive synergistic effect and
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increased the effective extraction of nickel

| En‘ll (loed) . 1.6 glam®
! (stng) : 1 molam®
) (D2EMPA) : 60 vol%

Fig. 2.6: Influence of feed pH on mass transfer
Verhaege er al. (1987.334)

Fane er al. (1992°5) outlined the requirements for metal recovery from wastewater, with particular
reference to electroplating  The technical features of nanofiltration, ultrafiltration and supported
liquid membranes were described. They found that a mitation of SLM is the need to avoid phase
leakage An advantage of SLM is the high selectivity of the process. Fane er al. (1992:16) came
to the conclusion that the three membrane processes score favourably in terms of plating industry

criteria, except for the aspect of simplicity, which needed further development.

Rupen er al. (1988:1659) used emulsion liquid membrane permeation (LMP) to recover Zn, Cd,
Pb, Ni, NH, and phenol from aqueous solutions. In the LMP-process an emulsion of the
membrane phase and the stripping phase is prepared. The emulsion type is water-in-oil. In the
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permeation step, this emulsion is dispersed in the waste water phase. The only difference between
LMP and SLM is that the liquid membrane (extractant) is an emulsion and is not immobilised in
a membrane Rupert er al (1988:1659) found that in this process harmful substances can be
separated from the waste water and enriched by a factor of up to 1000 times the feed
concentration. The most important problem with LMP is the osmosis effect. This effect causes
water transport from the waste water through the organic membrane phase into the strip solution

This dilutes the product and the volume of the strip may increase by more than 100%. A LMP
pilot plant for the recovery of nickel exists in a bicycle factory in Austria with a throughput of 150
liter per hour.

Gu and Wasan (1986.129) found that SLM extraction can be enhanced by the addition of anion
ligands to the feed solution. The ligand effects on SLM are rationalised in terms of the labile
nature of the ligand-metal complexes, the distribution coefficients of the metal ions, the interfacial
and surface tensions and by the nuclear magnetic resonance (NMR) spectra of the metal-organic

complexes

The mechanism of ligand accelerated SLM extraction can be seen in figure 27 Gu and Wasan
(1986:131) suggest that the water molecules in the hexa-aqueous nickel(Il) complex, which were
inert kinetically, were replaced by the ligand and the ligand-nickel(IT) complex, which was labile
kinetically, reacted quickly with the extractant, thus enhancing the reaction rate. Furthermore,
the organic ligand has a hyvdrophobic-hydrophilic molecular structure. This is responsible for a
surface active property, where the ligand-metal complex tends to populate at the aqueous-organic
interface more than the hydrated metal ions do  This is favourable for the SLM process.

Gu and Wasan (1986.132) tested several ligands. Acetate gave the best results. The optimum

acetate concentration was 0.10 mol/dm’.
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Feed Solution Liquid Membrane Product Solution

4

Fig. 2.7. Mechanism of ligand accelerated SLM extraction

Abou-Nemeh and Van Peteghem (1992.149) investigated the metal extraction of a multi-
component system with the use of SLM. Di-2-ethylhexyl phosphoric acid (D2EHPA) was used
as a carrier with tri-n-butyl phosphate (TBP) The influence of TBP on the kinetics of metal
extraction occupied a major part of the investigations It was found that an optimum composition
of extracting mixture exists (5.5 vol % D2EHPA + 0.5 vol %TBP) at which a maximum
extraction efficiency can be achieved It has also been proved that, although selectivity is
relatively poor, it can be improved by varying the concentration of TBP in the membrane phase
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2.6 Configurations for SLM extraction

Smit (1994 29) developed four different contacting devices for SLM-extraction namely the Flat
film contactor (FFC), the Multi cell conmactor (MCC), the Hydrodynamically characterised
contactor (HCC) and the Slurry flow contactor (SFC) Each of these contactor (reactor)

configurations will be discussed in greater detail
2.6.1 The Flat film contactor
With this contactor (fig 2 8) the sealed feed and strip compartments are separated by a suitably

prepared SLM  Extraction proceeds until "equilibrium® (no further transport) is attained  The

disadvantages of this contactor are:

1 No possibility to influence the boundary layers by flow or agitation
2 No possibility of effecting addition/withdrawal of chemical species
3 No possibility of researching the influence of temperature as variable.

The only advantage the FFC has is in the ease of assembly, its cost effectiveness and the
possibility of obtaining very rudimentary indicative "Yes/No" results. A tubule or hollow fine
fibre is essentially also a FFC, but Smit (1994.29) did not use this contactor in his evaluation due

to its non-availability.

2.6.2 The Multi cell contactor (MCC)

This design endeavours to obviate the main disadvantages of the FFC viz the singular extraction
result. The MCC is a flow-through vaniation of multiple FFC's. From the schematic presentation
(fig. 2.9) it is evident that each of four windows could effect a different strip solution and/or a
different SLM exposed to either a different feed solution or the same feed solution. Any number
of permutations and combinations is possible which renders this contactor very flexible and able
to give quick results to scan the extraction potential for a specific species. Due to the MCC's
small size no direct heating could be effected, but heating, dosing and measurements could be
effected in the containers feeding the MCC.
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1

Fig. 2.8 Flat film contactor (FFC).

FEED OUT ‘w
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Fig 2.9 Multi cell contactor (MCC).
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2.6.3 Hydrodynamically characterised contactor (HCC)

Experimentation with the HCC enables the meticulous evaluation of optimised transport through
the membrane at various temperatures and with the possibility to add and withdraw chemicals
during the experiment By the vanable agitation facility the boundary effects at the
aqueous/membrane interphases can be minimised and kept constant. These attributes render the
HCC a powerful but accurate piece of equipment for studying transfer phenomena during SLM
extraction Several prototypes were tried and the latest seems to be satisfactory also with regard
to the harsh chemical conditions (low and high pH) often required for the facilitated (sympathetic)
driving force. A diagram of a HCC can be seen in figure 2.10.

Fig 2.10: Hydrodynamically charactensed contactor (HCC).

2.6.4 The Slurry flow contactor (SFC)

This configuration is a special contactor which was developed to demonstrate the possibility of
extraction from a slurry (feed side) into a slurry (strip side). This configuration illustrates the
direct extraction of a chemical species from an unclanfied leach slurry (£ § - 10% solids) into a
strip solution in which the extracted species precipitate and thus constitute a strip slurry. It is
firstly interesting to note that for hydrometallurgical applications the need for a very well clarified
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feed solution 10 a liquid-liquid extraction (solvent extraction) process can now be obviated. It is
secondly also important to realise that by precipitating the extracted chemical species in the strip
solution, it is removed from any chemical equilibrium reaction thereby effecting the maximum
possible yield of reagent to product. Thirdly it is evident that by flowing these slurnes past the
membrane the two aqueous boundary layers are destroyed and completely non-existent. A

diagram of an SFC can be seen in figure 2.11.
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Fig. 2.11: Slurry flow contactor (SFC).

2.6.5 Spiral-type flowing liquid membrane

This type of contactor was developed by Matsuyama e7 al. (1990:237). In this type of contactor
a liquid membrane solution containing an extractant flows in a thin channel between two
hydrophobic microporous membranes which separate the membrane solution from the feed and
stnip solutions. A schematic diagram of the spiral type flowing membrane contactor is shown in

figure 2.12
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Heavy metal ions were successfully recovered and concentrated from dilute solutions with this
type of contactor. Furthermore, it was found that the selectivity of and the permeability could be
controlled by adjusting the flow of the membrane solution. Such control of selectivity can only

be accomplished by this type of contactor.

Fig. 2.12: Spiral-type flowing liquid membrane
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2.6.6 Capsule membrane extraction (CME)

All of the above mentioned contactor configurations (reactors) have the simple disadvantage of
excessively high cost to obtain the required packing density (m*/m’) in the available spatial
configuration used to configure the particular reactor. The concept of an unconfined reactor was
used to overcome this problem. In this configuration a membrane capsule is made with the strip
solution on the inside The extractant is supported in the membrane skin.  This capsule is
submerged in the feed solution. The CME configuration has the additional advantage that very
high acid concentration can be used in the stnip solution without the risk of high corrosion. If the
capsules is saturated in the reticulation system, tank or dam it can be retrieved by straining

followed by regeneration. The CME configuration is discussed in greater detail in chapter 3.2
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2.7 Conclusions

Nickel is a widely used metal and therefore subject to report in various effluents as a pollutant
The extraction of nickel at the current price (R 31.76/kg) could consequently be a strong incentive
to recover nickel from effluents from various industries but mainly from the plating and catalyst
industries It is for this purpose that the SLM and the newly proposed CME are expected to

contribute to the general field of demineralization

It is clear from the literature that nickel can be extracted from effluents with the use of SLM. Di-
2(ethylhexyl) phosphoric acid (D2EHPA) is an efficient extractant for nickel and it is clear that
extraction is strongly driven by a pH gradient between the feed and stnip solution (Erlank,
1994:96)

Supported liquid membranes (SLM), even though they have passed the stage of scientific

curiosity, has found little application in industry as vet. This can be contributed to the following

problems

1. The rate of extraction obtained with SLM is relatively low (0.147 g/m*h by Verhaege
et al, 1987.337). This rate can be increased with the addition of anion higands (Fu
and Wasan, 1986:129)

2 A big disadvantage of SLM is the loss of the extractant from the membrane structure
(Bromberg eral. 1992 41)

. The sophistication of the vanious SLM reactors (with the exception of CME) implies

high cost to manufacture, maintain and operate

It was suspected that the above mentioned problems could be overcome with the use of CME,

resulting in an economically viable process to recover nickel from industrial waste effluents.



Chapter 3

Characterisation of

CME

3.1 Introduction

The first step in the systematic approach to design (Level 0) is to gather all the input information

-~

(fiz 3 1) The information which must normally be gathered at the initial stages of a design
problem are (Douglas, 1988.99)

] The reactions and reaction conditions

~

- The desired production rate

3 The desired product punty, or some information about price versus punty
4 The raw matenals and/or some information about price versus purnty

s Information about the rate of the reaction

6 Any processing constraints

Other plant and site data

8 Physical properties of all components

9 Information about the safety, toxicity and environmental impact of the matenals
involved in the process

10 Cost data for by-products, equipment and utilities

Some of the information above was gathered dunng the literature survey, others are not applicable
to this specific process design, but the most important information still lacking is the information
about the rate of the reactions, more specifically, about the rate of extraction under different
condiions The dissertation by Erlank (1994 :83) confirmed the feasibility of the CME process,

but a charactensation and optimisation of process conditions still has to be done
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Fig 3 1 Flowchart of hierarchial process design

The purpose of this research in this chapter was to determine the influence of conditions like the
pH and nickel concentration of the feed solution and the hvdromium and nickel concentration of
the strip solution on capsulated membrane extraction Another objective was to determine the
optimum extractant concentration and the influence of the above mentioned conditions on this

optumum. These results could be used to determine the similanty (if any) between CME and

SLM

The research was focused on high hydronium strip concentrations, which is a prominent

advantage of CME over SLM



3.2 Experimental configuration

ration was used for the expeniments (Erlank, 1984.50) Ti

le and a hot wire sealer was used to seal all the edges, except for one  The capsule
y impregnated by leaving the capsule in the extractant and allowing the extractant to load

INLO the memorane pores The excess extractant {on the outside) was removed by blot

olution at the open edge and then compietely seal

wrage diameter of approximately 40 mm (refer to fig 3 ° T he
of a membrane capsuie 15 approximately 20 cm A SINNE was used 1o 4

capsule suspended in the bulk aqueous feed solution (Photograph 3.1 and 3.2) It was vita
+ sealed edges did not leak since that would defeat the integnty of the extraction svstem

- _

Photograph 3.1: Experimental configuration



Fig 32 Diagram of membrane capsule

3.2.1 The Membrane

I'he hvdrophobic organic phase forming the liquid membrane was immobilized within the pores
of a Celgard® 4510 film (Celanese Separations Products, 1985:1).  This hvdrophobic laminate
has been designed by Celanese Plastics Co. It is a heat-embossed laminate of Celgard™ 2500
bonded to a nonwoven polypropviene web  The properties of the membrane are listed in table

Photograph 3 3 shows an enlargement (20 000x) of the membrane Filling the pores of the

membranes with an extractant was accomplished by immersing the membrane in the organic



phase The pores were immediately filled by capillary forces and suintable adherence was attained

due to the hydrophobicity of the substrate

Table 3.1. Properties of Celgard® 4510 film

Propern ‘ Value
Nomunal thickness 013 mm
Basis weight 30 g m" ‘
|
Break strengtt 3.0 > 10°N/m |
, , I
I ear imtiauion I3N ”
| Tear propagation 24N |
i ’ ’ }
Porosity 45 %
| Pore diameter i 004 um
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Photograph 3.3 Celgard® 4510 film (20000~
enlarged)
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3.2.2 The Extractant

The extractant used in this study was a commercial solvent extraction agent  To be suitable for
the extraction of metals from aqueous solutions, the extractant should comply with certain
requirements (Erlank, 1994 52)

! It should have a low solubility in the aqueous phase

2 It should have good chemical stability regarding the aqueous solutions it would be in
contact with

3 It should have a high metal loading capacity

< The loaded metal should be stnpped casily from the extractant

5 It should be non-volatile and nontoxic for safety reasons

[ A high solubility in aliphatic and aromatic solvents was necessary

It should have good extraction Kinetics

The extraction agents were diluted with Escaid 100, an aromatic solvent  Diluents are inert and

do not participate in the mechanism of extraction apart from acting as the solvation medium

Due 10 above mentioned reasons it was decided to use DZEHPA as an extractant  This versatile
alkviphosphoric acid has been used since 1949 for the extraction of a vanety of metals (Erlank,
1994:54) The chemical name is di-2-ethylhexyl phosphornic acid and the structure is represented
by (OR),POOH with R representing an alkyl group. The hyvdrophilic functional group is the
phosphorous double bond to an oxygen and the monovalent bond to an hydroxyl group

D2ZEHPA is a commonly used extractant because its many good qualities renders it superior to
other extractants These qualiues include

! Reliable chemical stability.

L]

General favourable extraction kinetics

3 Good metal loading and strip characteristics
4 Very low solubility in water

5 Availability in commercial quantities

6 Versatility in extraction of a variety of ions
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In general, heavier rare earth metals extract better than lighter metals D2EHPA 1s mostly used
in the extraction of Zn, Be, Cu, In, Ga, V, ect. and in the separation of copper from mckel in

aqueous solutions

The loss of the extractant from the membrane structure (a big disadvantage of SLM) 1s a minor
problem with the extraction of nickel, because both the extractant (D2EHPA) and the membrane
(Celgard® 4510) are highly hvdrophobic



3.3 Experimental procedure

An experimental design was performed to establish the conditions under which each expenment
was 1o be performed (See paragraph 3 4) A beaker was filled with a feed solution of known pH
and concentration. The prepared capsule. as explained in 3.2, was dropped into the filled beaker

“

I'he capsule was suspended in the feed solution with a piece of string (see photograph 3 1)

Samples were taken from the feed solution at five hour intervals for the first 25 hours with a
micropipette. The pH of the feed solution was readjusted to the imitial pH every two hours (see

-~

photograph 3 4) during the first 25 hours of the expennment with a diluted sodium hydroxide
solution  The mickel concentration was readjusted every five hours (if extraction occured) to the

nitial nickel feed concentration with a 10 000 mg/dm” nickel solution. An example of the

measuring results can be seen In table 3.2

i
|
!
|
!
i
i
|
{
|

Photograph 3 4 Adjustment of pH
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Table 3 2 An example of measuring results.

Time INi] s Volume Adjustment
(feed solution) with 10 g/dm” [Ni]
(h) (mg/dm’) (dm") (dm'~10%) I
0 1145 405 00
§ 1010 400 00
10 912 308 30
15 962 390 10
20 1000 390 00
23 938 380 10
50 883 400 .

The area of the membrane capsule was approximated as the area of a circle with the same
circumference as the membrane capsule
Y B
‘Q_‘( " "W) -
A S ‘.‘ I’

me '.

The above mentioned information was used to calculate the cumulative extraction of nickel (in

mg/m°) at the different time intervals (see fig 3.3)

1

(

H
o
3
o

8
3
§20
w

Fig 3 3 Extraction of nickel over 50 hours



Characterisanon of CME 41
3.4 The central composite experimental design
3.4.1 Design factors

The first step of the expenimental design is to list all the factors (dependant vanables) which

influence the rate of nickel extraction in order of decreasing importance

7 The pH of the feed solution

8 The hydronium concentration of the stripping solution
9 The nickel concentration in the feed

10 The nickel concentration in the strip

il The volume percentage of extractant in the membrane
P The temperature of the feed

The effect of the first four factors i1s verv important and a response surface design 1s needed to
determune the relationship between these factors. The temperature of the feed greatly affects the
rate of extraction, but the possible increase in efficiency should be weighed against the cost of

heating large volumes of liquid solutions

The cost of experiments makes it important that the design should be streamline and only the most

significant experiments should be done

3.4.2 Experimental design

Staustica for Windows was used to do a central composite design with the use of response

surtace methods to effect a second order composite design (Draper, 1988:107)

A total number of 27 expeniments are needed to fit a mathematical model for the first four
factors. An additional ten experiments have to be done to prove that the volume percentage of

the extractant is independent of the first four factors
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The minimum number of experiments needed to fit a mathematical model through the first five
factors 1s 30 A more reliable fit can be obtained if 46 experiments are done (Central composite
designs require a certain number of central points, cube points and star points and the number of

experniments cannot be chosen arbitrarily)

The minimum number of experiments needed to fit a mathematical model through all six factors

is 47 A more rehiable fit requires 79 experiments.

The temperature of the feed 1s less important and it was decided to do a response surface design
on the first five factors. Another set of five experiments would be done with the opumum results
of the first five factors to establish the effect of temperature The experimental design was done
with Statistica for Windows The expenmental profile of the 46 expenments in normalised S-

point form can be seen in table 3.3 Table 3 4 shows the real values assigned to each factor.

Table 3.3 Design summary (2" second order central composite design)

Percentage

Extractant |

IE 1 -1.00000 | -100000 | 100000 -1.00000 | -1.00000
6 ! 100000 | -100000 | 1.00000 -1.00000 | -1.00000
7 ! -1.00000 | 100000 100000 | -100000 | -100000
8 ! 1.00000 1.00000 1.00000 -1.00000 | -1.00000
o
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Table 5 5 a Design summary

Percentage
Extractant |
1.00000
14 1 1 00000 -1 00000 1.00000 1. 00000 -1.00000 I
15 | -1.00000 1.00000 1.00000 1 00000 -1 00000
6 1 1 00000 1.00000 1.00000 1.00000 -1.00000
17 ! -1.00000 | -100000 | -1.00000 | -100000 1 00000
18 | 100000 | -100000 | -1.00000 | -1.00000 1 00000
19 ! -1.00000 | 100000 | -100000 | -100000 1 00000
20 | 1.00000 1.00000 | -100000 | -100000 1.00000
21 | -100000 | -1.00000 1.00000 -1 00000 1.00000
= | 100000 | -1.00000 1.00000 -1 00000 100000 |
= l -1.00000 1.00000 1.00000 -1.00000 1 00000
24 ! 1 00000 1.00000 1.00000 -1 00000 1 00000
28 l -1.00000 | -1.00000 | -1.00000 1.00000 1.00000 |
% | 100000 | -100000 | -1.00000 | 100000 | 100000 |
27 1 -1.00000 100000 | -1.00000 1.00000 1 00000
28 1 1.00000 100000 | -1.00000 | 00000 1 00000
29 ! -100000 | -1.00000 1 00000 1.00000 1.00000
30 | 100000 | -1.00000 1.00000 1.00000 1.00000
31 | -1.00000 | 1.00000 1.00000 1.00000 1 00000
32 ! 1.00000 1.00000 1.00000 1 00000 1 00000
33 1 0.00000 0.00000 0.00000 0 00000 0.00000
34 ! 0.00000 0.00000 0.00000 0.00000 0.00000
35 | 2 -2.37841 0.00000
2 37841 0.00000
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Table 3 3 b: Design summary

Run | Block pH [H) INi] INi] Percentage
(feed) (strip) (feed) (strip) Extractant
37 | 2 0.00000 -2.37841 0 00000 0.00000 0 00000
38 2 0 00000 2.37841 0 00000 0 00000 0 00000
39 | 2 0 00000 0.00000 -2.3784] 0.00000 0 00000 |
a0 | 2 0 00000 0.00000 2.37841 0.00000 0 00000
41 2 0 00000 0 00000 0.00000 -2.37841 0 00000
| a2 2 0 00000 0 00000 0 00000 237841 0 00000
33 2 0 00000 0 00000 0 00000 0.00000 -2.37841
44 2 0 00000 0.00000 0 00000 0.00000 237841
45 2 0.00000 0.00000 0.00000 0 00000 000000
46 2 0.00000 0.00000 0.00000 0.00000 | 000000

3.4.2 Determining the values for the factors

The first step to determine the values (variables) for the factors is to select the range of values for
the expenments. The second step is to calculate the values according to the levels. as calculated
with Statstica for Windows. The values of the factors can be seen in table 3 4, represented in their

transferred real values.

Table 3 4 The values of the expennmental factors

pH (feed)

[H] (strip)
[Ni] (feed)

[Ni] (strip)
Extractant
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3.4.4 Block effects

Staustica for Windows makes provision for block effects. The expeniments can be divided imo
two blocks which can give shghtly different results. An example of block effects 1s when two
different methods are used to analvse the response. The expeniments can then be divided into two
blocks The first block can be analvsed with the first method and the second biock with the

second method
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3.5 Results

3.5.1 Mathematical background

The first step in evaluating the results was to calculate the extraction of nickel (in mg/m-) at the

different ume intervals (refer to fig. 3 2) Ths information was used to fit the following equanon
through the data

Extr., =a - bhe ™’ (32)

In this equation a, b and ¢ are constants for everv expennment  Exir, is the cumulative extraction
of mckel tmg/m’) with CME and t is the ume (hours) A selected example of such a curve fit can

be seen in figure 3 4 for a set of expennmental results  The results of the other expeniments can

be seen in appendix A |

Exp nc 37
y=(75844 15)-(75564 41) exp(-{0.1285205)x)

)

b d
.

o
e
T
s
¥
<
2
g
o

Fig 3 4. Example of curve fit
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The maximum extraction of each expeniment can be obtained from equation 3 2 by calculating

Extr,, at t== and by subtracting Extr at =0

Exer_ = Extr, - Exir

N o
sla-bec)-la-be "
“la - bO)) - (@ - A1)

= (a) - (@ - b)

= b

The iinial rate of extraction can be obtained by differenuatng equation 3.2

Rate = = la-be )
o

= bce ™
Ift =0
Rate = be())
= bc

3.%.2 Results and discussion

(34)

The main effects and interaction of the different factors on the maximum (final) extraction (g/m"

mickel) were evaluated Two obvious outlier data points were overlooked and the following

second order function was fitted through the remaining data

Exw,, = =31.721pH - 6939 [H], - 04892 [M], - 3604=10 " [M]
- 13 502(Ex] - 1997-10pH* - 01868 [H]' - 7.537<10 [V

-+ 2320<107°[Ni); - 212110 [Ex)* - 02545 pH [H],

+ 2.003%107 pH [Ni], ~ 1405107 pH [Ni], = 0.2433 pH [Ex]
+ 2080x107" [H), [Ni), « 1.641x107 [H], [Ni], - 497410 * [H], [£x)

« 9793x10 * [Ni],[Ni], - 8458107 [Ni],[Ex]
- 2.896=107(Ni), [Ex] - 503 445

The accuracy of this equation will be discussed in paragraph 3 5 3

(3.5)



Characterisanon of CAME 48

In similar fashion, three outlier data points were overlooked and the following second order

function was fitted through the remaining data

Rate = - 05464 pH - 3 065 [H]. - 2.653=107[Ni], = 1.155~107% [M]
- 4.875<10°[Ex] - 0.1259pH? « 219810 3 [H]) - 1.237+10 ‘(A1)
- 1136~ 10°°[Ni]" -~ 2499<107* [Ex) - 1.052x10 3 pH [H],
- 1.857107 pH [N1), = 190710 pH [Ni], - 3.747=107 pH | Ex]
710-107* [H], [Ni), - 8.814x107* [H], [Ni], - 2996=10* [H], [£x]
684+ 10°° [Ni],[Ni]. - 2 466~10* [Ni], [Ex)
2 711-107[Ni). [Ex] - 42 817 (3.6)

]

'
"

The expenmental data together with calculated data for equation 3 5 and equation 3 6 are given

in table 3 S The data points which were overlooked are printed in bold italics

Table 3 5 Observed and predicted data

Exp.| pH.., | [H),.. | [N, | [Ni.. | [Ex] Max. Eq.3.5 | Rateof | Eq.3.6 |
No Extractio Extractio
(mol/dm i ma/am’ q/dm’ (Vol % o/m’ a/m* g'm* h} n/m- h
250 11 800 68% §5 27028 34 604 3548 § 257
2 450 1" 800 689 85 20 481 26 421 3716 $272
3 250 5 800 €8¢ 8§85 41 307 236833 1354 0168
K 450 25 800 639 55 12 968 7834 2080 0477
- 250 1" 1200 639 L) 43,951 40474 11.570 3.621
6 450 1" 1200 689 L) 55 449 47 924 5432 5121
7 250 25 1200 689 5 11833 40761 0522 0 608
8 450 25 1200 6835 55 34 533 41.085 141 2 403
B 290 1" 800 1689 55 21 351 27 a0 9425 7
10 450 1" 800 1689 S5 25002 21638 8562 7 448 ‘
1" 25 -~ 800 1689 S5 44 B54 B0 36472 0.729 !
12 45 ] 800 1689 55 15546 26125 0.720 1419 |
13 25 1 1200 1689 55 73543 72053 63525 6 890
14 450 11 1200 1688 55 85250 82313 11034 87T
15 250 25 1200 1688 85 100 689 95314 12.795 2.644
16 450 25 1200 1689 85 35367 98 448 4132 4820
17 250 1 800 €89 es 61545 57 556 33 3 588
18 450 1 800 €89 es 53158 £3848 4310 2853
15 2% p -] 200 €80 ) 13348 V2N 70 2683
20 450 25 800 €89 65 24 306 28 398 1388 2252
21 250 1 1200 680 65 35046 29203 1 544 08es |
2 | % 1 1200 680 65 23087 41520 0947 1716 |
23 2% ] 1200 689 65 25058 22527 1.300 2147
Il 24 45 25 1200 683 85 B S574 271717 1600 3192
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Table 3 5 2 Observed and predicted data

| Exp
25 : 65
2% 450 " 800 1688 €5 33407 20105 1.680 i ) [
7 250 25 800 1685 65 20108 25652 0 586 0 542
28 450 25 800 1685 €5 20882 17 626 1.218 0 484
2 11 1200 168% €5 19630 382 0744 1523 |

30 450 11 1200 1685 65 45108 46 845 1710 2655
31 250 25 1200 1686 65 52292 48120 2190 1471
32 450 25 1200 1686 65 50.323 56120 4 542 2898
a3 380 18 1000 1188 60 20,293 280943 1.021 1033
34 3s0 18 1000 1188 60 27 008 28993 06565 1033
35 112 18 1000 1188 60 38108 292 1643 08es
38 588 18 100 1189 60 24 893 28.53¢ 1624 2603
37 as0 1.351 1000 1189 60 75 884 82.074 9842 10007
as 350 34 649 1000 1188 &2 €0 780 76470 4185 4742
K= 350 18 £24 1188 60 48.129 -14.246 3317 3373
4c 350 1€ 1478 118% &0 43321 38 096 414 4 286
41 350 18 1000 0 €0 63 957 46 547 3013 1747
4l 380 18 1000 2378.2 680 65 140 T4 304 204 3532
43 ase 18 1000 11898 481 35 o5 T TH 123 328
& 350 18 1000 1189 718 21263 14 225 0678 -1 068

60

60

The mamn effects and interaction of different factors on the maximum (final) extraction (g¢/m°) and

the rate of extraction (g/m°h) will subsequently be discussed in greater detail

3.5.2.1 The effect of pH,, and [H'].

The effect of the pH of the feed solution and the hydronium ion concentration of the strip solution
on the final extraction of nickel can be seen in figure 3.5. It is clear that the final amount of nickel
that can be extracted with the CME decreases with an increase of the hydronium ion
concentration in the strip solution up to a point where the hydronium ion concentration is
approximately 16 molidm’ If the hydronium concentration is further increased, the final amount
of extraction also increases. This result can be explained by the fact that the hydronium is
transported through the membrane with the complexation reaction and the diffusion of hydronium

through the membrane If the hvdronium ion concentration is increased, the rate of diffusion



Charactenisatton of CAME S0

increases and less hvdronium ions are available for the complexation reactions. At the point of
approximately 16 mol/dm’ (44 4 vol%) maximum diffusion of hvdromum 1ons occurs  If the
concentration of the sulfunc acid 1s further increased. the acid does not dissociate completely and

the undissociated acid forms a hvdronium 10n reserve

Thus theory 15 supported by the following
1 At low hydronium ion concentrations the maximum extraction occurs at the highest

pH. since the complexation reaction is then the controlling reaction and this reacuion
increases if the pH increases At higher hvdronium 1on concentrations. the diffusion
of hvdrorsum 1s the controlling factor The diffusion of hvdromum 10ns i1s promoted
bv a high pH and less hvdronium is available for the complexation reaction The
result is that at hugh hydronium concentrations. the maximum extraction occurs at low
pH

The capsules bulged during the expenment  This i1s an indication that osmosis has

1

occurred

At certain periods during the expenment retro-extraction occurred (fig 3 4) This

v

phenomenon was noted in all 46 experiments as well as in the experiments done by

Erlank (1994) and Steyn & Janse van Rensburg (1994)

No conformation of this result could be found in the hiterature and further research on this

phenomenon will be discussed in the following chapter

The effect of the pH of the feed solution and the hydronium ion concentration of the strip solution
on the initial rate of extraction can be seen in figure 3 6 The general shape of the plot is the same
as for the final extraction, but the tuming point for the minimum imitial rate of extraction is at a

hvdronium ion concentration of approximately 21 mol/dm’
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Fig 3 5 The effect of pHy,, and [H'},,,. on the final extraction of nickel

| Intial rate of extracton

(om <« h
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(malam

L I

pH (leed)

Fig 36 The effect of pH_, and [H7],,, on the imitial rate of nickel extraction
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3.5.2.2 The effect of pH__, and [Ni],,

The effect of the pH of the feed solution and the nickel concentration of the feed solution on the
final extraction can be seen in figure 3.7 and the effect of these two factors on the initial rate of
extraction can be seen in figure 3 8 It is clear that the amount of nickel which can be extracted
as well as the imual rate of extraction increase with an increase in the pH of the feed solution and
the nickel concentration of the feed solution This result is confirmed by Verhaege ¢ al

(1987 333). who denved the following equation from conventional hquid-hquid eguilibrium

expressions
INi ") 1 [ P L
. Ye - - (“ ‘ ‘
(Ne*" ], \[H ).
S —
Final Extracnon
(gm <)
70
60
(N]] (feed)
L (mgigm 3 ) pH (feed)
SIS =

Fig. 3.7. The effect of pH,,,, and [Ni],,, on the final extraction of nickel
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Intal rate of extracuon
(aim < h)

[NI} (feea) 1
(mglam pH (feed

S ———

- ——
Fig 3.8 The effect of pH,.., and [Ni]..

on the mitial rate of mckel extracuon

d

3.5.2.3 The effect of pH,_, and [Ni],

The effect of these two factors on the final and initial rate of extraction can be seen in figures 3 ©
and 3 10 respectively It seems as if there 1s a point (= 1000 mg/dm”’) where the nickel
concentration of the stnp solution results in a minimum final extraction If the nickel

concentration of the strip solution is further increased. the final amount of nickel extracted also

increases This result contradicts previous results in literature, but can be explained by the

following theory

The extraction conditions in figures 3 9 and 3 10 was a hydronium 1on concentration in the strip
solution of 18 mol/dm’. the nickel concentration in the feed solution was 1000 mg/dm’ and the
extractant concentration was 60 vol % D2EHPA in Escaid At these conditions osmosis has a
large effect on the final and initial rate of extraction (refer to paragraph 3.5.2.1) The osmotic
pressure 1s influenced by the dissolved 1onic species (hydromum and mickel) in the feed and strip
solunon  If the mickel concentration of the stnp solution is increased above the nickel

concentration of the feed solution (1000 mg/dm’ in figures 3 9 and 3 10) the osmotic pressure
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Fig. 3 9 The effect of pH,,,, and [Ni],,. on the final extraction of mickel

| nital rate of extracton
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Fig 3 10. The effect of pH,,,, and [Ni]_,, on the initial rate of extraction
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difference across the membrane will also increase  This will result in a higher inflow of water into
the membrane capsule and a subsequent dilution of the strip solution. It 1s clear from figure 3 5
(refer 1o paragraph 3 521) that a hydronium ion concentration below 18 molidm’ is
advantageous for the extraction of nickel To summanse. an increase of the nickel concentration
of the stnp solution above 1000 mg/dm’ at the above mentioned conditions, resulted in a higher
osmotic flow of water into the membrane capsule This resulted in a dilution of the hvdronium
10n concentration of the stnp solution, which led to an increase in the final amount and initial rate

of mckel extracted
3.5.2.4 The effect of pH,, and [Ex]

The effect of these two factors on the final extraction and imitial rate of extraction can be seen in
figures 3 11 and 3 12 respectively At a lower feed pH. the optimum extractant concentrauon is
also lower. at a higher feed pH the opposite happens It is also clear that the imtial rate of nickel

extraction is higher at a high pH of the feed solution

Final Extraction
(g/nv )

[Ex]
(vol% D2EMHPA) pH (feed)

Fig 3.11 The effect of pH,_, and [Ex) on the final extraction of nickel
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Intal rate of extracuon
(g/m® _h)

_A‘JUAU'O,\J

(Ex]

(vol% D2EMHPA) pH (feed)

Fig 3 12 The effect of pH,.., and [Ex] on the imitial rate of extraction

Verhaege ¢r a/ examuned the influence of membrane composition on mass transfer at the
following conditions (Table 3 6)

Table 3 6 Condition of expeniments by Verhaege ¢r al.

'pH (feed) 446

[H] (stnp) | mol/dm’ ]
[Ni] (feed) 1 600 mg/dm’
[Ni] (strip) 0 mg/dm’

Thev found that the optimum extractant composition is 60% (vol ) D2EHPA in Solvesso 150
(referto fig 2 5) If a feed solution pH of 4 46, a hydronium strip concentration of 1.5 mol/dm’,

a nickel feed concentration of 14 g/dm’ and a nickel strip concentration of 0

g/dm’ are substituted into equation 3.3, the following equation results

Extr = 9551 -

rJ

671 [Ex] = 2.121x107° [Ex] (3 8)
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The optimum extractant concentration can be obtained by differentiating equation 3.8

d Lxir
d|lx)

=0 = 2671 - 4242-10 " [£x] (3.9)

The optimum extractant concentration, at the above mentioned conditions, 1s 62 973 Vol%
D2EHPA dissolved in Escaid 100 (see also fig.3 13)

pH (foed 346

|H] sinp) 1.5 mol/idm
[Ni] (feed) 1.4 pidm *
IN1) (stnp 0 g/dm .

i

|
I
1
60 65
[Ex)
(vol% D2EHPA)

Fig 3 13° Optimum membrane composition

It can therefore be concluded that the results are compatible with the results of Verhaege ez
al(1987:331) It is important to note that the optimum extractant concentration 1s very
dependant on the mickel concentrations of the feed and strip solutions (refer to figures 3.22 and
324 in paragraph 3529 and 3.52.10)
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3.5.2.5 The effect of |[H™)],,,,. and [Ni].,

The effect of these two factors on the final extraction and 1mtial rate of extraction can be seen in
figures 3 14 and 3 15 respectively The final amount of extraction and the initial rate of extraction
is @ maximum at high and low hydronium ion concentrations in the stnip solution (refer 1o
paragraph 3 5.2 1) The final extraction increases as the nickel concentratuon of the feed increases
(refer 1o paragraph 3 52 2) and again a mimmum final extraction 1s obtained at a certain
hvdronium 1on concentration (=16 mol/dm’ for the final extraction and = 21 mol/dm’ for the initial

rate of extraction)

Fnal Extracton
..Q“W' -

[Ni] (feed) [H] (strip)
mg/am 9 (molidm &)

Fig 3 14 The effect of [H ], and [Ni],,, on the final extraction of nickel
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inmial rate of extrachon
(g'm 2 )

INi] (feed (™] (strp)
(mglam 2 ) (moligm )
e e Ry T R =

Fig 3 15 The effect of [H'],,,, and [Ni],., on the iniial rate of extraction

Once again the final amount of extraction and initial rate of extraction is a maximum (fig 3 16
and 3 17) at hugh and low hydronium ion concentrations of the strip solution (refer to paragraph
3521) The final amount of extraction is a minimum at a nickel strip concentration of

aproximately 1000 mg/dm’ (refer to paragraph 3 5 2.3)

3.5.2.7 The effect of [H"],,. and [Ex]

The effect of these two factors on the final extraction can be seen in figure 3 18 The hydronium
ion concentration of the strip solution does not have a large effect on the opumum extractant
concentration with respect to the final amount of nickel extracted The hvdronium ion
concentration of the strip solution has a much larger effect on the optimum extractant
concentration with respect to the initial rate of extraction (fig. 3.19) The optimum extractant
concentration is much lower for low hydronium ion strip solutions  The final extraction and initial

rate of extraction 1s the highest at high and low hvdronium ion concentrations in the strip solution
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. |
Final Extraction |
(@'m 2\

{f

Fig 3 16 The effect of [H'],.,, and [Ni],,.. on the final extraction of mckel

ALl Tate of extrachon

g'm <N

[Ni] (stnp [H] (feed)

(mgiom 3 (moliem )

Fig 3.17. The effect of [H'],,,, and [Ni],,,, on the initial rate of extraction



Fnal Extracton ’

120
‘ S ey ///////
ol < e 1T
[Ex] [M] (strip
vol% D2EHPA) molidm <

3 18 The effect of [H™],,. and [Ex] on the final extraction of nicke

e e ———

Inihal rate of extracuon
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[Ex) [H] (stnp)
(vol% D2EMHPA) (mol/dnr )

1g 319 The effect of [H'),,,, and [Ex] on the initial rate of extraction
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3.5.2.8 The effect of [Ni],... and [Ni],.,

I'he effect of the nickel concentrauon of the feed solution and stnip solution on the final extraction
and 1munal rate of extraction can be seen in figure 3 20 and 3.21 The final extraction and mtial
rate of extracuon increases if the nickel concentration of either the feed solution, or the stnp
solution 1s increased The final extracuon 1s @ mmmmum at a micke! strip concentration of

approximately 1000 mg/dm’ (refer to paragraph 3. 5.2.3)

__ = —— —=

Final Extraction
(g/m*=

(mg/drr?) (mg/drr)

—_— ——

|

i

I [Ni] (stnp) [Ni) (feed)
|

I

1g 3 20 The effect of the [Ni],.., and [Ni],,,, on the final extraction of nickel
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f 1
| Intal rate of extracuon
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|| 1800 1400
to 1200 1200
. 1000
600 800 i

‘ 0 800 |
| [Ni] (stnp) [Ni] (feed) f!

‘ (mag/anr’) (mgran?) If

Fig 321 The effect of [N\1),., and [N1],. on the final extraction of nicke!

3.5.2.9 The effect of [Ni],... and |Ex]

'ne effect of these rwo factors on the final extraction and imuial rate of extraction can be seen In
fgures 322 and 3.23  As previously mentioned the final extraction and initial rate of extraction
increases if the nickel concentration of the feed solution increases (refer to paragraph 3 322
»S25and 332 8) The concentration of the nickel in the feed solution does have a areat effect
On the optimum extractant concentration At lower nickel teed concentrations the optimum
extractant concentration occurs at a higher volume percentage than at higher nickel feed

concentrations
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3.5.2.10 The effect of [Ni].. and |Ex]

The effect of the nickel stnp concentration and the extractant concentration on the final extraction
and nitial rate of extraction can be seen in figures 3 24 and 3 25 Like the concentration of the
nickel in the feed (paragraph 3 5.2 9). the concentration of the nickel in the strip has a greart effect
on the optimum extractant concentration At lower nickel stnp concentrations the optumum
extractant concentration occurs at a higher volume percentage than at higher nmickel sinp
concentrations  The final extraction and initial rate of extraction is a mummum at a mickel strip

concentration of approximately 1000 mg/dm’ (refer to paragraph 3 523, 3526and 352 8)

‘s

r Final Extraction
i (g/m=<)
|
|

120
100

[Ex] [Ni] (stnp)
(vol% D2EHPA) (mg/dn)

Fig 3 24° The efiect of [Ni],,, and [Ex] on the final extraction of nickel
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3.5.3 Accuracy of characterisation experiments

The rwo most important influences on the accuracy of the expeniments were the accuracy of the
analyucal methods and the influence of temperature on the experiments  An AA spectrometer
was used 10 analvse the feed concentrations. The AA had an accuracy of 95% and higher. but the
average drop in the nickel concentration was about 100 mg/dm’ (10%:) Thus. the accuracy which
could be obtamed with the AA was 9 5% Staustical methods were used to perform a curve fit
on the data This increased the accuracy, since mnaccurate data points, where obvious
experimental deviations occurred, could be identified and were omitted This is a current

staustically verified and accepted procedure The final curve fit of the data could explain at least

85% of the variance for every experiment

The temperature of the expenments could have been another cause of inaccuracy The
expeniments had been performed over a three month period which stretched through the winter
penod and there was a difference in the temperature between the first and last experiments. The

influence of temperature will be investugated and reported in more detail in the following chapter
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A second order function was fitted through the data for the maximum (final) extraction  Two
outliers were omitted and another second order function (Eq 3 5) was fitted through the
remaining data This equation could explain 81 0% of the variance In similar fashion three
outlier data points were omitted and a second order function (Eq 3 6) was fitted through the
remaining data.  Thus equation could explain 81 7% of the variance The vanance explained tor
different data points omutted are displaved in Table 3.7 It is clear that the equation for the imitial
rate of extraction 1s more inaccurate than the equation for the maximum extracuon This can be
explained bv the fact that the rate of extraction is more dependent on temperature than the

maximum extracuon 1s

A graphical representation of the observed and predicted values for equation 3 5 and 3 6 are given

e

in figures 3 26 and 3 27 respectively.

Final extraction

|

i
i
(o}

o Regression
60 80 95% confid

Predicted Values
(g/m=)

Fig 3.26 Predicted vs observed values for equation 3§



Charactenisation of CAIE 68

Intial rate of extracuon
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Predicted Values
(g'm=2hn)

-~

Fig 327 Predicted vs observed values for equation 3 6

Table 3 7 Accuracy with outhers omitted

Number of data Varnance explained | Variance explained

(outliers) ignored (Eq. 3.5) (Eq. 3.6)
0 0.6398 04949
1 0.7311 06817

1

0 8098 0.7603
08772 08170
0 9305 0 8480

The following statistical criteria were used to determine whether a point is an outlier or not
(Stausuca, 1993):
Standard redidual value: This is the standardized residual value (observed value minus predicted value
divided by the square root of the residual mean square
Deleted residual: The deleted residual is the standardized residual value for the respective data point (case),
had it not been included in the regression analysis, that is, if one would exclude this
case from all computations. If the deleted residual differs greatly from the respective
standardized residual value, then this case is possibly an outlier because its exclusion
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changed the regression equation
"ook's distdnce is another measure of the impact of the respective case on the regression equation It
indicates the difference between the computed coefficients and the coefficients one
would have obtained, had the respective case been excluded All distances should be
of about equal magnitude. if not, then there is reason to believe that the respective
case(s) biased the estimation of the regression coefficients
Graphucal representations of these criteria for the final equations can be seen in figures 5.28. 3 20

and 3 30 for equation 3 5 and in figures 3.31. 3.32 and 3.33 for equation 3.6

Final extraction

=
S
c
s

>

‘ - P -— Expected
-3.25-2-15-1-050 05 1 15 2 25 Normal

Fig 3.28 Distribution of standard residuals for final extraction of nickel
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Fig 329 Distrnibution of deleted residuals for final extraction of mickel
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Fig 330 Distribution of Cook's distances for final extraction of nicke!
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intal rate of extraction
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Four of the expenments in the expenmental design were repeated to determune the reproducibility

of the expenments.  The results of these four experiments can be seen in Table 3 8 The standard
deviation for Eq 3 5 was found to be 3 5789 (11 98 %) The standard deviation for Eq 3 6 was

found to be 0 1827 (18 51 %)

Table 3 8 Reproducibility test for expenments

Experiment
no. (g/m’) (2/m™h)
33 29.293 1021
34 27.099 0 6596
45 28.085 1 030
46 35090 1.201
Average: 298918 0.987
: STD 35798
1198
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3.6 Conclusions

The influence of different conditions on CME was determined A central composite expenmental
design was executed to evaluate the influence of the different factors on the extraction of nickel
with CME  The research was focused on high hvdronium strip concentrations. which 1s a
promunent advantage of CME over SLM. The two equations (Eq 3 5 & 3.6) were shown to fit
the expenimental data to a highly acceptable accuracy and explained 81.0% and 81 7% of the
vanance respectively The accuracy and reproducibility were both discussed and the experimental
protocol showed an inherent accuracy of approximately 85% In the light of these results it 1s
possible 10 make the following conclusions on nickel extraction with CME
1 It is obvious that the extremely high acidity difference (AH") which is tolerated
between the strip solution and the feed solution is advantageous for the extraction of

10NIC species

LI

This driving force (AH') creates a svstem in which extraction proceeds against a

concentration gradient of at least 1000 1 when considening the ratio between [Ni1']

in the stnip- and feed solutions at final extraction

3 It is obvious from the fact that very little extraction occurs at a hvdronium 1on
concentration of 0 mol/dm’ and from Fig 3 5, that an opumum hydronium ion
concentration in the strip solution exists  This optimum will be explored in greater
detail in the following chapter.

B The CME yields at least two orders of magnitude higher extraction rates compared

to traditional SLM configurations reported in literature (Verhaege er al., 1987 332)

N

A detailed study of the influence of both temperature and the extractant concentration
in the membrane will shed more light on the possible techno-economic feasibility of
this extracuon technique.

6 It is shown (Table 3 5) that an extraction of 95 g/m’ (nickel) can be obtained at an

initial rate of approximately 10 g/m™h.
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Chapter 4

Optimisation of
CME

4.1 Introduction

In the previous chapter research was focused on the extraction of mickel at high hvdromum strip
concentrations, which 1s a prominent advantage of CME over SLM  This led to a better
understanding of this extraction method. but there are stll unanswered questions These
questons are

7 What 1s the optimum hvdronium ion concentration for the strip solution”

8 What is the influence of temperature on the extraction of nickel with CME”

o What is the influence of feed solution agitation on the extraction of nickel with CME”

10 Will amion ligands enhance the extraction of nickel with CME?

Research in this chapter is focused on answenng these questions and on finding the optimum
conditions for the extraction of nicke! with the use of CME This optimum wall show the techno-

economic feasibility of this extraction technique
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4.2 The Hydronium ion concentration of the strip solution

4.2.1 Introduction

It was shown in chapter 3 5.2 1 that osmosis has a negative effect on the extraction of nickel with
CME  Osmosis has the additonal disadvantage that it dilutes the hydromum ion concentrauion

of the strip solution (the main driving force of CME)

It can be deduced from the fact that mimimal extraction occurs at a hydromum i1on concentration
of 0 mol'dm’ and from figure 3 3. that an opumum hydronium ion concentration in the strip
solution exasts. It 1s vital to quantitatively establish this optimum point before any applications

of CME will be possible in the industry
4.2.2 Experimental configuration

The capsule configuration was used for the experiments (refer to chapter 3.2) A thermally

controlled water bath was used to maintain temperature at 25 °C
4.2.3 Experimental procedure

A beaker was filled with a feed solution with a pH of 4.5 and nickel concentration of 1000
mg/dm’ The prepared capsule, as explained in chapter 3 2. was suspended in the filled beaker
(feed solution) with a piece of string (see photograph 3 1) The extractant concentration used for
the experiments was 70% (vol ) D2EHPA dissolved in Escaid 100 (refer to chapter 3 2.2

Samples were taken from the feed solution at different time intervals  The pH of the feed solution
was readjusted to the initial pH at these sampling points with a diluted sodium hydroxide solution
The nickel concentration of the feed solution was not readjusted An example of the results can
be seen in table 4.1 showing the vanation of the pH and the nickel concentration of the feed

solution with time
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Table 4 1 An example of results

510 977 13
692 037 382
10 78 913 33
1617 K80 313
24.18 860 3
27.87 799 32
35 30 725 3 08
50 87 708 28

4.2.4 Results and discussion

These results were evaluated in the same manner as in chapter 3 5 | to give the cumulative
extracuon of nickel (with CME) with respect to ime  The result of a selected set of data can be

seen in figure 4 1. The result of the other experiments are shown in Appendix A 2

Expnc C2a
y* (459038 95).(47057 47)"expi(-(0.03718148)%x)

Fig 4.1 Example of experimental results
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Several expeniments were executed at different hvdronium ion concentrations of the stnp solution
The graphical representations of the influence of the hydronium ion concentration of the stnp
solution on the final extraction and mitial rate of extraction can be seen in figures < 2 and 4 3
respectivelv It is clear that the suspicion of an optimum hydronium ion concentration in the sinp
solution was correct  The final amount of extraction and initial rate of extraction increases if the
hvdronium ion concentration of the strip solution is increased At the point of approximately 4
mol'dm' a maximum extraction of nickel occurs If the hvdronium ion concentration of the stnp
solution 1s increased further, the osmotic pressure becomes greater than the hvdrophobicity of the
liquid membrane and osmosis occurs  This has a negative effect on the extraction process The
extraction of nickel decreases and there is a large loss of hydronium ions  The hvdronium ions
are extremely mobile and they mugrate to the feed solution as soon as osmosis occurs  The
osmotic effect can also result in the transport of contaminants to the strip solution in an industnal

application due to so-called hvdraulic short-Circuiting

§ -
§
3§

15

[H] (stnp)
(mol/ant®)

Fig 42 The effect of [H'),,, on the final extraction of nickel
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Fig 43 The effect of [H™],,, on the imtial rate of extraction

The effect of osmosis 1s a maximum at a hvdronium ion concentration of approximately 235
mol dm’ 1f the concentration of the sulfuric acid is increased further. the acid does not dissociate
completelv and the undissociated acid forms a hvdronium ion reserve. The hvdronium ion
concentration in these expeniments are given as hydronium available if H.SO, dissociates
completelv. The actual hyvdronium ion concentration can be calculated with the use of
dissociation constants. It is generally accepted that the diprotonic sulphuric acid dissociates in

two steps (Cruywagen er al., 1981.264)

H.S0, - HO —~ H,0 - HSO,
HSO, - HO = HO" - S0,

The first step is a complete dissociation, but the second step is onlv a partial dissociation with the
following dissociation constant
(H,07)[50] )

Ka,g, = 21627107 = - (4.1)
[H,0][HS0, ]

The sulphunic acid/water system is an equimolar solution at a concentration of 14 mol/dm’® H.SO,
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In other words, if the sulphuric acid concentration s lower than 14 mol/dm’. the solution consists
of sulphuric acid diluted in water If the sulphunc acid concentration is higher than 14 mol/dm’,
the solution consist of water diluted in sulphuric acid. The concentration of the hvdronium ions
can be calculated from the stoichiometnic reactions and the dissociation constant  Figure 4 4
shows the hvdronium ion concentration at different sulphunic acid concentrations (expressed as

[H]) The calculations for this figure can be seen in appendix B |

E
E

£
—

Fig 44 Calculated [H,07] at differemt H,SO, concentrations (expressed a
(HD

The observed tuming point for the osmotic effect in the experiments occurs at a hydronsum on
concentration of approximately 25 mol'dm’ (less than 28 mol/dm’) This can be explained by the
fact that the hydronium ion concentration of the strip solution i1s diluted as soon as osmosis
occurs A companson between this set of experiments and the experiments of chapter 3 for the
final extraction (Eq 3 5) can be seen in figure 4 5 The value of the final extraction for the
experiments in the previous chapter is higher than this set of experiments, because the nickel

concentration of the feed solution was not readjusted to the initial concentration for this set of
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expenments It is clear however that the form of the graph and the minumum extremuty point of

the final extraction is identical for the two sets of expeniments

~. Fwst set of expenments (Chapter 3 5)
(Nic kel feed concentraton was rescyusted )

. Second set of expermments (Chapter 4 2)
(Mickel feed CONCENTAboN wWas NOt read usted |

[NI] (Tmect)
pH (teed) 44
[Ex] 70 Vorts D2EMPA

15

[H] (stnp)
(mol/am?)

Comparison between two sets of expenments

oy
m

da

n

The optimum hydronium ion concentration is very important for any industrial applications of

CME. It can be concluded from figure 4.5 that the optimum hydronium ion concentration is

approximately 3 8 mol/dm’

4.2.5 Accuracy of experiments

Some of the expenments were repeated to determine the reproducibility of the experniments The
results of these experiments can be seen in table 42 The standard deviation for the final

extraction was found to be 6 86%
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Table 4 2 Reproducibility test for experiments

Experiment

Final
extraction

(g'm’)

Average = 40 768
STD =0 831

STD (%) = 2.04

Cl 50084 Average = 48 48905
Cla 46 895 STD = 1.595
STD (%) =329
39.238 Average = 48 966
| C2a 47057 STD = 6 468
c2b 53959 STD (%) = 13 21
C2e¢ 55609
u - 54974 Average = 49 635
CSa 44336 STD = 3319

STD (%)= 1071

Average = 23.101

STD = 1.167
STD (%) = 5 05
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4.3. The influence of temperature on CME

4.3.1 Introduction

Temperature was ignored as a factor in chapter 3. since very low rates of extraction were
expected  With low rates of extraction. the possible increase in efficiency would not be

economucal if the cost of heatng large volumes of liquid solutions is taken into account

The extracuion of nickel with CME yielded at least two orders of magnitude higher extraction
rates compared to tradinonal SLM configurations reported in literature (Verhaege er al.
1987 332) This positive result made the heating of the stnp and feed solutions an econonmucal

possibility
4.3.2 Experimental configuration

The capsule configuration was used for the experiments (refer to chapter 3 2) A thermally

controlled water bath was used to maintain isothermal conditions
4.3.3 Experimental procedure

A beaker was filled with a feed solution with a pH of 4 5 and nickel concentration of 1000
mg'dm’ The prepared capsule, as explained in chapter 3 2, was suspended in the filled beaker
(feed solution) with a piece of string (see photograph 3 1) The extractant concentration used for
the expeniments was 70% (vol ) D2ZEHPA dissolved in Escaid 100 (refer to chapter 3.2.2). The

temperatures of the experiments were varied

Samples were taken from the feed solution at different time intervals. The pH of the feed solution
was readjusted to the initial pH at these sampling points with a diluted sodium hydroxide solution

The nickel concentration of the feed solution was not readjusted.
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4.3.4 Results and discussion

The results were evaluated in the same manner as in chapter 3 5 1 to give the cumulauve

extraction of nickel with respect to ime A complete set of results can be seen in appendix A 5

The graphical representation of the influence of the temperature of the feed solution on the final

extraction and the initial rate of extraction can be seen in figures 4 7 and 4 8 respectively

140 l

120

g

T mal F vtrachon
fgm *)

Fig 47 The mfluence of temperature on the final extraction of nickel

The final amount of nickel extracted with SLM increased with 154% when the temperature was
increased from 25 °C to 85 °C. The mitial rate of extraction increased with 253% when the
temperature was increased from 25 °C to 85 °C. This confirms the suspicion that the initial rate

of extraction is more dependent on temperature, than the final extraction of nickel



Cpumisation of CME

84

Fig 48 The influence of temperature on the imual rate of extraction

4.3.5 Accuracy of experiments

Some of the experiments were repeated to determine the reproducibility of the expenments

These results can be seen in table 4 3 The standard deviation for the final extraction was found

to be 4 67%. The standard deviauon for the imuial rate of extraction was found to be 7 64%

Table 4 3 Reproducibility tests for expenments

Temperature

(g'm*)

Final Extraction

Initnial Rate of Extraction

(2/m’ h)

Average

STD (%)

Average

STD (%)

52.2
73.1
925

112.5

7.09
1.59
5.35
463

125
6.01
559

6 45

| |
e |
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4.4 The influence of agitation on CME

4.4.1 Introduction

A factor which was not investigated in chapter 3 is the influence of agitation on the extraction of
mckel Hofman (1991 163) researched the influence of agitation on SLM. He found that the rate
of extraction increased up to a Revnolds number of 7 000 A further increase in the agitation has
little or no effect on the rate of extraction. Thus can be explained by the fact that at low agitation
the liquid boundary laver of the feed solution is relatively large. If the agitation 1s increased. this
boundary laver becomes thinner and results in a lower resistance to 1on transport through the

membrane which implies that this resistance to mass transfer is then not the controlling resistance

4.4.2 Experimental configuration

The capsuie configuration was used for the experiments (refer to chapter 3 2)

4.4.3 Experimental procedure

A beaker was filled with a feed solution with a pH of 4 3 and nickel concentration of 1000
mg'dm’ The prepared capsule. as explained in chapter 3 2, was suspended in the filled beaker
(feed solution) with a piece of string (see photograph 3 1) The extractant concentration used
for the experiments was 70% (vol ) D2EHPA dissolved in Escaid 100 (refer 1o chapter 3.2.2

The feed solution was stirred with 2 magnetic stirrer  The stirrer's speed was vaned for every

expenment

Samples were taken from the feed solution at different ume intervals. The pH of the feed solution
was readjusted to the initial pH ar these sampling points with a diluted sodium hvdroxide solution

The nickel concentration of the feed solution was not readjusted
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4.4.4 Results and discussion

The extraction of mickel was evaluated in the same manner as in chapter 3 5 | to give the

cumulative extraction of nickel with respect to time  The results of the experiments can be seen

in appendix A 4 The rotational speed of the impeller was measured with a digital tachometer

Thne Revnolds number of the feed solutions was calculated with the following equation (Bird ¢/

al.. 1960 582)

Diwp
N

Re =

(4 1)

In this equation D is the diameter of the impeller. w is the rate of rotation, p is the liquid density

of the feed solution and u 1s the liquid viscosity of the feed solution

The graphical representation of the influence of the agntation of the feed solution on the final

extraction and the imtial rate of extraction can be seen in figures 4 9 and 4 10 respectively

3000 6000 S$000 12000 15000
Reyncldas No.

Fig 49 The influence of agitation on the final extraction of nickel



Optimisation of CME 87

4000 8000 12000
2000 8000 10000
Reynolds No

Fig. 4 10 The influence of agitation on the nitial rate of extraction

The final amount of mickel extracted with CME increased with 39 88 % and the minal rate of

extraction increased with 49 86 % when the feed solution is agitated vigorously

The most dramatic increase occurred when the Revnolds number of the feed solution increased
from 0 to =9000 This result correlates with the result obtained by Hofman (1991 163) for SLM

svsiems
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4.5 The influence of anion ligands on CME

4.5, 1 Introduction

Gu and Wasan (1986 129) found that SLM extraction could be enhanced by the addition of amon
ligands to the feed solution (refer to chapter 2.5) Gu and Wasan (1986 132) tested several
hgands Acetate gave the best results. The optimum acetate concentration was 0 10 mol/dm’

It was suspected that the same enhancement would apply to CME

4.5.2 Experimental configuration

The capsule configuration was used for the experiments (refer to chapter 3.2) A thermally

controlled water bath was used to experiment isothermally at 25 °C
4.5.3 Experimental procedure

A beaker was filled with a feed solution with a nickel concentration of 1000 mg/dm’ The feed
solution had different sodium- and calcium acetate concentrations The prepared capsule. as
explained in chapter 3 2. was suspended in the filled beaker (feed solution) with a piece of stnng
(see photograph 3 1) The extractant concentration used for the experiments was 70% (vol )

D2ZEHPA dissolved in Escaid 100 (refer to chapter 3.2.2)

Samples were taken from the feed solution at different time intervals. The pH of the feed solution
was readjusted to 4.5 (if necessary) at these sampling points with a diluted sodium hvdroxide
solution. Thus readjustment was rarely necessary. since acetate is a pH buffer The nickel

concentration of the feed solution was not readjusted
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4.5.4 Results and discussion

The extraction of nickel was evaluated in the same manner as in chapter 3.3 1 1o give the

cumulative extraction of nickel with respect to ume. The results of the expenments can be seen

in appendix A.S

The graphical representation of the influence of anion ligands in the feed solution on the final

extraction and the initial rate of extraction can be seen in figures 4.11 and 4 12 respectively

It 1s clear from figures 4.11 and 412 that calcium acetate inhibits the extraction of nickel with
CME. while sodium acetate enhances the extraction. This can be explained by the fact that the
divalent calcium acetate 1s a much larger ion than the monovalent sodium acetate This larger ion
causes a steric hindrance in the ligand accelerated mechanism proposed by Gu and Wasan
(1986 131) The reduction of nickel extraction due to this hindrance can be as high as 92.3% for

the final extraction of nickel and 78 4% for the initial rate of nicke! extraction
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The addition of sodium acetate enhanced the extraction of nickel with CME  The opumum
acetate concentration was found to be =0 05 mol/dm’ for the final extraction and =0 10 mol/dm’
for the itial rate of extracion  This result correlates with the result obtained by Gu and Wasan

(1986 132)

‘
| TON . —

Fig. 412 The influence of amon ligands on the initial rate of extraction

The addition of sodium acetate to the feed solution resulted in a maximum enhancement of 63 5%
in the final extraction of nickel and an extremely high enhancement of 218 9%¢ in the initial rate

of nickel extraction
4.5.5 Accuracy of experiments
Some of the experiments were repeated to determine the reproducibility of the experiments

These results can be seen in table 4 4 The standard deviation for the final extraction was found
to be 5 54% The standard deviation for the initial rate of extraction was found to be 7 87%
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Table 4 4 Reproducibility tests for expenments.

Acctate Final Extraction Initial Rate of Extraction
concentration (2/m’) (2'm’ h)
(mol/dm’) Average STD (%) Average STD (%) ]
i 0O 507 801 2.25 14 42
307 | 131




Uptimusation of CME

4.6 The optimum extractant concentration

4.6.1 Introduction

The optimum conditions for the extraction of nickel with CME were determined in the previous
paragraphs It was shown in chapter 3.5.2 that the opumum extractant concentration 1s ver\
dependant on other factors It 1s thus necessary to determine the optimum extractant

concentration at this optimum extraction conditions

Thus set of expenments will also contain the result with the maximum extraction conditions  This

result can be used to determuine the techno-economic feasibility of this extraction technique.

4.6.2 Experimental configuration

sq)

The capsule configuration was used for the experiments (refer to chapter 3

4.6.3 Experimental procedure

A beaker was filled with a feed solution with a nickel concentration of 7000 mg/dm’ and a sodium
acetate concentration of 0.10 mol/dm’. Three prepared capsules, as explained in chapter 3 2.
were suspended in the filled beaker (feed solution) with a piece of string. The capsules contained
a 3 mol/dm’ hydronium ion concentration  The extractant concentration used for the experiments
vaned The expeniments were done isothermally at 70 °C The feed solution was stirred with a
magnetic sturer.  The magnetic stirrer was used to control the Revnolds number of the feed

solution at 9000

Samples were taken from the feed solution at different ume intervals. The pH of the feed solution
was readjusted to 4 5 (if necessary) at these sampling points with a diluted sodium hydroxide

solution The nickel concentration of the feed solution was not readjusted.
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4.6.4 Results and discussion

The extraction of nickel was evaluated in the same manner as in chapter 3 5 1 to give the

cumulative extraction of nickel with respect to ume The results of the experniments can be seen

in appendix A 6

A graphical representation of the influence of the extractant concentration on the final extraction

and the imual rate of extraction can be seen in figures 4 13 and 4 14 respectively

{
:

60

[Ex]
(vol % D2EHPA)

Fig 413 The influence of [Ex] on the final extraction of nickel

The optimum extractant concentration for the final extraction of nickel 1s =70 vol % D2EHPA
dissolved in Escaid 100 The optimum extractant concentration for the initial rate of extraction
15 260 vol % D2EHPA dissolved in Escaid 100 It is clear that the maximum nickel that can be
extracted with CME is 109 g¢/m* This is equivalent to R 3 46 /m* The membranes used. cost
approximately $10 / m* (R 4565 /m ) This implies that the membrane capsules should be

recvcled at least 14 times to obtain a profit under these adverse cost assumptions
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ig 4 14° The influence of [Ex] on the imitial rate of nickel extraction

The ume needed to extract 90% of the final extraction can be calculated from equation 3 2

Extr, = b(1-¢ )
~09b = b(l-¢ )
Ll=e ' =209
~=ct=1]n 0.1

(42)

The time needed to extract 90% of the final extraction. if the extractant concentration 1s 60 vol%

D2EHPA 15 3 45 hours
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4.7 Conclusions

The research in this chapter was focused on clanfying the remaining uncertainties of CME and

1o find the optimum extraction conditions for CME  The following conclusions can be made from

the results obtained in this chapter

"

‘es

h

6

The final amount of extraction and initial rate of extraction increases if the hydromum
ion concentration of the strip solution is increased At the point of approximately <
mol/dm’ a maximum extraction of nickel occurs

If the hydromum ion concentration of the strip solution is increased further. the
osmotic pressure becomes greater than the hvdrophobicity of the liquid membrane
and osmosis occurs This has a negartive effect on the extraction process The
extraction of nickel decreases and there 1s a large loss of hvdronium ions

The osmotic effect can also result in the transport of contaminants to the strip
solution in an industrial application due to so-called hvdraulic short-circuiting

The final amount of nickel extracted with SLM increased with 154%¢ and the iniual
rate of extraction with 253% when the temperature was increased from 25 °C to 83
-

The final amount of nickel extracted with CME increased with 39 88 % and the mnital
rate of extraction increased with 49 86 % when the feed solution was agitated
vigorously.

The most dramatic increase occurred when the Reynolds number of the feed solution
was increased from 0 to =9000

Calcium acetate inhibits the extraction of nickel with CME, while sodium acetate
enhances this extraction.

The optimum acetate concentration is =0 10 mol/dm’ and results in a 63 5%
improvement on the final extraction of nickel and 2 218 9% improvement on the
iitial rate of extraction.

The optimum extractant concentration was found to be 60 vol% D2EHPA dissolved
in Escaid 100
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If the abovementioned optimum conditions are used. it is possible to obtain a final
extraction of £109 g/m” at a rate where 90% of the extraction occurs within the first
3 45 hours

The membrane capsules have to be recycled at least 14 imes to obtain a profit at the
current economic conditions  Alternatively a membrane costing less than R 3 46 /m’

1s necessary to make a profit



Chapter 5

Development of a rate
equation for CME

5.1 Introduction

In the past a great number of researchers have spent a large amount of time and energy to denve
a theoretical rate equation for SLM svstems (refer to chapter 2.3.3)  All of these rate equations
are subject to one ore more of the following weaknesses

l -

These equations are bulky and it is difficult to solve the constants in these mulu-

vanable, nonlinear equations

13 These equations are derived under assumptions which are not applicable to CME
For example The assumption that the strip metal loading is neglible 1s not applicable
1o CME

14 These equations do not make allowance for the influence of temperature, agitation

and the influence of anion ligands

15 These equations have a himited practical significance for calculation purposes

To denve a theoretical equation which will overcome the abovementioned weaknesses will be a
very difficult and time-consuming process The equation will probably be very bulky and
cumbersome to use  This leads to the concept that the CME system configured as thus can be
viewed as a pseudo catalytic reaction The rate equation for the CME system can thus be
developed in an empincal way, such as traditionally applied to catalytic reactions.  This is a bold
assumption, but 1t subsequently has proven to be promusing and fruitful and has resulted in a

practical and elegant equation which has taken cognisance of all relevant effects
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5.2 Mathematical development of rate equation

5.2.1 Definition of the rate equation

The mathematical definution of a chemical reaction rate has been a source of confusion in chemical
and chemucal engineenng literature for many vears (Fogler. 1992 4) The earhiest defimition of
reaction rates was developed from expenments in batch-type reactors in which the reaction vessel
was closed and ngid The reactants were mixed together at ume t = 0 and the concentration of
one of the reactants. C,. was measured at vanous times t The rate of reaction was determined
from the slope of a plot of C,, as a function of time  Letting r, be the rate of formation of A per

unit volume (e g . mol/s-dm’). the investigators then defined and reported the chemical reaction

rate as

dcC, .
VF, & ca— ‘- )
~ d’

The reaction rate equanion (1 e . the rate law) is essentially an algebraic equation involving the
concentration of the different components involved in the reaction. not a differenual equation

(Fogler, 1992:4)

The rate equation for the CME svstem can be viewed as a pseudo catalvtic reaction and the rate
equation can be developed in an empincal way, such as traditionally applied to catalvtic reactions
The rate equation must then be defined as the extraction rate of one of the ions (nickel in this
case) per unit area of the membrane (e.g.. mol/m*h). The rate equation is then an algebraic
equation involving the concentrations of the different components involved in the extraction. The
components involved in the extraction of nickel with CME is the nickel concentration of the feed
solution. the nickel concentration of the strip solution, the hvdronium ion concentration of the

feed solution and the hydronium ion concentration of the strip solution (refer to chapter 3 4 1)
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The following algebraic equation is analogous to the rate equations used to describe catalvuc

reactions

Rate,. = k[NiT; [Ni]. [HY, [H]: (5.2)

In this equation k 1s the reaction constant and a. b, ¢ and d are algebraic constants

£.2.2 The influence of temperature

It was the Swedish chemist Arrhenius who first suggested that the temperature dependence of the

specific reaction rate. k. could be correlated by an equation of the type (Fogler. 1992 62)

KT = ke RT (3.3)

Where K, 15 the frequency factor, E is the activation energy (J/mol). R is the ideal gas constant

(8 314 Jmol'K) and T is the absolute temperature
This equation is also applicable on the CME rate equation
£.2.3 The influence of feed solution agitation

The influence of agitation of the feed solution was investigated in chapter 4 4. This investigation
showed that the rate of extraction increased up to a Revnolds number of 9 000 and that a further
increase in the Revnolds number has hittle or no effect on the rate of extraction. The influence of

this type of response on the rate equation can be described with the following exponential term.

a(l-e*# (54)

Where Re is the Reynolds number and a and b are constants
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5.2.4 The influence of anion ligands

The influence of anion ligands on the extraction of nickel with CME was investigated in chapter
4 5 This investigation showed that the presence of sodium acetate enhances the extracuon, but
that an optimum ligand concentration exists. The influence of this kind of response on the rate

equation can be described with the-following polynomial factor

[Ac) « b[Ac] + ¢ (3 5)

Where a. b and ¢ is constants and [Ac] is the acetate concentration in mol/dm’

£.2.5 The optimum extractant concentration

It was shown in chapter 4 6 that an optimum extractant concentration exists Once again the

influence of the extractant concentration on the rate equation can be described with a polvnomal

factor

[Ex)® = be[Ex] = ¢ (5.6)

Where a. b and ¢ 1s constants and [Ex] is the volume fraction of D2ZEHPA dissolved in Escaid
100

5.2.6 The development of the rate equation

A rate equation for the extraction of nickel with CME can be developed if all the above mentioned

factors (Eq 5.2 - Eq. 5.6) are combined in a single equation

E
Rate,, = k(-[Ac) «b[Ac])+ 1)(-[Ex) +~d [Ex])(] e -fke)( e ﬁ]
<[Ni)F [N1); (HY[HY, =+ 1 -
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5.3 Results

The results of the experiments in the previous chapter were used as data for solving the values of
the constants in equation § 7 The expenments vielded 484 data points.  Seven outlier data points

(1 44% of the total data points) were overlooked and the following function was fitted through

the remaining data

Rate,, = 44131( [4‘-“.0«14* [Ac] + 1)(~[Ex]® -9.8940 [£x])

«(1-¢ v%“’w( )m"’ Ni] 1R T HY - 0.0169 (5 8)

The accuracy of this equation will be discussed in paragraph 34 There are a few significant

conclusions that can be made from this equation

1 The extractant concentration and the acetate concentration have an optimum

concentration (refer to chapter 4 5 and 4.6)

J

The agitation of the feed solution is indeed a saturated exponenual form (refer to

chapter 4 4)

3 The Arrhenius equation describes the influence of temperature on the rate of
extraction The reaction is endothermic with an activation energv of 461 72 Jmol

4 The positive exponents for the nickel feed- and hvdronium 10n strip concentrations
show that high concentrations of nickel in the feed and high concentrations of
hvdromum ions in the strip solution are advantageous for the rate of extraction. This
is consistent with all the literature

5 The negative exponents for the nickel strip- and hvdronium i1on feed concentrations
show on the other hand that high concentrations of nickel in the stnp and high
concentrations of hvdronium ions in the feed solution are disadvantageous for the rate
of extraction

o The equation is undefined for a nickel strip- and hydronium ion feed concentration

of zero. The equation can however describe very low concentrations
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5.4 Accuracy of the rate equation

The two most important influences on the accuracy of equation 5 8 were the accuracy of the
analytical methods and the distribution of the data points An AA spectrometer was used to
analvse the feed concentrations The AA had an accuracy of 95% and higher. but the average
drop in the nickel concentration was about 300 mg/dm’ (30%) Thus. the accuracy which could
be obtained with the AA was 28 5% Statistical methods were used to perform a curve fit on the
data This increased the accuracy, since maccurate data points, where obvious experimental
deviations occurred, could be identified and were omitted This 1s a current statistically verified
and accepted procedure The final curve fit of the data could explain at least 85%¢ of the variance

for every expeniment

Staustica for Windows was used to solve equation 5 7 The standard residual values. the deleted
residual values and the Cook's distances of the data points were used as cnitena to identify seven
outlier data points (refer to chapter 3 5 3) which where omitted  An equation (Eq S 8) was fitted

through the remaining data points  This equation could explain 94 4% of the vanance

The fact that the vanables (values) of the factors were not distributed across a large range for the
different data points could be another reason for inaccuracy of equation 58 A graphical
representation of the observed and predicted values for equation 5 8 are given in figure 5.1 This
representation shows that. although the equation describes the data very well, the data points are
not evenly distributed  This imits the application of equation 5 8 The value of equation 5.8 lies
in the fact that this equation proves that CME system can be viewed as a pseudo catalytic reaction

and that the Ixtraction rate equation can be denved accordingly

The graphical representation of the standard residual values, the deleted residual values and the
Cook’s distances for equation 5 8 can be seen in figures 52, 53 and 5 4 respectively These
graphucal representations show that there are not any significant outlier data points if the seven

previously identified outliers are ignored
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Fig 5.2 Distribution of standard residuals for equation 5 8
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5.5 Conclusions

The assumption was made that the CME system can be viewed as a pseudo catalytic reaction and
that the rate equation of the extraction process can be developed in an empinical way  The rate
equation (Eq. 5 8) was shown 1o fit the expenmental data to a highlv acceptable accuracy and
explained 94 4% of the vanance This proved the assumption that the CME system can be viewed

as a pseudo catalytic reaction.

The fact that the vanables of the factors were not distributed across a large range for the different
data points limits the application of equation 5.8, The equation can however be used to design
a bench scale reactor for CME A staustical experimental design can be used to determine the
expenments done on this reactor. This will ensure that the data points are evenly distributed The
results of these experiments can be used to refine equation 5 8 and the new equation can then be

used in industrial applications

The following conclusions can be made from equation 5 8

l The extractant concentration and the acetate concentration have an optimum
concentration (refer to chapter 4.5 and 4.6).

x The agitation of the feed solution is indeed a saturated exponential form (refer to
chapter 4 4)

The Arrhenius equation describes the influence of temperature on the rate of

o

extraction The reaction is endothermic with an activation energy of 461 72 J/mol
4 The positive exponents for the nickel feed- and hvdronium ion strip concentrations

show that high concentrations of nickel in the feed and high concentrations of

hvdronium 1ons in the strip solution are advantageous for the rate of extraction This

15 consistent with all the literature

“h

The negative exponents for the nickel strip- and hydronium ion feed concentrations
show on the other hand that high concentrations of nickel in the stnp and high
concentrations of hvdronium ions in the feed solution are disadvantageous for the rate

of extracuon
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6 The equation is undefined for a nickel strip- and hvdronium ion feed concentration

of zero  The equation can however describe very low concentrations
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Chapter 6

Final conclusions
and
recommendations

6.1 Final conclusions

Nickel 1s a widelv used metal and therefore subject to report in various effluents as a pollutant
The extraction of nickel at the current price (R 31 76/kg) could consequently be a strong incentive
to recover nickel from effluents from varnious industries but mainly from the plating and catalvs:

industries

The influence of different conditions on CME was determined A central composite experimental
design was executed to evaluate the influence of the different factors on the extraction of nickel
with CME The first part of the research (chapter 3) was focused on high hvdromium stnip
concentrations, which 1s a prominent advantage of CME over SLM  The two equations (Eq 3 5
& 5 6) were shown to fit the experimental data to a highly acceptable accuracy and explained
81 0% and 81 7% of the vanance respectivelv. The accuracy and reproducibility were both
discussed and the expenimental protocol showed an inherent accuracy of approximately 85% In
the light of these results it is possible to make the following conclusions on nickel extraction with
CME
7 It 1s obvious that the extremely high aciduy difference (AH") which is tolerated
between the stnp solution and the feed solution i1s advantageous for the extraction of
10MIC Species
8 This driving force (AH") creates a system in which extraction proceeds against a
concentration gradient of at least 10001 when considening the ratio between [Ni*']

in the strip- and feed solutions at final extraction
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The subsequent research (in chapter 4) was focused on clarifving the remaining uncentainties of
CME and to find the opumum extraction conditions for CME. The following conclusions can be

made from the results obtained

1 The final amount of extraction and initial rate of extraction increases if the hvdronium
ion concentration of the strip solution 1s increased. At the pomnt of approximately 4

mol/dm’ a maximum extraction of mickel occurs.

]

If the hvdronium ion concentration of the strip solution 15 increased further. the
osmotic pressure becomes greater than the hyvdrophobicity of the liguid membrane
and osmosis occurs This has a negative effect on the extraction process The

extraction of nickel decreases and there is a large loss of hydronium ions

Y

The osmotic effect can also result in the transport of contaminants to the strip
solution in an industnal application due to so-called hvdraulic shon-circuinng
R The final amount of nickel extracted with SLM increased with 154% and the imiuial

rate of extraction with 253% when the temperature was increased from 25 °C to 85

“C

5 The final amount of nickel extracted with CME increased with 39 88 % and the imnial
rate of extraction increased with 49 86 % when the feed solution was agnated
vigorously

6 The most dramatic increase occurred when the Reynolds number of the feed solution
was increased from 0 to £9000.

7 Calcium acetate inhibits the extraction of nickel with CME, while sodium acetate

enhances this extraction

8 The optimum acetate concentration is =0 10 mol/dm’ and results in a 63 5%
improvement on the final extraction of nickel and a 218 9% improvement on the
initial rate of extraction

- The optimum extractant concentration was found to be =60 vol% D2EHPA dissolved
in Escaid 100.

10 If the abovementioned optimum conditions are used. it is possible to obtain a final
extraction of =109 g/m” at a rate where 90% of the extraction occurs within the first

3 45 hours.
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The membrane capsules have to be recvcled at least 14 umes to break even under the

current economic conditions and adverse cost assumptions

The extraction rate equation (Eq. 58) was shown to fit the expernimental data to a highly

acceptable accuracy and explained 94 4% of the vanance This proved the assumption that the

CME system can be viewed as a pseudo catalytic reaction

The following conclusions can be made from equation 5 8

l

12

‘et

The extractant concentration and the acetate concentration have an optimum
concentranon

The agitation of the feed solution is indeed a saturated exponental form

The Arrhenius equation describes the influence of temperature on the rate of
extractuon

The reacuon 1s endothermic with an activation energy of 461 72 J/mol

The positive exponents for the nickel feed- and hyvdronium ion strip concentrations
show that high concentrations of nickel in the feed and high concentrations of
hvdromum ions in the stnip solution are advantageous for the rate of extraction. This
1s consistent with all the literature

The negative exponents for the mickel strip- and hvdronium i1on feed concentrations
show on the other hand that high concentrations of nickel in the strip and high
concentrations of hvdronium ions in the feed solution are disadvantageous for the rate
of extraction

The equation is undefined for a nickel strip- and hvdronium ion feed concentration

of zero. The equation can however describe very low concentrations
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6.2 Recommendations

6.2.1 Introduction

The research in this report led to the publication of two arucles  The first article was entitled The
extraction of mickel with the use of supported liguid membrane capsules and was publicized in
Water SA, volume 22, number 3, July 1996 The second article was entitled Upnmizanon of

mckel exracuon with supported hquid membrane capsules and i1s in the process of being refereed

bv the same journal

6.2.2 Recommendations from research

The extraction of mickel or any other metal 10ns from industnal effluents with CME 1s a verv
elezcamt method The main advantage of this extraction method is that the extracted ions can be
reclaimed This extraction method only recovers the valuable ions (nickel) and none of the other,
often undesired. ions in the feed solution. The capsule configuration also introduces the concept

of an unconfined reactor, which implies that no fixed geometry (reactor containment) is required

It is possible to make the following recommendations from this research towards an industrial

apphcation

1 It was shown from the research that high hvdronium ion concentration in the strip
solution 1s very advantageous for the extraction process If the hydronium ion
concentration is too high, however, osmosis occurs It is therefore recommended that

the hvdromium ion strip concentration used should be between 3 and 4 mol/dm’

L]

The nickel concentration of the feed solution should be as high as possible This
recommendation is more for academic purposes, since the nickel concentration of the
feed solution 1s usually an uncontrollable variable for an industrial application

The pH of the feed solution should be as high as possible. The maximum pH which
can be used is dependent of the precipitation point of nickel hvdroxide For example
nickel hydroxide precipitates at a pH of 6 4 at 25 °C if the nickel concentration is |

e
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mol/dm’ (Jackson, 1986:158)

4 The capsule membrane extraction process is an endothermic reaction. which implies
that the temperature of the feed solution should be as high as possible  The maximum
temperature is dependent on the boiling point of the feed solution (100 °C at 101 3
kPa)

5 It i1s recommended that the feed solution should be agitated A Revnolds number of
=9000 15 recommended More vigourous agitation will result in httle or no
enhancement of the rate of extraction

© It is recommended that a sodium acetate solution of 0.1 mol/dm® acetate should be
used for the feed solution to act as an ligand accelerator

7 An extractant concentration of 60 vol% D2EHPA dissolved in Escaid 100 should be
used

6.2.3 Foreseeable problems

The research showed that at the current economical situation it will be necessary to recvcle the
capsules at least 17 umes to break even. This recycling technology will probabiv be the biggest
obstacle for the industnal application of CME . A large amount of energy will have to be invested
in the development of such a recvcle method for CME. An alternative is to use the knowledge
gamned with CME to develop a hollow tube reactor. The probiem with a hollow tube reactor is
to develop a cost effective reactor which will be able to endure the high hvdronium ion strip

concentrations needed for the supported liquid membrane process

6.2.4 Future research

The recommended research path to develop an industrial application for the extraction of nickel

with supported liquid membranes (or membrane capsules) can be seen in figure 6 1
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Fig 61 Recommended research path

It 1s essenuial to study current literature  This will ensure that the newest developments can be
incorporated in an industrial process Experiments to charactense and optimise the CME process
have been done in this report (chapter 3 & 4) A preliminary rate equation has also been
developed (chapter 5) and this equation can be used to design a bench-scale test reactor A
staustical experimental design will ensure that the expeniments done on the test reactor is
distnbuted across a large range of vanables (values) for the different factors. The results obtained
in these expenments can be used to refine the rate equation This refined rate eguation can be
used to develop a computer simulation of an industrial reactor. This simulation can be used to
opumuse the industnal conditions and to do a cost estimation and financial evaluation If the
simulation shows that a commercial reactor would be economically viable, the project will be

completed with the developing of an industrial reactor
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6.2.5 Closing remarks

The extraction of nickel with capsule membrane extraction is a relatively new and exiung research
field The increasing environmental pressure on industries to clean their effluents makes this a
verv actual technology  If the few remaining techno-economic problems of CME can be solved.
this technology will be the newest membrane process used to clean industnal effluents and 1o

reclaim vaiuable metals
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Experimental Results

A.l1 Results obtained from characterisation experiments
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Exp. no: 2
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Exp. no: 6
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Exp. no: 13
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Exp. no: 14
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Exp. no: 18
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Exp. no: 18
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Exp. no: 24
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Exp. no:
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10 917 0 400] 0 000000 7478 .748
15 887 0 3951 0.000000 -2556 170
20 860 0. 3200 000000 1817 g1
25 772 0 40010.001000 11078 443
4 74 1
e —————
Exp noc 25
y=(9785 1)-(27577 43)"exp(-(0 05314249)"x)
12000 _
8000 .
4000 ’ —
% o [ | |
; | <4 ]
§F w4000 - | |
£ £ .so00 2 ‘ '
'.;' .12000 " '
o

144



Appendix A

Exp.no: 26

Circum 0131
Area

00027512

Exp. no 26
y=(22007 71)-(33406.64)"exp(-(0 05030395)*x)

25000 ‘ :

2°m | ;/-’?
: 15000 . ;')fll ' ! I
3 10000 1 ,
£ '_'g 5000 -
£ E 0 o
g o |
E -5000
3 ; l

-10000 | -

|

-15000




Appendix A

Exp.no: 27
Circum 0136
Area
00030750
[ime Nil fe
0 732 0 400] 0 000000 0
5 722 0 430} 0. 003000 5933 .1287|
10 804|] o0430|o000000] 9818 -982_”
15 749 042sf{ooo2000f -2216 .148
20 785 0 420} 0. 000000 529 EY
25 759 0.420} 0.001000 ‘548 88
| 0 7 4 121

&
£
u
S
2
m
=
g
O

Exp no 27
y=(10829 13)-(20107.97)"exp(-(0.02915855)"*x)

l
|
|

140



Appendix A

Exp. no:

Circum

0.141

Area
00031641

Time
(h)

10 ocooco
5 712] 0450|ooos000] .8257] -1651
. 10 76a] o04so0]ocoiocco] -4848 485
15 761 0 445 0 001000 551 .37
20 746| 0440)]0.002000 4268 213
25 7es]  0.440]0.000000 2452 98|
50 760] _0440]0000000] 6613 132
|
Exp no 28 |
y=(8141 647)-(20881 83)"exp(-(0 05834327)*x)
12000
8000
| ? o 0 c / .
- £ ;
g 2 -4000
B~ l
§ -8000 '
o -12000
-16000 ‘
0 10 20
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Appendix A
Exp. no: 29
Circum 0147
Area
0 0034391
m i] fi |
0 1211 0 400} 0.000000 0
' 5 1209 0.410] 0.000000 -5043 1009
| 10 1204 0 40510 000000 -4455 -445
15 1175 0 40040001000 -1082 -Te
20 1158 0 400)0.002000 2095 105
! 25 1171] 0400]0.001000] 4715 189
| 114 1 17

14000

10000

6000

2000

-2000

Cumulative extiachon
(mg/m-)

-6000

-10000

—_—

y=(11673 92)-(19629 87)"exp(-(0 03789762)*x)

Exp no 2% ]

|
|
|
|
|
|

10

20 30 40 50 60

Time

(h)

148



‘ppendix A 146

Eksp. no: 30

Circom 0.129

Area
00026484
me N ol t
0 1203 0 400} 0.000000 0

5 1177 0.415]0.001000 -5010 -1002
10 1156 0 420} 0.002000 -2349 -235

15 1169 042010001000 959 64
20 1107 0415)0 004000 14450 722
25 1185 04100002000 22122 885

S 116 4 144 ;i;"

Exp no. 30
y=(33195 . 57)-(45106.1)"exp(-(0 03761175)*x)
35000 :
25000 y
| ¥ _ 15000
5 ‘ |
§ £ f |
LS
= S000 - . | .
= -
e ¥
3 -5000 / l




Appendix 4

Exp. no:

Circum

3l

0.117
Area
00021786

0.000000
| 5 1466] 0410]0.000000] -33534] 6707
10 1285] o0<10]0.000000] -2837 -284)
15 1431 0.400]0.000000] -28883] -1780|
20 1236] 0.395]0.000000] -9489 473
| 25| 1190] o0390]o.000000] 16668 667|
7057 1

Cumutatve extiachon

30000
20000

(mg/m?)

Exp no 31
y=(18076 19)-(52291 66)"exp(-(0 04187323)"x)

|

10000

|
1 TR TN e

-10000

|
!
|
<
| /( |

-20000
-30000 ).

150



Appendix /A

Exp.no: 32
Circum 0108
Area
00018563
Ime il fi ol e
0 1237 0 400 0.000000 0
5 1403]  0420]0000000] -54216] -10843
10 1228 042010000000 -17949 -1795
15 1328 0.410} 0 000000 37174 -2478
20 1269 0400} 0 000000 -20885 -1044
25 1113 0.400} 0.000000 9311 372
50 1241 400] 0.000 -21267 -425

5
xv(‘
TE
: &
2 -
é

o

y=(-9815.362)-(50323 38)"exp(-(0.089025462)"x)

Exp no 32

Ch

A

151



Appendix A

Exp. no: 33
Circum 0112
Area
0 0019964
me '
| 0 1048] 0 .400]0 000000 0
3 1086] o0405]oooocoo] -12760] -2552
| 10 1018] 0400} 0.000000 864 86
15 1080]  0.390]0.000000] -8608 580
20 1041 0.390} 0.000000 2784 189
| 25 968 0.385]0.000000] 10293 412
7 4 11 1
Exp no 33

14000

y=(15063 18)-(26292 53)"exp(-(0 03484314)"x)




Appendix 4

Exp.no: 34

Circum 0114
Area

0.0020683

0.000000
S 1047 0.400) ©.000000 716 143
10 995 0400} 0 000000 8241 824
15 1038 0.390] 0.000000 2538 169
20 959 04050001000 7670 399
! 25 805 0.400] 0.000000 42587 1703
' 50 0400100

Exp no 34
y=(25687 .38)-(27099.15)"exp(-(0 02566888)*x)

24000 -
I L

20000

Cumulative extraction
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Appendix A
Exp. no: 35
Circum 0.109
Area
0 0018909
me Nil f g
0 1044 0 400]0.000000 0
S 1084 0 405]0.000000 -14088 -2818
10 951 0400)0.002000 140456 1405
15 1093 0.400) 0.000000 -7930 -529
20 1049]  0.3¢0] 0.000000 4035 202}
25 1043 0.380] 0.000000 8015 321
L 0 a4 4
Exp no 35
y=(17967 56)-(38107 52)"exp(-(0.04311883)"x)
20000 ‘
15000 : : 2 ‘
I ]
10000 . | /
§ 5000 ‘,//V ' l
g o~ 0 / | ' '
¢ £ -s000 e ' |
£ ° ! |
_'E ~ -10000 /
§ -15000 |- /( 1 :
o
-20000? :
-25000 ] . '
0 10 20 30 40 50 60
Time
(h)




Appendix A

Exp. no:

Circum

)
o~
o

0109

Area
0 0018909

5 1075] 0410]0.000000] -0403] -1899
10 972] 0410]0.001000 9998 1000
15 1042]  ©0.400)0 000000 3049 203l
20 1042]  0.400]0.000000 204 15
25 995| 0400]0.000000 7480 299
50 977] 04000 000000 8657 17
= —— —
Exp no 36
y=(10130.04)-(24882 8)*exp(-(D 0652344)"x)
12000
6000 .
§ |
B 0
T E
§ fgf 6000
: : |
3 -12000 ' l
x
-18000 “
(4 10 20 30 40 S0 60

Time
(h)

h
s



ippendix A

Exp. no: 37
Circum 0 099
Area
00015598
ime || feed r
0 1145 0.405] 0.000000 0
5 1010 0 400] 0.000000 34618 6924
10 912 0 385] 0003000 58434 5843
15 862 0.350]0 001000 65165 4411
| 20 1000 0.380] 0 000000 59962 3000
| 25 538 0 380) 0 000000 78301 3132
S0 885 400j)C 7685 1537

£
H-
T
¢ O
55
E
-
(&

y=(756844 15)-(75984 41)"exp(-(0 1295206)"x)

Exp no 37

ce

|50



Appendiv A
Exp. no: 38
Circum 0 096
Area
00014667
Time il f ust. xtr 1
0 1033 0 405) 0.000000 0
5 1271 0.420] 0.000000] -82235] -18447|
| 10 1084 0.435]0.000000] -44107] 241 %l
15 1127 0 430] 0.000000 -56713 -3781
20 1082 0 430] 0.000000 47363 -2368
25 991 0.420] 0.000000 -17617 -705
nd 873 041 -12524 -250
Exp. no. 38

y=(-1584.145)-(90779.89)"exp(-(0.0461059)"x)

-20000 :
: |
2 -40000
g < j T
¢ E
§ g -eo000 |
s 80000 / l '
o ) / o

! | '
-100000 | )
o 10 20 30 40 50 60




Appendix A

-
£

Exp. no:

Circum 0106

Area
0.0017882
ime Nil f r -
; 0 s28]  0400]0 000000 0
| 5 s3] 0405]0.000000] -5217] -1043
| 10 422] 0400]0.004000] 20730 2073
[ 15 551 0 400} 0.000000] 13063 871
| 20 494] 0400|0001000] 24272] 1214
| 25 s1a]  0385]0000000) 27244 1090
4 4 0 1 7

Exp. no 3¢
y=(32766 87)-(48128.64)"exp(-(0.06892075)"x)

Curmudative extrachon

|
|
|

|

|

|

n

o



Appendix A

Exp. no: 40
Circum 0097
Area
00014974
ime il fe ol just ate
0 1535 0.400] 0.000000 0
- 1535 0.400} 0.000000 -5125 -1025
10 1351 0.400] 0.005000 38898 3890
15 1536 0.400] 0. 000000 18351 1224
20 1532 0.390] 0.000000 24531 1227
25 1520 0.390) 0 000000 -3503 -140
| 50 1494 4 14347 87

5
£
5
£
2
5
O

y=(27889 53)-(43320.54)"exp(-(0. 09045742)"x)

Exp no 40

150



Appendix 4

Exp.no 4]

Circum 0118
Area
00022161

lime _INilteed ol Jadius _fEar  Rae

, 0 1214 0 400
| sl 1477] o410 of -s6875] -1 msl
10 1412 0405 0] -44996| -4500
1s| 1169] 0400 ol -13s| -7
'x 20 1360 0395 o] -35179] -17%9
i 25 1251] 0390 0] -15997 -640
‘l S0 1216 0 380 0 -7173 -143
Exp no 41
y=(-3803 167)-(83957 24)"exp(-(0 04710538)"*x)
0 ! >
-10000 T ‘ %'
- -20000 :
1% -30000 <
£ -a0000 | 1 ' ! |
: 2 i | | |
£ £ -50000f—_ 21
:% 80000 |- X = ; '
-70000 !
-B0000 l ! ! l AI
10 20 30 40 50 60
Time

(h)

160



Appendix A lol

Exp.no 42

Circum 0124
Area
00024472

0 1070 0 398 P 000000 0
| 3 1376] 0 410p 000000] -58701) -11740}
0] 1305] 0405 o000oo] -46950] -4695
| 1s]  1173] o400 oooooo] -25374] -1692
20| 1275] o0395poooooo] -41838] -2002)
as|  1219] 0390 oooooo] -32914] -1317]
o] 10721 o03sopoocooo] -7s07]  -152

—

Exp no 42
y=(-1589 184)-(65140 14)"exp(-(0 0313277)*x)

Cumutatrve axirachon




Appendix A
Exp.no 43
Circum 0119
Area
00022538
[ime N1l feed Vol Adiust Xtr 1e
0 1043] 0 405 b 000000 0
s|  1146] o0410poooooo] -23365 -sm;"
10 1104] 0400poooo0o| -13369] -1337
15| 1023] 0395 000000 827 35|
20] 1160] 0390 oooooo] -22879] -1144]
25| 1002] o3soboocooo]| -ssar|  -3s4f
!‘“ 50 1011 0 370 | 000000 6880 138

Cumudative extraction

-

(mg/m-)

Exp no 43

y=(9654 208)-(35956 08)"exp(-(0.03422419)"x)

-

162



Ippendix A 163

Exp.no 44

Circum 013
Area
0 0026897

s|  1126] o040spboooooo] -15057] -3011]
10]  1159] 0400 oooooo] -19965
1s]  1015] o400boocooo]  -705
l 20 1148] 0393 000000] -20236
25 1063 0 385 P 000000 -5036
s0l  1001] o0380poocooo] 2824

Exp no 44
y=(4761 651)-(21263.02) exp(-(0 03187139)*x)

8000
| -

2000

-

(mg/m*)

Cumutative extrachon

-14000




Appendix A

Exp.no 45

Circum 0117
Area
00021787

fime  ni) feed Vol Jadiust JExir  JRate |
0 1059 0 400 P 000000 0
a 5 1111]  o4so00poooooo]| -11977] -2395
10 1004] 0395poooooo| -8895] -890
15 1030] 0390 000000] 2361 171
20 1154] 0385 000000] -19351 -968
H 25 1042] 0 380 P 000000 184 7
| 50 999| 0370 000000] 9878 198 |
— Exp no 4;-_
y=(11902 43)-(28085 39)"exp(-(0 03669154)*x)
12000
8000
4000

-4000

-8000
12000
-16000 .

Cumulatve extracton
(mg/m*)




Appendix 4

Exp.no 4o

Circum 0128

Area

0 0026076

lime Nil feed [Vol Adust X1r 1e
0 083 0 403 P 000000 0
5 1089 0403 P Oo00000y 17513 -3503
0] 1089 0400p000000] -18348] -1835
15 960 0395 P 001000 284 19
20 1014 0.390 P 000000 -3060 -153
25 1014 0 385 P 000000 -3060 -122
| 30 042 0 375 p 000000 0238 185

Cumulative extrachan
(mg/m?)
-
(=]
g

Exp no 46
y=(12308.35)-(35088.76)"exp(-(0.03423231)*x)

l

-1

l
I

\.

3

pd
2

15000 }—
-20000 }- /

7

|

10

20

30 40




ippendix 4

A.2 Experimental results for establishing the optimum

hydronium ion concentration of the strip solution

Exp.no.. CO [H] IE-05
lemp 25 pH 45

Vol 04 0003
Circum 0134
Area 0 0028578

185 977
3.83 og7 |
573 891 Il 01216
9.63 Y |
12 43 983 | .0.1025)
22 60 852
25 68 62
32.03 1000
| 4977 965

8 -5000
E A |
£c -8000 / o
¢ & -7000 }—$54
z E -8000 ’3‘ L
g -9000 4 l

-10000 .

-11000 i A ’

0 10 20 30 40 50 60

Time
(h)




ippendix A

Exp. no.

Temp
Vol

Circum

Area

C 001 [H] 00

0136

0.0000

197 987 -0 0858/
295 997 -0.1088
s 85 985 -0.0833
875 1006 |
14 58 970 j
2273 a73
| 2580 952 ,
| 3215 988 .
49881 538 -]
= — ————— —
Exp. no C0.01
y=(2744 931)-(9530 6895)"exp(-(0 03738S72)"x)
4000
! |
. | | -3
£ 0 | . /
g < | /
« £ -2000 y :
é g J/ | % '
£ = 4000 f— 4 . - y
§ -8000 %/ I I | |
. ,
1

0 0 20 30 40 S0

Time

60




ippendux A
Exp.no. C005 [H] 005
Temp 25 pH 45
Vol 04 0005
Circum 0137
Area 0 0020872
ime(h Ni xtr.
000 957 0 45 0.050 0.0000 0.0000
217 1000 5758 3.73 0.038 0.0207§ -0.0981
413 992 -4687 362 0.021 0.0486)f -0.0798
6.03 1006 -6561 3.7 0.008 0.0711)f -0.1118
G 83 1000 -5758 3.7 0.000 0.0837|)| -0.0981
| 1477 961 -536 41 0.000 0.083711l -0.0091
| 22.92 952 870 3.96 0.000 0.0837 00114
26.00 Q57 0 396 0000 0.0837 0.0000
32.33 1021 -8570 3982 0.000 0.0837))| -C 1460
50.07 -1071 7 001

2000

-2000

-

(mg/m*)

-4000

-6000

Cumulative extrachon

-8000

-10000

Exp. no. C0.05
y=(-75 80445)-(8868.877)*exp(-(0. 183134)*x)

20 30 40 S0

Time
(h)

160



ippendix 4

Exp.mo. CO1 [H] 01
Temp 25 pH 45§
Vol 04 0005
Circum 0.133
Area 0 0028155
h Ni xtr. r
[ 000 a85 0 45 0.100 0.0000 0.0000/|
| 2.25 Q87 -284 ! 3.7 0087 00239 -00048
422 953 4547 358 0.068 0.0567 0.0775)
[ 6.12 Q88 -S568 382 0.061 0.0693))l -0.0087
| 1003 Q58 3838 319 0019/l 01440)f 00854
14 85 o967 2557 3.28 0.000 01776 0.0436
2302 898 12361 an 0. 000 01776 02108
| 25.08 868 165231} 3.38 0. 000 01776 0.2832
i 3242 885 1420811 3.33 0.000 0.1776 02420
L 015 81 401 0.000 177 4081
S —_—
Exp no CO01
v=(28541 47)-(308B40.97)*exp(-(0 03222851)*x)
26000 ‘ -
| °
22000 ' ,—4\ .
- 18000 —
;‘; 14000 ‘ I o '
” (=) |
£ % 10000 ' |
e & | |
g E 8000 :
- | ° ] | ' |
£ 2000 —~-
&) rey ' l l |
|
a I 3
40 S50 60
——  —————— ———J




Appendix

Exp. no.

Temp
Vol

Circum

Area

Cos [H] 05

25 pH 43
04 0005
0139
0003075

Curmudabve extrachon

35000

Exp no CO0.5

y=(38165.93)-(41599 04)"exp(-(0.03122168)"x)

30000

25000

u

20000

15000
10000

(mgim?)

5000

-5000

P () .

171



Appendix A

Exp. no.

Temp
Vol

Circum

Area

COo5b [H]
25 pH 45
04 00006
0131

00027313

058

E——
Cumudatrve extrachon

Exp no CO05b

y=(37588.12)-(39937.16)"exp(-(0 04476017)*x)

(mg/m~)
.
(7]
[v]
(o]
[ «]

e e e




Appendix A

Exp.no. C1 [H]
Temp 25 pH 45

1

Vol 04 0005
Circum 0138
Area 0 0030309
melh i xtr, H F.
i 000 990 0 45| 10004 o0.0000}jl ©0000
i 255 1031 5411 348| 0976 0.039slll -00922f
I 453 1005] -1980 37] o0os3l 00617/l -0.0337)
| 638 1011 -277 4 00571 o0.0707} -0.0472
| 10.32 947 5875 324] 0919l 0.133sf 0.0967
| 1515 Q37 65995 32 0871 0.2125 01182
| 2357 o08| 10822 204] o03801)| 0.3287] 01844
| 2637 g61] 17024l 338] 07704 0.3796lfl 0.2900
| 3272 g830] 21118l)l 214] 0714}l 04710l 023587
i 5042 74 4 314 4l 05531
Exp no. C1
y=(39205.33)-(S0083 51)"exp(-(0.03381058)"x)
45000 ' '
35000 ' ' .
| | (<]
2 25000 : | . M—_
i | ) ‘
£E 1s000 /_(r( I
;8 ° | |
2= soo00 | !
: | | |
o -5000 : i
-15000 J J 2
0 10 20 30 40 50 80
Time
(h)
s — N
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ippendix A
Exp.no. C1b [H] |
Temp 25 pH 45§
Vol 04 0004
Circum 0134
Area 0 0028578
ime(h Ni xtr. H
000 1104 0 45 1.000 0.0000 0.0000
| 2.37 1070 S011 361 0§79 0.0299 0.0854
9 68 1062 g178ll 321 0920l o1118}§l 01052
1163 o68 19649 329 0.872 01792} 0.3398
| 1512 968 19983 3.32 08271 02417)) 03404
| 2420 830 25528 3.04 0.738 0.3650f]l 04349
3500 816 42186 2.95 0630)] 05176ljl 07187
_
4320 84S 373750 304 0 542 0. 6408 0.6367
B S8 68 m 43454 D4 0 454 0 764 7403
Exp no C1b
y=(46791 16)-(46894 95)* exp(-(0 042983456)*x)
55000
I
45000 '

Cumulatve exdachon




Appendix A

Exp.no. C2 [H])2
Temp 25  pH &5
\ol 04 0006
Circum 0136

Area 0 0029437

Exp no C2
y=(39354 45)-(39238 05)"exp(-(0.0479339)"x)

40000
35000
30000

25000 f— o :
20000 f7£/f : i
18000 R |

5000

| ;-.; ‘_____,_A—‘

Curmilative extraction
{(mg/m*)

-
NS -

-5000

Time
(h)




Appendix 4

Exp.mo. C2a [H] 2
Temp 25 pH 45
Vol 04 0005
Circum 014
Area 00031194
m xtr. stri xtr. xtr [N
0.00 1022 0 45 2.000)] oocoo} 00000
295 970 5568 3142 1972l ©0o0447) 01136
510 977 5770 15 1949)l 00812}l 00983
! 6.92 957 8335 3.82 1940l o0.0865||l 0©0.1420
1078 913] 13977 337] 1908§§ 0.1472)| 0.2381
1617 8s0] 18208 3.13 18510 0.2382]] 0.3102
2418 80| 20773 3 1774l 0.3824)| 0.35391
27 87 7 28595 328 17341 04255)| 04871
3530 725| 38084 308 1670)] 05282] 06488
50 87 708] 40284 81 1540/l 07228 06859

Cumiutabive extrachon

45000

35000

25000

(mgim?)

15000

5000 b5,

-5000

y= (45938 85)-(47057 47)"exp(-(0 03716148)*x)

Expno C2a

Time
(h)



Appendix A
Exp.no. C2b [H]

Temp 25 pH 45§
Vol 04 0005

Circum 0136

Area 0 0029437

Exp no C2b
4

y=(37822)-(53958 73)"exp(-(0 04376412) x)

’
‘.
'

40000

30000 I : :
20000 ' - - l
—_— i

-10000

2

(mgim*)

Cumulabve extracthon

R



Appendix A
Exp.no. C2c¢ [H] 2
Temp 25 pH 45
Vol 04 0005
Circum 0.141
Area 00031642
H r.
0.00 948 0 45| 2000l 00000l 0.0000
[ 320 1027] -0087 148] 1976]] o0.0379lll -0.1701
| 535 1003] -6953 339] 1948)] oossell .01184
| 715 g78] -3792 361 1920/l 01124} -0.0646
I 1102 923 3160 3.37 18970l 01623[l 00538
16 40 898 6321 3.11 1838 o2sesffl ©01077
24 43 sss| 11377 3.01 1.7621 o0.a7eolfl 01938
28 10 798| 18215 3.28 17231 o04383lfl 023273
185 55 738] 28547 315 16681 05238l 04523
L5110 693 8 1. 7 4

y=(37692 21)-(55608 §4)"exp(-(0.04026088)"x)

Exp no C2¢c

45000
35000
§ 25000
¥ _ 1s000
¢ E
2 so0o
& £
= -5000 -
§ = &
© -15000

178



Appendix A
Exp.no. CS5 [H] §
Temp 25 pH 45
Vol 04 0005
Circum 0128
Area 0 0026076
xtr, stri r. [H Ni
0.00 966 0 45 5000 O00000§F 0.0000
282 970 514 342 4972 0.0535)lf -0.0105
4 80 989 -3528 361 4 955(1 0.0863J)| -0.0601
668 963 450 3.88 4947 0.1016jjl 0.0078|
| 1058 950 2454 3.25 4913l 01677}jl 00418
15 42 942 3682 3.24 4 869)] 0.2511 0.0627
| 2385 911 8437 203 4797 03894} 014237
| 2663 81¢ 19482 342 4 7690 04429||l 03219
J 32.98 §_26 21476 3.1 4709 0.5571 0.3659
L_Sc70 738] 349875 311 46 06713 958

y=(44753 66)-(54873 92)"exp(-(0 02828285)"x)

Exp no. CS5S

g
ﬁ
-
£
v
£
g
L
C

179



Cumulabve extrachon

Appendix A

Exp.no. C5b [H) §

Temp 25 pH 45

Vol 04 0005

Circum 0.131

Arca 00027313

tri xtr.
0.00 1097 0 45| 5000 o0.0000f 00000

| 210 1075 3245 3.55 4 9801 00366l 0.0553

. 843] 1084] 4843 325] 4938l 01144l ©o0825
11.37 290| 15698 322] 4892 01980l 02674
14 85 1002] 13961 3.17] 4840l 02924} 02378}
2393 918| 26240 309] 4778) 04088}l 04470
34 73 875] 32560 295] 4691l 05665 05547
4283 933| 24007 302] 4617 o07017)§ 04090
56 72 84 7 30 4543 og3eolll 06381)

e e — e —,——— e —————————ee - T
Exp no CS5b

y=(40606 11)-(44335 B82)"exp(-(0. 04335695)"*x)

50000

40000

180
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Exp.no. C7 [H] 7
Temp 25 pH 45

Vol 04 0005
Circum 0.139
Area 0.003075

— — —

0.0000lff 0 0000}

Exp no. C7
y=(47774 89)-(51582 85)"exp(-(0 02682409)"x)
50000
‘ T T
0000 | ' o
§ 3w°° ' : /
£ < | e |
: ™~ |
20000
g | - |
§° : |
: 10000 r
- o
= . B
3 5 a l
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Exp.no. C 10 [H] 10

Temp 25
pH 45
Vol 04 0004
Circum 0137
Area 0 0029872
xtr. H st xtr [Ni
0.00 1112 0 45 10.000 0.0000 00000
2.05 1083 3888 3.75 0085/l 0019l 00662
| 837 1061 6865 314 9 916 0.1123 01170
| 11.38 G598 15276 3.07 9.834)1 0.2221 0.2602
1478 1005 14254 341 9798} 0.2698|l 02425
2385 974 18446 2.96 S 692 04125 03142
34 68 874 31886 283 0 547 0 6054 05432
| 42 87 911 26833 293 G433 0.7595 0 4588
| 837] 3880 1 1

Exp no C 10
y=(41770 04)-(42514 BS5)*exp(-(0. 03441026)"x)

| | | '

35000 - :'/7:_‘
30000 o '

dll

gf‘ 20000 - —

iE 15000 o i | '

' Fa¥

2 ? | | L
£ ~ 10000

3

&)




Appendix 4
Exp.no.. C15 [H] 15§
Temp 25 pH 45
Vol 04 0006
Circum 0.137
Area 0.0026872
013 1097 0
| 185 1054 4468
l 817 1051 8191
qlr 1118 983] 15314
|__14.58 72| 16723
2365 957] 17474}
34 47 875] 29579}
42,53 gas| 216¢3)
56 3 866

Cumulative extraction
(mgim?)
—
g

Exp no C 15
y=(32808.31)-(32083 23)"exp(-(0.0473792)"*x)

l
l
|

|
!
|
|
|
|

18:

)



Exp.no. C20 [H] 20
Temp 25 pH 45

Vol 04 0005
Circum 0.135
Area 0 0029006

14 52
2360
34 42
4262

36,50/

Exp no. C 20
y=(21141 22)-(20838 47)exp(-(0. 06048942)"x)

26000

| l l

| . ———
s I S = N
N~ 7'( !

8000 |

2000

i 22000

18000

(mg/m?)

Curmulalive extrachion




Cumulative edrachion

22000

Appendix 4
Exp.no. C25 [H] 25
Temp 25 pH 45
Vol 04 0006
Circum 0136
Area 0.0029437
] xtr.
| 000 995 0
i 157 980 2049
E 7 87 980 1oaa||
10.90 929 8915
1428 939 7624
| 2118 a21] 10015]
| 2418 ses| 17307|
T 4238 84| 17784l

Exp no 25
y=(18012 98)-(17838 29)"exp(-(0 05048235)"x)

12000

14000

-

10000

(mgm %)

6000

2000

-2000

| ! |
/;f"’/—-—v—-
-
|

|
|
|

?i/

l !

0

30

50

60

185
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Exp.no. C27 [H] 27
Temp 25 pH 45
Vol 04 0005

Crrcum 0 145
Area 0.0033462

7.07 1017 -4901
1098 1003 -3228
15.78 8§87 -2510

Exp no. C 27
y=(7244 986)-(15270.93)'exp(-(0.02491696)"*x)

Cumulative extraction
(mg/m?)
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Exp.no. C28 [H] 28
Temp 25 pH 45

Vol 04 0005
Circom = 0.137
Area 00029872
xtr.
0.00 1007 0

342  1023] 2142
s42] 1034] -3615
728] 1046] .s222
11.25 gso| 2e1s
1603] 1020 -17a1
2432] 1022|2009
| 272s] 1010]  -e02
3360]  1032] .3348
51

Exp no C 28
y=(578.2061)-(6928 635)"exp(-(0 D5825175)*x)

&~
T E
o
3
e
3
3
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T
-
&
-
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v
>
-
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Appendix A
Exp.mo. C29 [H] 29
Temp 25 pH 45
Vol 04 0008
Circum 0134
Area 0 0028578
' xtr.
0.00 940 0
157 995 .7693I
558 1018 -10918
7 45 10432 -14417
1142 1000 -8398
16 18 989 -6858
24 33 987 -7978
| 27 40 990 5998
337 os9] -4059|
L5143 931] 1260

Exp no C 28
y=(4229 803)-(20327.15)"exp(-(0. 03087885)*x)

188
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Appenduc A
Exp.no.. C30.2 [H] 30
Temp 25 pH 45
\ol 04 0006
Circum 0138
Area 0. 0030309
melh
0.00 1027 0
| 303 086 5414
033 Q86 5407
12.28 950 8833
15.78 957 9281
| 2487 942] 11261
35.67 8s2] 19072
43 87 1023 464
57 55 88 194

Exp no C 30

y=(21634 54)-(23026 67 ) exp(-(0 04805026)"x)

|
|
|
|

189
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Appendix A
Exp.no. C30a [H] 30
Temp 25 pH 45§
Vol 04 0006
Circum. 0 138
Arca 0 0030309
x1r.
__oool 1076 0
I 295 1034 5506
‘ 927 1050 3383
12.23 280 12612
15.72 1020 7366
T 24 80 G74 13448
35.60 939 18054
2380] 1021] 7260]
7 3 18885

Exp no 30 a
y=(20438 2)-(21711.18)%exp(-(0 D5182661)*x)

190
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Expno. C30b [H] 30
Temp 25 pH 45
Vol 04 0005
Circum 0129
Area 0 0026485
Timeth) INil  Exte
0.00 1076 0
2.80 1034 5384
910 1049 4105
12.07 1007 10479
15.55 1008 10021
2463 gss| 13263
3545 921] 23374
4363 967 16486
5742 943] 20045

Exp.no C300b

y=(23059.28)-(24567 42) exp(-(0.05383311)"x)
26000

20000

14000

8000

Cumuiatve edrachon
(mg'm’)

191



Appendix 4
Exp.no. C31 [H] 31
Temp 25 pH 45
Vol 04 0005
Circum 0143
Area 0 0032546
0.00 1065 0
3.25 1129 -7866
540 291 8085
7.22 1023 5162
1107 958 13151
16 45
24 48
28 15
3560
| §1 15

1 ¢
I ©
-
¢
-
L
é
£
(&)

Exp no C 31
y=(16955 5)-(21504 58)"exp(-(0 1150267)"x)

192



Appendix A

Exp. no.
Temp.
Vol

Circum

Area

C32 [H]
25 pH 4
04 0005
0136

0 0029437

32
5

. 1128 963 1631||
16.73 949 3533
2475 ags| -13s9
2843]  1220] -332901
35 88 1041] -8988

14 g

Exp no C 32
y=(5592 381)-(31637 47)"exp(-(0 1585867)*x)

10000
S000
o
&
g -5000
< <
< & -10000
s B | 2
% £ -15000
E /
E  -20000
o

S0

60

195



-
:
-
-«
-
>
.|
-
E
H
|

Appendix A
Exp.no.. C33 [H] 33
Temp 23
pH 45
Vol 04 0005
Circum 0135
Area 0 0029000
Mimeth) INil  Extr. |
0.00 004 0
362 1089 -14480
578 Q88
758 972
| 1143 933
16.82 923
24 85 959 4827/
28 52 1128] -18479l
s 97 1058] -ss26
1 7

Exp no C 33
y=(10005 86)-(27714.71)"exp(-(0 1B4A7147)*x)

|
|
'L

194
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Exp.no.. C35 [H] 35

Temp
Vol

Circum

Area

25 pH 45
04 0007
0. 146
0.0033925

5000

exp no C 385

y=(4425 186)-(4675.538)"exp(-(0.03182255)*x)

4000

q)

3000

2

°Vl

|
|
1
|

195
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A.3 Experimental results obtained from temperature
experiments

Exp.no.. Tla [H] 2
Temp 25 pH 45

Vol 04 0008
Circum 014
Area 00031194
> H xtr. xtr
| 0.00 1022 0 45| 2000l o0.0000fl 0.0000
2 95 a70] &8s 342] 1972l o0o0es7lll 01136
510 g77] s770 as|] 1940ll o0o0s12f] o0o0s83
6.92 os7] 8335 382] 1940l oooesl 0.1420
10 78 913 123077 337] 1908 o01472l] 02381
1617 sao] 18208 313] 1851l o23e2] 03102
24 18 gso| 20772 3] 1774] 023624} 03539
27 87 799] 28585 328] 1734l 04256 04871
28 20 725| 38084 208] 1670] os282lfl 06488
_sos7 708] 40284 81| 1 0.7 0 6859

Expno. T1a
y=(45938 95)-(47057 47)*exp(-(0 03716148)"x)

2
3
£
<
8
S




Appendix A
Exp.mo. T1b [H] 2
Temp 25 pH &5
Vol 04 0005
Circum 0136
Areca 00026437
imelh N H H] stri xtr. [H xtr [N
. 0.00 997 0 45| 2000l ooooolfl 00000
305 1103 -14403 347 1875 0.0417|l| -0.2454
520 1003 -815 345 1.950 0.0857§ -0.0139
7.02 Q05 272 3.77 1.939 0.1044 0.0046
1088 958 5299 3.2_.‘:_ 1.895 0.1766 0.0903
16.27 200 13181 3.38 1.865 0.2289 0.2245
24 30 892 14268 3 1.788 0.3605 0.2431
2797 863 18208 332 1752 04212 0.3102
3542 813 25002 3.;3 1.707 0 4969 0 4258
! 50.87 748 3 1567 57
Exp no. T1D
y=(37822)-(53958 73)*exp(-(0.04376413)*x)
40000
l ¢ .20
\ | 10
30000 \/!5”74
£ 20000 = | |
g o ce %'
& £ 10000
v o 3
E § ¢ 3 ';:JV
O -10000

197
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Exp.mo. Tlc [H] 2
Temp 25 pH 45
Vol 04 0005

Circum U141

Area 00031642

Exp no T1c
y={37692 21)-(55608 94)*exp(-(0D 04026088)"x)

45000
35000 ! ' e

é 25000 i : - 7:2*-(/"3

f _ 15000 ' ZH |

- | © ' '

% g 5000

g -5000

-

O

-15000




Appendix 4

Exp. no.
Temp
Vol
Circum

Area

0.128

65000

y=(719486.51)-(71564.13)"exp(-(0.02513841)"x)

55000

45000

35000

25000

Cumulatrve extraction
(mg'm?)

]

10 20 30 40 50

Time
(h)

60
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Exp.no. T2b [H] 2
Temp 35 pH 45

Vol 04 0005
Circum 0.129
Area 0 0026485

286

| 433 846
613 917

897 898
16.37 861
2013 820
25132 826
3102 809
L_5107 513

Exp no. T2b
! y=(75007 58)-(74342 37)"exp(-(0 02744747)"x)
) 70000 -
60000 T 'kl_
5 50000 i
g 40000 . ‘
"~ . » .
£ % 30000 O
- o |
£ £ 20000 —
-0
E 10000 j—= | !
3 ' I
|




Appendix

Exp. no.

Temp
Vol

Circum

Areca

Curmdative extrachon

(mgfm?)

50000
40000
30000
20000

Exp no. T2c
y=(70753 52)-(73471 51)"exp(-(0 02452934)*x)

|

201



Appendix A
Exp.no. T3a [H] 2
Temp 45 pH 45
Vol 04 0005
Circum 0139
Area 0003075
me tri xtr.
0.00 1035 0 45 2000 0.0000 0.0000
190 958 10016 314 1. 645 0.0901 0.17056 ‘
407 983 E764 3.2 1.897 0.1681 0.1152
‘ 583 881 20032 328 1.857 0.2322 0.3413
| S 05 879 20292 297 1.774 0.3675§l 0.3457
) 15 88 742 38113 269 1613 06290 06483
1998 753 36683 3.07 1.548 0.7356) 06249
25 50 697 43967 289 1447 0 8990 0.7490
33.27 615 54634 265 1.271 1.1861 0.8307
I 50.33 404 45 0 989 16436 1.3983
Il Exp no T3a
y={(97222 12)-(98120 82)"exp(-(0.03076877)*x)
90000 _ —
l i3
§ | |
% 50000 / — |
T % ° |
H £ 30000 —p
g .. |
a 10000 |3

207
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Exp.no.. T3b [H] 2

Temp 45

pH 45

Vol 04 0005

Circum 0129

Area 0 0026485

T h i r. T

| 000 1000 0 45 2.000{| 0.0000f}f ©.0000

‘ 1.85 o77 3474 326 1.059|] 0.0782|)| 00592

| 403 969 4682 314 1.903)| 0.1829||| 0.07%8

| €90 11 13442 3156 1.884)1 02197/l 0.2290

| $.00 884 17519 3.06 1 818)] 0 3464 0.2985
15.83 818 27487 2.75 1677 06102 04683
19.93 784 32622 3.24 1633 06924 0.5557|
25 47 763 25794 3.13 1576l 07996l 0.6098
33.22 693 46368 2.72 1427 1.08261 0.789%9

7 53 4 4 1170 1.5 1 1861

Exp.no. T3b
y= (82873 98)-(86064 48)"exp(-(0. 03078874)"*x)

80000
70000
60000
50000

Cumutative extrachon
| mglmﬁ
‘g
o
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Exp.mo.. T3¢ [H] 2
Temp 45 pH 45
Vol 04 0005

Circum 0133

Area 0 0028153
1 T
0.00 1023 0 45 2 0004 0.00O0CHt O 0000
1.82 958 9235 3.16 19474 0.0S38)l 01573}
4 00 966 8099 3.23 19034 01730fjl 01380
S5 87 865 22449 3.34 1869)1 02334j) 03824
8.97 863 22733 3.07 180311 034981 03873
15.82 778 34810 272 1653 06161 0.5930
19.90 744 38641 3.21 16061 06992))l 06753
2543 717 43477 299 1527)1 08401 0 7407
3318 549 53138 = 1.370 1.1191f 0.9053
L5025 451 78850 45 108 16187J) 136803

Exp no. T3¢
y=(93483 41)-(683195 68)"'exp(-(0.03166232)*x)

90000 ‘ ‘ | ’ e
‘ | | | 4/_2-/‘

70000 '

- ] ' )

g ! S 3 '

# _ 50000 - < £ :

- % / ? | ‘

v \ |

% E 30000 Ty e |

g 10000 {534 | '

) . |




Appendix A

Exp. no.
Temp
Vol
Circum

Area

T4a [H] 2
65 pH 45
04 0004
0.126

0.0025267

Cumutabve exiracton

Exp no. T4a
y=(102006 6)-(105627 7)*exp(-(0 04407281)*x)




_4,),»("-’141’ A

Exp.no. T4b [H] 2

Temp 65 pH 45
Vol 04 00045
Circum 0128
Area 0.0026076
I
0.00 1030 0 45 2.000 0.0000 0.0000
2.10 954 11658 2.88 1.886 01674 0 1986
403 871 9050 3.27 1.841 0.2749)ll 0.1542
593 8931 21016 32 17874 0.368684 0.3580
897 835] 20013 2.79 16464 06108)f 0.5096
15.78 735 45252 239 1.287 1.2308 0.7708
19 90 607 64887 32 1.234 1.3228 1.1054
26.12 591 67342 28 1.095 1 SE10[ll 1.1472
33.20 498 81608 2.7 0.921 1.8623 1.3903
L5022 102777 74 17 17

Exp no. T4abp
y=(114935.5)-(118201 4)"exp(-(0.03972937)"x)

8
;
g
L
»
&
§
Q




Appendix 4

Exp. no.
Temp
pH

Vol
Circum

Area

T4c [H]
65
45
04 0005

0133
0 0028153

L)

Exp no. T4c
y=(110361.9)-(113809.8)"exp(-(0.03571592)"x)

|

M,/
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Exp.mo. TSa [H] 2

Temp 85

pH 45

Vol 04 0005

Circum 0.125

Area 0 0024868

ime(h [ xtr. H H] stri xtr. [H xtr
| 0.00 1005 0 45 2000jl o0.0000fjl ©.0000
| 380 964 £585 224] 1542l 09205l 01123
718 833] 27868 289 14420l 11226}l 04713

14.25 757 39891 247 1173l 16628l 06798
17.77 34| 59875 303 1101 18078ff 10188
2097 733] 43751 289 10000 20097 07453

| 2508 638| 529032 248 0738l 253738 10057

l a

Exp.no.TSa
y=(81187 45)-(93342 54)"exp(-(0 04580242)*x)

5
=
£
©
v
2
a
-
&
L&)
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Exp.no. T5b [H] 2
Temp 85 pH 45

Vol 04 0005
Circum 0.125
Arca 0 0024868

Exp no. T5b
y=(127049.2)-(135427 .5)*exp(-(D 04BOE546)"x)

Cumulatve extrachon




Appendix A =10

A.4 Experimental results obtained from agitation

experiments

Exp.mno. ROa [H] 2

Temp 25 Impeller 0.04
pH 45
Vol 04 0005
Circum 0.14
Area 00031194
MTimeth) RPM " . ; H] Extr
0 00 0 0 1022 0 45 2000jl 00000} 00000
295 0 0 870 g668l 342 1972l o0044a7)] 01138
510 0 0 977 77offf 35| 1949l oos12f 00983
582 0 0 957 8335 3.82 19400 oo0%65lll 01420
1078 0 0 g13] 13977 3.37 1008 01472}l 02381
1617 0 0 880| 18208 3.13 1.8514 o0.2382)l 03102
24 18 0 0 8e0] 20773 3 1774l 02624}l 023539
27.87 0 0 79| 28585 328 1.734[l 04256 04871
35.30 0 0 725] 38084 308 16701 05282 06488
87 7 40264 1 154 7
0

Exp no ROa
y=(45038 95)-(47057 47)*exp(-(0 03716148)°x)

45000

| | ‘%‘l/}}—’"
35000

| | ]

é i :Af/r;?""”’y; :
K(_ 25000 — ;
T & ;
§E1sooo ’
£

A

30 40 S0 60
Time

(h)




Appendix A

Exp.no. ROb [H] 2
Temp 25 Impeller 004
H 45

Vol 04 0003
Circum 0136

Area 00029437

oo jo o jo jo |o
CljojOojo oo oo o |

Exp.no. ROb
y=(37822)-(53958.73) exp(-(0.04376413)*x)

40000
| | fe°
| |

20000 —

10000

Cumulative extraction
(mgim?)
o
i}
bY




Appendix A

Exp. no.
Temp
pH

Vol

Circum

ROc [H] 2

25 Impeller 004
45

04 0005

0 141

00031642

Cumulative extraction

(mg/m?)




Appendix A

Exp. no.
Temp

R1 [H] 2

269

45

Impeller 004

04 0005
0137
0 0029872

Cumulative extraction
(mg'm?)

80000
70000
60000
50000
40000
30000
20000

Exp no R 1
y=(83868.54)-(83382.14)"exp(-(0.03583927)"x)

o
f




dppendix A 214

Exp.no R2 [H] 2

Temp 26 Impeller 004
pH 45
Vol 04 0005

Circum 0142

Area 00032092

ime(h) |RPM [ r f
l 0.00 164 4374 1032 0 45 2.0008 0.0000ll ©0.0000}

1.92 184 4908 g48| 10470 33 19621 005850 01784
400 179 4774 283 6107 328 19231 o0.1200l| o0 1040}
| 587 179 4774 935] 12090 334] 18894 0.1730fl 02060}
9.70 178 4748 852| 22425 304] 1819 o2828l 03822 J
L1513 185 4934 830] 25178 295) 1731l] 04187l 04289
| 2310 188 5014 766] 33155 286 1623)] 05868 05648
26.77 187 4988 664| 45868 312 156501 06774 07814

34 28 182 4854 608] 52848 288 1457)| 08455l 0 9003)

49 1 4854 7 71 1 1.084 1.0171

vg 4822

—— —— -

Exp no R2
y=(67037.12)-(67437 46)"exp(-(0.03970292)"x)

/

E

$
&
-
g?




Appendix A

Exp.no. R3 [H]

Temp 269 Impeller 004
pH 45

Vol 04 0008

Circum 0.122

Area 00023689

mimeth) [ReM e INi Exr lpH ) strip JfExtr [H] |

.-

Exp. no. R 3
y=(91343 18)-(101798 2)"exp(-(0.03775936)"x)
100000

' !
80000 | . | che
| }V;"-‘
80000 - |

<
&
i | | |
T & 40000 — Cu
i g |
2 = 20000
- ~ | |
3 1
o 0 N
[+]
20000
0 10




Appendix A -

Exp.no.. R4 [H] 2
Temp 28.35 Impelier 002

pH 45

Vol 04 0005
Circum.: 0126
Area 0 0025267

y=(88411.06)-(95560.56)"exp(-(0.0345985)"x)

}"/’}./




Appendix A

Exp.no.. RS [H] 2

Temp 266 Impeller 0.04
pH 45
Vol 04 0005
Circum: 0134
Area 0.0028578
Ti RPM N stri xtr. xtr
0.00 780 21071 1018 0 45 2.000 0.0000 0.0000
245 802 21391 1084 -9008 3.15 19461 00947|Jl -0.1550
' 453 750 20004 974 65299 3.17 1.854 0.1849J}| 0.1073
6.38 750 20004 962 7878 3.23 1,850 026298 0.1359
10.22 751 20031 882 19176 2.96 1.765 04119 0.3267
| 1563 690 18404 794 314983 2.88 1.662 0.592041 0.5365
2362 584 18244 723 41421 2.81 1540 0.8044}§l 0.7058
27.28 689 18377 679 47589 3.05 1471 0924711 0.8107
3477 402 10722 565 63546 2.81 1.350 1.1370 1.0826
[ 50.35 403 10749 556 6480 S6 113 1.5181 1.1040
Vg 17900

Exp.no. RS
y=(73302.3)-(B4486.75)"exp(-(0.04985298)*x)




Appendix A

Exp.mo.. R6 [H] 2
Temp 32.2 Impeller 004

pH 45
Vol 04 0004
Circum.. 0.135
Area 0.0029006
mmm-z—rﬁ-z__[_. i ﬂmm’ Extr [Ni]
0.00 o4 2507 1031 0 45
203 109 2907 1063] 4413} 300
575 87 2320 989 5792) 298
12 67 79 2107 9ss] 10481l 281
16.35 68 1814 836| 26891) 295
1653 73 1947 819 2923s)) 3.04
lyf 2423 84| 2240 768] 36268 2 84
29 93 82 2187 815] 57387} 283
| <182 87 2320 613] 57642 263
49 27 88 347 58813} 75
o |21

Exp.no R6
y=(B2475.58)-(91881.57)"exp(-(0.03332142)*x)




Appendix A
Exp.no.. R7 [H] 2
Temp 31.1 Impelier 004
pH 45
Vol 04 0.0045
Circum, 0.126
Area 0.0025267
imelh) |RPM o Ni xtr, st L xtr
0.00 154 4107 1015 0 45 2.000 0.0000 0.0000
2.27 158] 4214 1033 -2850 3.02 1.918|] 0.1462)J| -0.0485
5.97 152 4054 959 8865 2.96 1.823 0.3147 0.1510
12.88 151 4027 902 17889 2.75 1668 0.5913 0.3047
16.58 143 3814 810 32453 297 1.576 0.7559 0.5529
19.75 158 4214 788 359356 296 1481 0.9245 0.6122
24 97 161 4294 768 39102 2.81 1.346 1.1646 0.6661
30.15 162 4321 562 71713 2.81 1.211 14048 1.2217
4203 160 4258 499 81686 262 1.001 1.7796 1.39186
46 4 1 4081 4 74 7 0497 1
vg: 4138

Exp.no. R7
y=(86625.32)-(95365.45) ' exp(-(0.03742898)*x)




Appendix A

0.0000

Exp.no. RS8 [H] 2
Temp 314 Impeller 004
pH 45
Vol 04 0005
Circum 0.128
Area 0.0026076
ime(h) |RP
0.00 220 5868 1021 0 45 2.000 0.0000
2 48 220 5868 1045 -3682 2.93 19094 01754
| 618 221 5885 989 4909 2.89 1.808 0.3681
13.12 219 5841 925 14726 2.7 1.651 0.6694
16 80 210 5601 810] 32367 29 1.553)| 08576
19.97 224 5975 758 40344 291 14571 1.0415
2520 227 8055 744 42491 276 1.320 1.3032
30.37 226 65028 526 75832 2.77 1.187 1.5589
42 25 219 5841 416 92806 26 0.989 1.9383
48 7 7 7 & LY 1
vD. 5876

Exp. no R 8
y=(113790.9)-(127926)"exp(-(0.03191884)"x)

-0 0627
0.0836
0.2509
05514
0.6873
07239
1.2936
1.5810

7

220



Exp.no.. R9 [H] 2
Temp 32.05 Impeller 0.04
pH 45
Vol 0.4 0005
Circum 0.136
Area 00029437
ime(h) |RPM S ' xtr. H xtr. [H
000 365 9735 1005 0 45 2.000{f 0.0000f) 0.0000
267 375 10002 1012 -951 291 1.904 0.1629)}) -0.0162
6.37 419 11176 896 14811 291 1.808)1 0.3257)1 0.2523
h 13.30 150 4001 912 12637 274 1.665 0.5687 0.2153
I 16 98 376 10028 805 27176 288 1.562 0 7435 0 4630
| 2015 374 i ) 758 33563 2.91 14661 09064} 05718
25.38 462 12322 758 33563 2.75 1.327 1.1438j) 05718
3057 509 13576 560| 60468 2.78 1.196 1.3650 1.0301
42 42 335 8835 470 72687 26 0 998 1.7020 1.2384
‘l 4G 88 315 840 460 74056 276 0.861 190338 1.2616})

e e

Exp.no RS
y=(80667 22)-(98630.18)"exp(-(0.03132783)*x)
100000

80000

60000

40000

20000

Cumulative extraction
(mgim?)
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A.5 Experimental results obtained from ligand

acceleration experiments

Exp. no.. CaAc 005 [H] 2
Temp 25 pH 45

Vol 04 0005
Circum 0 135
Area 0.0029006

Exp. no. CaAc 0.05

y=(24662.68)-(21173.72)"exp(-(0.06191801)"x)

Cumulative extraction
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Exp. no.. CaAc 0075 [H] 2
Temp 25 pH 45

Vol 04 0.005
Circum 0.132
Area 0.0027731

0.1986|
03109

% )

Exp. no. CaAc 0.075
y=(5191.135)-(5335.559)"exp(-(0.04974149)"x)

e i S

cs

—
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Exp.no.. CaAcO.1a [H] 2

Temp 25
pH 45
Vol 04 0005

Circum 0.129
Area 0.0026485

4

| _0.0000}f 0.0000]
1.55 990 0.0987 "
3.83 1.0226
8.97
| 1197
| 1483
*\ 19 78
2382
| 5718

Exp no CaAc 01 a
y=(10144.12)-(11070.82)"exp(-(0.3097022)"x)
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Exp.no. CaAcO01b [H] 2
Temp 25 pH 45

Vol 04 0005
Circum 0121
Area 00023302

Exp no. CaAc01Db
y=(4914 158)-(4045 938)"exp(-(0.1123474)"x)

l

Cumulative extraction
(mg/m?)
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Exp.no.. CaAc02 [H] 2
Temp 25 pH 45
Vol 04 0005
Circum.: 0.125
Area 0.0024868
i h
0.00 1000 0 7.62 2.0004 0.0000§{ 0.0000
1.52 985 2195 5.54 1.925 0.1504jjl 0.0374
3.80 1008 -1317 614 2.045)] -0.0902|| -0.0224
8 95 816 13465 6.06 1.541 0.9224 0.2294
11.93 830 11270 565 1616 0.7720§)f 0.1820
- 14 .80 937 10099 564 1656)| 06918)) 0.1720
. 19.77 1018 -3074 $.55 2.105)| -0.2106Q) -0.0524
2378 833 10831 553 1631 0 7420 01845
ST 1018 -2827 1 A -0. -0.04

Exp no. CaAc 0.2
y=(12506 .33)-(13810.3)"exp(-(0.1222041)"x)

I
[—
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Exp.no.. NaAc0 [H] 2
Temp 25 pH 45
Vol 04 0005
Circum.: 0.126
Area 00025267
ime(h T, stri xtr
0.00 1000 0 5.53 2.000ff 0.0000§f 00000
3.00 879 3306 3.01 1.887 0.2229)1 00563
6.00 933 10652 3.12 16371 07182}l 0.1815
S 00 801 15610 3.18 1468 1.0525 0.2659
15.00 869 20752 282 1.293 1.3992Q)1 0.3535
18.00 838 25711 31 1.124 1.7335 0 4380
21.00 803 31186 3.15 08374 21026} 05313
24.00 704 4685¢ 3.12 0403 315930 0.7983
27.00 749 3973: 319 0.646 26790}l 0.6769
| 4800 7 41 48 0.581 7 7

Exp. no NaAc 0
y=(44000.7)-(48416 24)"exp(-(0.05700866)"x)

227
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Exp. no.. NaAc 0025 [H]
Temp 25 pH 45

Vol 04 0005
Circum 0.122
Area 00023689

2.000 0. 0000 '
1.925 0.1579l 0.0374

| 6.00 1119 ,m
| 10.00 852 . 2.ozso | 0.4804)
16.00 1031 : 1
. 19.00 798| 39344 0.650]| 2.8204]
22 00 738| 49138 “ \
2500
28 00
52,00

Exp. no. NaAc 0.025
y=(75225.21)-(80831.56)"exp(-(0.05215982)*x)
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Exp.no.. NaAc 005 [H] 2
Temp 25 pH 45

Vol 04 0005
Circum. 0131
Area 00027313

—4
4

{ 0.0000§jl 0.0000

| o.8se7ll 0.2345]
993
7.00 961 0.5938|
11.00 855 15620}
17.00 712
20.00 630
2300 588
32.00 753
52 00 1013

Exp no. NaAc 0.05

y=(70128.26)-(74796 41)"exp(-(0.06436016)*x)
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Exp.no.. NaAc 0075 [H] 2
Temp 25 pH 45
Vol 04 0005
Circum 0119
Area 0.0022538
ime(h r
0.00 959 0 7.42 2.000 0.0000 0.0000
4 00 10680 -17825 6.58 2611 -1.3549))1 -0.3054
6.00 924 6212 5§73 1.788 0. 46585 0.1058
10.00 909 8874 545 1.698 0.6708 0.1512
16.00 870 15796 517 1462 1.1939 02681
19.00 865 16683 5.03 1432 1.2610 0.2842
. 2200 879] 14198 5.01 1516)] 10732 02418
2500 1027 -12089 4 99 2411 0912218 -0.2056
2800 962 -532 5.01 2018} -0.0402))l -0.0091
1 1 77 1.07

Exp. no. NaAc 0.075
y=(78358.6)-(88%09 93)"exp(-(0.02180871)"x)
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Exp.no. NaAcOla [H] 2
Temp 25 pH 45

Vol. 04 0005
Circum 0132
Area 00027731
H H xtr. xtr
0.00 1000 0 728] 2000l 00000l 0.0000
3.00 815] 26621 681] 1003 16354} 04535
5.00 g1o]l 26064 18] 1112l 18011}l 04440
9.00 767] 33838 ss4] 0854l 20684 05730
I 1500 711] 41858 s41] ose1ll 2sse1lfl o0.7097
I 18.00 671 47458 515] 02383] 29153l o0.8084
F 21.00 g16] 55389 508] 0113 24028l 094268
24.00 s67| 62457 502] -0128] 3.83sslfl 1.0840
__27.00 576] 61159 s06] -008e] 37571l 1.0418
48 00 58| 49331 0319l 30 8404

Exp. no. NaAc 0.1 a
y=(57760 07)-(55076 83)"exp(-(0.1104322)"x)

e
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Exp. no.
Temp
Vol
Circum :

Area

NaAcO0.1b [H] 2
25 pH 45

04 0005

0119

0.0022538

Timeth) Nl _ExtrJpH _ |H) strip llExar | l'il?ﬂ "'!l

|

Cumudative extraction

Exp no NaAcO01Db
y=(41223 22)-(51792.59)"exp(-(0.05159382)"x)

(mg/m?)
o
o
(=)




o
‘el
‘el
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Exp.mno.. NaAc0.15 [H] 2
Temp 25 pH 45

Vol 0.4 0.005
Circum.: 0.125
Area 0.0024868

0.2603/

[ 04330]
0.7536|
0.7234

Exp no. NaAc 0.15
y=(68635 68)-(68673.77) exp(-(0.06089634)"x)

A -

s~

Cumulative axtrachion
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A.6 Experimental results used to determine the optimum

extractant concentration

Exp.no.. Max Ex 30 [H] 3
Temp 70 pH 45

Vol 04 0015

Circum 0.122 0127 0.128
Area 0 0075435

Time(h) NIl Extr ] '_'ﬂm’l[m Extr [Nil |

0.00
025] 6916 ,
0.50 6736 | 0.2195)
100] 6569 ,
200] 6220 o 6856/
400] 5996 {35315/ 0.8880)
16.00 0. 5317 0 1
Exp. no Max Ex 30
y=(55 01169)-(57 58015)"exp(-(0.6220594)"x)
w -
. / —— |
40 Z |
S |
1£< -
E 3 20 N
g 10 p
0
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Exp. no.. MaxEx50 [H] 3
Temp 70 pH 45
Vol 04 0015
Circum: 0.124 0.127 0122
Area 0.007383
E xtr
0.00 6.852 0.000 5.52 3.0004 0.0000§i 0.0000
I 0.25 6.956] -5635 48 3.162){ -0.3900§1 -0.0860
L 0.50 6876 -1.300 4 59 3.0441 -0.09004 -0.0222
1.00 6425] 23134 429 2212)] 16014jll 0.3941
1.75 6.157) 37654 411 1.717)| 2.6065)ll 0.6415
4.75 5309] 83597 3.52 0.152)] S5.7868{1 1.4241
9.25 5530] 71624 447 0.560)1 4.9580J) 12202
1 5 481 4 7 474 1.1666

Exp. no. Max Ex 50
y=(75.62935)-(86 84284)"exp(-(0.506851)"x)

8

w
=]

o

\

o
o
)

N
o

Cumulatrve extrachion
(g/m’)
L)

o
“w

)
N
o
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Exp. no.
Temp
Vol
Circum

Area

Max Ex60 [H] 3
70 pH 45
04 0015
0.127 0.126 0.128
00077013

0.0000}f

oeazs 0.1752}
|

1 9440 0 4990

Exp. no. Max Ex 60
y=(89.5554)-(87.094) exp(-(0 6668875)*x)
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Exp.no.. MaxEx70 [H] 3
Temp 70 pH 45
Vol. 04 0015
Circum: 0119 0122 0124
Area 0.0070698
ime(h) INi ' A xtr [N

0.00 6.950 0.000 518 3.0004 0.0000§ 0.0000
0.25 7.150] -11.316 4 95 3.386/| -0.8180})1 -0.1528
0.50 6.876 4 187 478 28571 0.3027§i 0.0713
1.00 6588]| 20481 455 2.302|] 14806/l 0.3489
1.75 5290 37342 4.3 1.728]| 26994/l 06361
475 5.255]| 95901 353] -0267)| 69326fll 16337
9.25 5.308] 93.015 412] -0169) 672404 15846
15 00 5370 4 < -

Exp. no. Max Ex 70
y=(96.42218)-(106 4945)"exp(-(0.4084632)"x)

N

=

/
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Exp.no. MaxEx90 [H] 3

Temp 70

pH 45

Vol 04 0015

Circum. 012 0.124 0.12

Area 00070308

ime(h Ni xtr. r xtr [Ni
0.00 6.895 0.000 571 3.0001 0.0000§ 0.0000
025 7.000 -50974 571 3204)| -04342}Jl -0.1018
0.50 7.553) -37435 509 42754 -2.7212||l -068377
1.00 6.750 8 245 408 27184 05987lll 0.1405
2.00 6296] 34078 423 1830 24772lll 0.5806
4 00 5851] 592366 382 0678l 43175} 10118
8.00 5589 74.301 408 0 458|| 54010 1.2658)
1 1.03 4 1,261 7 8694

Exp. no. Max Ex 90
y=(76.1607)-(95.49604) exp(-(0.3517687)"x)
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Calculations

B.1 Calculations to determine the hydronium ion

concentration at different acid concentrations

It 1s generally accepted that the diprotonic sulphuric acid dissociates in two steps (Cruywagen

eral.. 1981 2643)

H.S0, + H,O = H,0 - HSO,
HSO, + H,0 = H,O0" - 50;

The first step is a complete dissociation, but the second step is only a partial dissociation with

the following dissociation constant

[#,0°1[50,")
[H,0)[HSO, )

Ka“{yf;‘ - :162“0‘ =

(B.1)

The sulphuric acid/water system is an equimolar solution at a concentration of 14 mol/dm’
H,SO,. In other words, if the sulphuric acid concentration is lower than 14 mol/dm’, the
solution consists of sulphuric acid diluted in water. If the sulphuric acid concentration is
higher than 14 mol/dm’, the solution consist of water diluted in sulphuric acid The
concentration of the hydronium ions can be calculated from the stoichiometric reactions and

the dissociation constant.
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If the acid concentration is lower than 14 mol/dm’ the following is true

The first dissociation step is complete and this means (from simple stoichiometry) that the mol
bisulphate ions formed in the first dissociation step 1s equal to the initial mol sulphunc acid A
part of the bisulphate 1ons dissociates in the second step to form sulphate ions.  The initial
sulphuric acid concentration is thus equal to the summation of the final bisulphate 10n and

sulfate 1on concentrations

[H.50,) = [HSO,] + [SO] ]
[SO)) = [H.S0,) - [HSO,) (B2

Where [H,SO,], is the initial sulphurnic acid concentration before dissociation occurred.  Since
water is the excess reagent, 1t follows that the final water concentration 1s equal to the imitial

water concentration minus the final hydronium ion concentration:

[#,0] = [H,0] - [H,07] (B3)

where [H.O], is the initial concentration of the water before dissociation occurred  Equation
B.2 and B 3 are substituted in equation B | to give the following:
_ [H,0°)(H,50,) - [HSO,))

Ka o (B 4)
(1m0, - (H,0 7)) [HSO,)

From simple stoichiometry it follows that the final hydronium ion concentration is equal to the
summation of the hydronium ions formed in the first and second dissociation steps. The first
dissociation step is complete and the mol hydronium ions formed in this step is equal to the
initial mol sulphuric acid. The hydronium ions formed in the second dissociation step is equal
to the final mol sulphate ions. The final hvdronium ion concentration is thus equal to the

summation of the initial sulphuric acid concentration and the final sulphate ion concentration:

[H,0°] = [H,S0,), + [SO;] (BS)
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Substitute equation B 2 in eguation B.5.

[H,07] = [H,S0,), - ([H.S0,], - [HSOs])

- 2[H,50,), - [HS0,) e

If the initial sulphuric acid concentration is known, equations B 4 and B 6 can be solved

simultaneously to give the final hydronium ion- and bisulphate ion concentrations.

If the sulphuric acid concentration is higher that 14 mol/dm® water becomes the limiting

reagent in the dissociation process This means that all the water dissociates to form

hvdronium ions:

(H,0], = [H,07] (B7)

The results of the above mentioned calculations can be seen in the following table. The

concentration of the sulphuric acid 1s expressed as [H):
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A graphical representation of the table can be seen in the following figure:
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C.1 RESEARCH REPORT SUMMARY

EXTRACTION OF LOWLY SOLUBLE DISSOLVED
CHEMICAL SPECIES WITH CAPSULED MEMBRANE
EXTRACTION (CME)

OVERVIEW

BACKGROUND

Eskom envisaged some problems with the organic content and the ionic species present in the
boiler reuse water al the Matimba power station near Ellisras. The chemical engineering
department of the Potchefstroom University has been awarded a grant from Eskom to do
research on this problem. This report contains the results of this research

OBJECTIVES

The main objectives of the research can be summarised as follows

. The organic content of the Matimba reuse water i1s 100 high. An extensive literature
survey was undertaken and experiments were performed to remove these organic
compounds.

. The ionic species present in the reuse water were also 100 high. Experiments were

conducted to remove most of it.
Membranes in a capsuled configuration were to be used in both the above mentioned
expenments.

APPROACH

After the project had been awarded to the chemical engineenng department of the Potchefstroom
university, an extensive literature survey was undertaken 1o determine the extend of research
done in the past on membrane extraction. A visit to the Matimba power station gave the
researchers some first hand knowiedge of the problems experienced by Eskom. Expenments
were conducted using membrane technology as well as electrochemical processes to find
solutions for these problems

RESULTS

The results showed that membrane extraction is a solution for the extraction of ions from the
Matimba reuse water, but the rate of extraction is too slow for practical use. However,
membranes can be used very successful in the analytical chemistry applications because of its
concentrating ability. The electrochemical treatment of the Matimba reuse sample showed a high
reduction in organic contents (>50%) and it is recommended that future research be done in this
regard.

INDUSTRY PERSPECTIVE

From an industry point of view, membrane extraction is not the answer for the treatment of large
volumes. Electrochemical processes offer an elegant method for the removal of both organic and
inorganic substances from water.
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KEYWORDS
Membrane extraction, electrochemical extraction, water purification, organic extraction, inorganic
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C.1 INTRODUCTION

The main objective of the project was the removal of organics from the Matimba boiler
feedwater. The problem however, 1S the low organic content of this feedwater. It i1s essential
to find not only an effective. but also an economical process to extract this lowly soluble
organics.

It is also important to extract as many as possible cations from the boiler feecwater The
cations and anions present in the boiler feedwater, combine and precipitate on the tubes of
the boiler, causing an increase in the heat resistance of the tubes.

C.2. LITERATURE SURVEY
C.2.1 SUPPORTED LIQUID MEMBRANES (SLM)

C.2.1.1 Definition

A supported liquid membrane is descriced as a thin layer of organic solution consisting of
solvent extraction reagents. immobilised on microporous inert suppors interposed between
two aqueous solutions for the selective removal of metal ions from a2 mixture (Danesi,
1985:857). The organic extractant extracts the metal species present in the first agueous
solution (referred to as the feea solution), while the second agueous solution 1S necessary
to strip the metal species from the organic phase present in the membrane (referred to as
the strip solution).

The organic extractant. also referred to as the metal carrier, is usually diluted in a water
immiscible organic diluent before being absorbed intc @ microporous polymeric film that acts
as the solid suppor for the iguid membrane. The thickness of this polymenc membrane,
made from polypropylene, s typically between 25 and 30 um and has pore sizes ranging from
0.02 and 0.2 ym

The traditional extraction methods used for the selective removal and concentration of metal
ions from solutions are ion exchange technigues and liquid-liquid extraction. SLMs represent
an attractive altemative to these conventional techniques. Some of the advantages displayed
by SLMs are

. Small volumes of organic extractants are needed. The extractants are constantly
regenerated which makes it economically feasible to utilise some of the more exotic
and expensive extractants available.

. The permeation of metal species through SLMs can be described as the
simultaneous extraction and stnpping operation combined in a single stage, and
hence eliminates some process steps that would be required by conventional solvent

extraction.
. SLMs can operate in unclanfied feed solutions eliminating the need of a filter.
. The only waste generated by a SLM is the exhausted membrane after a penod when

regeneration is no longer effective. This represents a far smaller volume to be
disposed of compared to the volume of the spent resin used in a liquid-liquid

extraction unit.
. The equipment required, is simple and has a very low energy consumption,
. The limitations present in liquid-hquid extraction, such as flooding, independent phase

flow rates the requirement of density differences and the inability to handle
particulates, are avoided.
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Although these advantages should result in higher efficiencies and low operating costs, very
few process applications of SLMs have been reported so far. One of the main reasons which
has limited the widespread use of SLMs probably 1s the lack of information presently
available on the membrane lifeuime. Most processes require relatively long-lived SLMs in
orger for their use 10 be cost effective. Moreover, even for those processes where penocdical
and frequent resmpregnation of the support is acceptable, predictable lifetimes are required
Danesi and his colleagues investigated the factors influencing the stability of the membranes
and they drew the following conclusions (Danesi et al., 1987:141).

. The SLMs appear to be stable when the two aqueous solutions separated by the
membrane have approximately the same ionic concentration, providing the metal
camer is sufficiently water-insoluble

. The membrane tends to become unstable when an osmotic pressure gradient is
present across the SLM, as a result of the different ionic concentrations of the feed
and stnp solutions. The degree of stability depends on the composition of the SLM
and increases with an increasing osmotic pressure gradient.

. The instability of SLMs increases with their ability to transport water.

. A critical osmotic pressure gradient is present at SLMs subjected to progressively
increasing osmotic pressure gradients. This critical osmotic pressure gradient
represents the maximum osmotic pressure gradient the SLM can withstand before
the water flow starts to displace the organic phase from the pores of the support.

. Water transport through the SLM occurs mainly through support pores which have
become devoid of the organic phase. This displacement of organics is caused by the
osmotic flow of massive quantities of water through the organic phase.

. The displacement of the organic liquid from the pores of the support does not appear
to take place simultaneously; it seems to be a statistical phenomenon

The following guidelines maximise the lifetime of an SLM:

. Use organic liquid phases exhibiting low tendency to solubilise water and high
organic/water interfacial tension.

. Minimise, whenever possible, the concentration difference of the bulk solutes
between feed and strip solutions

. Use porous supports having small pore radii and high hydrophobicity.

C.2.1.2 Mechanism

The permeation of the metal species from the feed solution to the strip solution will be
faciitated by the highest possible distribution coefficient, K, of the feed to favour extraction,
and the lowest possible K, on the stnp side of the membrane to ensure maximum stripping
(Chianzia & Castagnola, 1984:481). This distribution coefficient is defined as the ratio of the
concentration of metal species in the organic phase to the concentration of metal species in

the aqueous phase:
. .
K, = (C.2.1)

A metal-extractant complex is formed at the interface of the outer agqueous (feed) phase and
the organic phase present in the membrane during extraction. This complex permeates
across the membrane and decomplexes at the interface of the organic phase and the strip
solution (Melzner et al., 1984:107).

The transport of metal species through the membrane is described as a coupled transport
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mechanism because the transport of the metal species is accompanied by a counter ion
(Danesi, 1985:859). Depending of the nature of the counter 1on, the coupled transpon can
be divided in a counter- or a co-transport phenomenon.

C.2.1.2.1. Counter-transport
If the metal camer is an acidic extractant, HX, the transport mechanism is referred to as a
counter-transport mechanism. This meganism is illustrated in figure 1.1. The H' counter ion
permeates in the opposite direction as the metal ion M™ and the difference in K, between the
feed anc stnp sides of the SLM is generally achieved by a pH gradienl. The following
chemical reaction takes place dunng the counter-transport mechanism.

M™ + onnmmuno — nMxmmm +nH’ (C.2.2)

2122 Co-transport
If the metal cammer is a neutral or basic extractant, E. the transport is referred to as co-
transport and is illustrated in figure 1.2. The X' counter ion permeates in the same direction
as the metal ion M™ through the membrane and the difference in K_ is generally obtained by
a concentration gradient of X'. The chemical reaction is.

membrane «— EMXMMMM. (C 2 3)

M™ + X +E

C.2.1.3 Generalised Model
Although pH and counter ion concentration gradients are most often usec as dniving forces
to ensure transportation, any other expedient which assures a large chemical potential
gradient petween the two

opposite sides of the membrane can be used, provided that coupled transport of metal ions
and some other chemical species occur through the SLM.

It is possible to transport metal ions across the membrane against their concentration
gradient, because the metal ion concentration is not necessarily a driving force. This type of
“uphill" transport will continue until all the metal species which can permeate the SLM have
been transferred from the feed to the strip side, providing that the dnving force for the
process is kept constant. In practice, this situation occurs when very dilute solutions of metal
species are involved or when, in the case of more concentrated metal solutions, the
concentration of the chemicals responsible for the driving force is continuously adjusted to
keep it constant. Therefore very high concentration factors can be obtained in a SLM process
by using a volume of the strip solution which is much lower than that of the feed solutions.
Moreover, very clean separation processes can be performed by using camer molecules, HX
or E, which is very selective to given metal species. Since the camer acts as a shuttle dunng
the permeation process, very small amounts of camer are used and therefore expensive,
tailor-made extractants can be used economically.
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Fig. C.1.2: Co-transport of metal species across a SLM.
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A generalised model for the processes controlling membrane permeability has been devised,

assuming:
. steady state conditions
. a inear metal concentration throughout the SLM (Danesi et al., 1981:203).

In spite of their simplicity, above assumptions do hold well enough in those cases where
coupled transport through liquid membranes has been measured with well-stired aqueous
solutions and with chemical systems charactensed by fast chemical reactions (Caracciolo
et al., 1975:1960)

This model is schematically illustrated in figure 2, describing the processes controlling
membrane permeability in five steps:

1 Diffusion of metal species from the bulk feed solution through the agqueous boundary
layer to the feed side of the membrane.

- 4 The slow chemical reaction between the metal species and the extractant on the
surface of the SLM on the feed side

3 The membrane diffusion of the metal-extractant complex.

< The slow decomplexing reaction between the metal-extractant complex and the stnp
solution

5 Diffusion of the metal species from the surface of the SLM through the agueous strip

boundary layer into the bulk strip solution.

After considenng above steps, it seems cbvious that two important aspects have been left
out. These two factors are the diffusion of the counter ion across the SLM and the diffusion
of the regenerated extractant back to the feed side of the membrane after the metal species
have been stnpped. The former is important because the counter ion concentration gradient
is the dniving force, and the reason for its omission would appear that it is generally assumed
that the chemical reactions or diffusion through the SLM are significantly slower and hence
rate controliing. Another possibility is the assumption that the mobility of the counter ion is
substantially hugher than that of the metal species being complexed with the metal camer in
the membrane phase. The latter omission can be justified if the diffusion of the regenerated
extractant is accounted for in an overall diffusion coefficient for diffusion in the SLM (Hofman,
1991:23).

Danesi further assumed Fick's law of diffusion for steps 1, 3 and 5 and assumed that the
chemical reactions in 2 and 4 are pseudo first order (Danesi, 1985.862).
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FEED
FEED BOUNDARY
. LAYER

Diftusion of the metal species through the feed boundary layer.
Chemical reaction of metal species with extractant at surface of SLM
on feed side to form a complex

Diffusion of metal-extractant complex through SLM.

Chemical reaction of metal-extractant complex with stnp solution.
Diffusion of metal species through stnp boundary layer into bulk stnp
solution.

Fig. C.2: Model for SLM permeation showing a typical concentration gradient.

C.2.2. SUPPORTED POLYMERIC LIQUID MEMBRANES (SPLMs)
C.2.2.1. Introduction

An intensive literature investigation was done into the removal of organic residues from dilute
aqueous solutions. The Matimba water has a relatively high organic content and it is
advisable that these organics must be removed to prevent pollution to the environment,

The removal or elimination of organic residues from aqueous waste streams represents a
major need in the chemical industry. Ho recognised this problem and developed a new class
of membrane called supported polymenc liquid membranes (SPLM's) capable of removing
and concentrating low molecular weight organic compounds from dilute aqueous solutions,
especially those containing a high concentration of inorganic salts. These membranes are
prepared by impregnated microfiltration or ultrafiltration membranes with functional, polymeric
liquids having affinity for the organic compounds of interest. He found that supported
polyglycol liquid membranes were remarkably resilient against tremendous osmotic pressure
differentials between dilute solutions and those containing 10 to 20 wit% inorganic salts. Mr
Ho has been contacted and he is sending his publications to us for further study. If the
organic content of the Matimba sample is fully known, experiments shall be conducted using
this concept (Ho, 1996:160).
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C.2.2.2. Mechanism

The transport through the composite membranes is by chemical interaction, not by size
difference. A key property of these membranes is that they effectively reject charged species
in solution. These include both small ions (ions generated by salts, H" and OH) and larger
charged molecules. Only neutral compounds can pass through. Thus, the membranes can
be used to recover organics from an aqueous saline waste as illustrated in Figure 3. For
effective separation across such a membrane, a driving force should be provided and the
stnp solution should provide an environment (a “sink™) which limits the back diffusion of the
compound across the membrane into the waste solution. This could be accomplished in
several ways including pH range, reaction, chemical complexation, biodegracation,
pervaporation. etc.

—_
Waste
Solution Na-

organics + |

-1 et K

OH
H

Omanics

Fig. 3: Composite membrane for organic/salt separation.

C.2.3. THE LIQUID MEMBRANE

The liquid membrane consists of the extractant, diluted in a suitable diluent. This extractam-
diluent modure is absorbed into the pores of the solid support, and is held in place by capillary
action. The composition of this liquid membrane is a very important factor in the design of
a supported liquid membrane unit from the point of view of stability and life expectancy.
These factors must be kept in mind when extractants or diluents are selected; the best suited
for liquid-liquid extraction may not necessarily be best for SLM. The choice of liquid
membrane detlermines the economically feasibility of the process

C.2.3.1. The Solid Support

The solid support that will be eventually chosen for an SLM, will be the one ensuring the
highest stability for the SLM. This solid support must be preferably manufactured of a
hydrophobic material for reducing the wettability of the SLM. The size of the pores must be
kept as small as possible as to hold the extractant-diluent solution in the pores by capillary
action, but care must be taken that they are not too small for diffusion resistance to be
increased. Finally, the thickness of the solid support must be kept at a minimum so as to
minimise the diffusional resistance across the SLM (Hofman, 1991:42)

The literature survey showed that polypropylene membranes are the most widely used
(Charizm et al., 1987:641, Danesi et al., 1986:149 and Dworzak et al., 1987.677). Komasano
et al. (1983:127) and Nakano et al. (1987:326) used polytetrafluoro-ethylene (PTFE)
membranes. Babcock et al. (1978.2) used polysulphone membranes, Akiba et al. (1983:831)
used polyolefin membranes while Fernandez et al. (1987:1578) used polyvinylidene
membranes. An important consideration when choosing a solid support is its ability to
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withstand the possible corrosive nature of the aqueous solutions with which it 1s in constant
contact. A polysulphone solid support will probably be unsuitable for an environment with an
agueous solution containing a strong acid

The solid suppen used for this expenmentanon was Celgard 4510 film, a heat embossed
laminate of Celgard 2500 bonded to a nonwoven polypropylene web supplied by Celanese
Plastics Co. The scanning electron microscope of the Potchefstroom University was used 1o
examine this membrane more closely. This membrane is approximately 0.13 mm thick with
a porosity of 45% and a pore diameter in the order of 0.04 um

Figure 1 shows the nonwoven web of polypropylene that supports the thin layer of Celgard
2500 membrane

The main function of this polypropylene web is supporting the membrane. Without this
support the membrane will be flexible, and can be easily tom in the presence of a strong
pressure gradient over it.
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The thin layer of Celgard 2500 memorane is shown in figure 2. The membrane is
approximately 0. 13 mm thick with a porosity of 45% and a pore diameter in the order of 0.04
um

The organic phase is impregnated in the pores of this membrane, and it is important that the
osmotic pressure difference over this memorane must not be too high. A high pressure will
blow the organic phase from the pores, and either the feed solution or the stnpping solution
will be camed through the membrane. This will of course render the membrane useless

The cross section of the membrane is shown in Figure 6. The relative thickness of the
membrane and polypropylene support can easily be seen

C.2.3.2. The Extractant

A major advantage of the process involving SLMs is the property of selectively extracting
metal species. The extractant used in the SLM must therefore be selective for the metal
species involved. There exist two major requirements for the extractant which promote the
stability of the membrane: it must not be highly soluble in the aqueous solutions adjacent to
the membrane, and it must be immuscible with water. Only a small amount of extractant is
needed for impregnation into the membrane, therefore tailor-made, expensive extractants
can be utiisec. The molecules of the extractant must be small enough for impregnation into
the pores of the membrane to ensure mobility in the membrane

The extractant considered for use in the SLM can be evaluated using the distribution
coefficient, K, The value of K, on the feed side must be as high as possible, implying that
the extractant must have an affinity for metal species by extracting it. The vaiue of K, on the
sinp side however, must be as small as possible, implying that the extractant must readily
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release the metal species (o the stnp solution

Fig C.6 Cross section of membrane

The diffusion of the metal species through the membrane is dependent on the viscosity of
the extractant according to the Stokes-Einstein equation

kT

Onru

(C24)

The viscosity of the extractant must be as low as possible to promote the diffusion of metal
species through the membrane (Smith et al., 1981:316)

C.2.3.3. The Diluent

The diluent is the other important organic liquid that forms part of the liquid membrane. The
concentration of the diluent 1s nearly always higher than the concentration of the extractant
and therefore it has a higher contribution to the stability of the membrane. The diluent must
be insoluble in water, it must not be a surfactant and the viscosity must be as low as
possible

C.2.4 SURFACTANT MEMBRANES

In the study of @ water-organic-water surfactant membrane, the membrane phase usually
consists of three compenents: the carrier (extractant), the solvent, and the surfactant. Each
of these three components is indispensable in the three component system
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Feng-Jee and his associates discovered a two-component liquid membrane system which
differs in composition and nature from the above mentioned three-component membrane
systems (Feng-Jee et al., 1985:138). In this two-component membrane system, one of the
components acts as both carner and surfactant.

Usually, the camers and surfactants which are commonly used in three-component liquid
membrane systems are not suitable for the camer-solvent two-component system because
the camers used possess rather weak surface aclivity, and the surfactants used show very
low complexing capacity with the solute.

In their study, polyethylene glycol and 1,2-dichloroethane were chosen to form the camer-
solvent two-component liquid membrane system; the former compound acts both as camer
and surfactant, and the latter as solvent

The polyethylene glycol incorporated in the membrane phase will not only stabilise the
membrane, but will also form stable complexes with cations, and transport them quickly into
intemal droplets through the membrane phase. Furthermore polyethylene glycol is a kind of
extractant which is similar to crown ethers in structure and nature, and has been widely
applied to companson studies with crown ethers.

The extraction ability of polyethylene glycol increases with increasing molecular weight. The
order of extraction selectivity for alkali metals are:

Mg* < Ca*' << Ba™

This property of polyethylene glycol makes it an important extractant for the extraction of
alkali metals, especially for Ba-ions.

C.2.5. SELECTIVE EXTRACTANTS

The main purpose for this investigation was to identify extractants for the selective removal
of barium and strontium from boiler feed water. This was obtained from Matimba power
station situated near Ellisras in the Northern Province,

C.2.5.1. Synergistic Effect of Crown Ethers

The potential of crown ethers (size selective macrocyclic polyethers) as the next generation
of specific extracting agents for metal ions, especially alkal and alkaline earth metal cations,
has been widely reported (Charewicz et al., 1982:2094, 1982:2300; Izatt et al., 1986:69,
Cussler et al, 1974:388). These molecules selectively complex cations by wrapping around
them. The major advantage of the macrocyclic polyethers one can choose a polyether
selective for aimost any ion. Since the polyether is uncharged, the selective complex with a
cation often involves the formation of an ion pair with a nearby anion. The formation of this
ion pair is probably less selective for anions than the polyether cation interaction (Cussler et
al., 1974:409).

The strength of association of the crown ether with the metal ion appears to be greater when
there is a correspondence between the ionic diameter and the size of the cavity in the
polyether ring. It is therefore possible to effect a selective interaction of the vanous metals
with crown ethers by varying the size of the polyether ring.

Kinard et al. (1981.2947-2953) and McDowell et al. (1983:1483-1507) found that a mixture
of an organic phase soluble metal extractants produces a synergistic effect in the extraction
of metal ions. This synergistic effect is size selective; it tends to be greater for those ions that
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best fit the cavity of the crown ether. The metal ion is held in the centre of the cavity of the
polyether by Van der Waal's forces. Extraction may occur whether the crown ether is present
in the SLM system or not, but complexation with the crown ether enhances extraction of the
metal species by making the formed complex even more hydrophobic.

The solubiiity of crown ethers in both the aqueous and the organic phases is very important.
If the crown ether shows a high solubility in the aqueous phase, it will form a complex with
the aqueous phase resulling in low extraction. The organic solubility of the crown ether in the
organic phase is important to promote extraction. Therefore, maximising the organic solubility
and minimising the aqueous solubility of the crown ether will result in an‘increase of the metal

carrying capability of the organic phase.

C.2.5.2. Extraction of Alkaline Earth Cations

Strzelbickl et al. (1981.2247) investigated the extraction of Ba, Sr, Ca and Mg from aqueous
solutions by crown ether carboxylic acids. They used sym-dibenzo-16-crown-5-oxyacetic acid
(1), sym-dibenzo-13-crown-4-oxyacetic acid (2) and sym-dibenzo-18-crown-6-oxyacetic acid
(3) to extract these metal ions in chloroform as the organic phase. A 0.1 M HCI solution was
used as the stripping solution. In terms of extraction efficiency and selectivity, it was found
that the order for the crown ether carboxylic acids is 1>3>2. Tables 1 and 2 show the
diameters of the cavities of the crown ether carboxylic acids, and the alkaline earth cations

respectively

Marked differences in the efficiency and selectivity order are noted for single ion and
competitive extractions using sym-dibenzo-16-crown-5-oxyacetic acid (1). Although
chloroform phase extraction complexes of MA. are indicated for each crown ether carboxylic
acid, 1 surpasses 2 and 3 in extraction efficiency and selectivity. This can be explained in
terms of the cavity size of the crown ether carboxylic acid. The small cavity size of 2 confines
interactions with the alkaline earth metals to the carboxylate group. The dimunitions of metal
extractability produced by the nng enlargement of 1 to 3 may also be understood on the basis
of competitive polyether and carboxylate group interactions,

Table C.1: Crown ether carboxylic acids

No Name Ring size
(A)

1 sym-dibenzo-16-crown-5- 2.0-2.4
oxyacetic acid

2 sym-dibenzo-13-crown-4- <12
oxyacetic acid

3 sym-dibenzo-18-crown-6- 3.0-3.5
oxyacelic acid

Table C.2: Alkaline earth metals

Metal cation lonic diameter
(A)
Mg* 1.56
Ca™ 2.12
sr* 2.54
Ba™ 2.83
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On the basis of single ion extraction results, the selectivity order was found to be
Ca>Ba>Sr>Mg in basic pH regions. It was also found that 85% of the complexing agent
remained in the organic phase for Ba, Sr and Ca which makes it suitable for use in liquid
membranes.

Results from competitive extractions of aqueous solutions of alkaline earth cations reported
a change in selectivity order to Ba>Ca>Sr>Mg. Thus, the selectivity order for Ba and Ca is
the opposite of that reported in single ion extraction studies.

ure 7

The structures of the crown ether carboxylic acids are shown in Fig

sym-dibenzo-16-
crown-5-oxyacetic acid

sym-dibenzo-13-
crown-4-oxyacetic acid

sym-dibenzo-19-
crown-6-oxyacetic acid

{

Fig C.7. Crown ther carbo-lic o

C.2.5.1. Extractants for Barium

The literature survey showed that not much research has been done regarding the extraction
of barium using liquid membranes. izatt et al. (1986:69-76) reponted that dichloromethane
(CH,CI,) extracts banum from aqueous solutions with the heip of 0.001M dicyclohexano-18-
crown-6 ether. It seems that di-2-ethylhexyl phosphoric acid (D2EHPA) is a good extractant
for banum (Van Wyk, 1896:2).

C.2.5.2. Extractants for Strontium

Smelov et al., (1974:4) and Bray (1964) reported that D2EHPA extracts strontium from
aqueous solutions in the pH range 4.5 to 6. The strontium was stripped from this organic
phase with the use of a dilute acid It is reported that 4-sec-butyl-2-(a-methyl-benzyl)-phenol
(BAMBP) can be used as extractant for strontium in the pH range 5 to 11. Bray (1964) also
reported that D2EHPA shows a synergistic effect when used in conjunction with other
extractants.

C.2.6. SELECTION OF DILUENTS

Although the diluent does not play such a direct role in the SLM mechanism as the extractant
or solid support, it is the key to the stability of the SLM and the use of the correct diluent is
therefore vital. The diluent acts as the solvent for the metal extractant and its viscosity
directly influences the diffusion tempo. It is important that the metal-extractant complex is
also soluble in the diluent.
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The surface tension of the diluent is another important property that plays a role in extraction,
Since the diluent is held in the pores of the solid support by capillary action, the surface
tension between the solid support and the diluent must be sufficient to prevent the diluent
from being washed out , and large enough to prevent small pressure differentials "blowing”
it out of the pores (Hofman, 1991:78).

Kerosene is the traditional diluent used in conjunction with the metal extractants. Its viscosity
is relatively low, it exhibits a higher surface tension with most solid supports than other
diluents such as xylene, benzene and carbon tetrachlonde. Escaid 110, a commercial
kerosene product, was therefore used as a diluent throughout the work.

C.3. EXPERIMENTAL
C.3.1. EXPERIMENT 1: BARIUM EXTRACTION

C.3.1.1. Introduction

The literature survey produced no suitable extractant for barium. It was decided to conduct
an expenment using D2EHPA as extractant for the recovery of barium in the stripping
solution.

C.3.1.2. Expenmental solution

A synthetic solution containing 100 ppm Ba was made up by dissolving 0.178g BaCl, 2H,0
in water and filling it to 1L. The pH of this solution was measured as 4. 61. This solution was

treated in a capsule arrangement as a first approach.
C.3.1.3. Capsule

Celgard microporous polypropylene film was used in the expenment. The capsule was
formed by fusing two of these fims together using an electrical heat sealer. The
circumference of the membrane capsule was measured and the area of the membrane was
calculated with the following equation:

0.5(Cir

A - Mma'w)=

L

membrane

C 314 Mobile phase

The mobile phase consists of a mixture of the extractant and the carrier (both organic
hquids). The extractant used was D2EHPA (di-2-ethylhexyl-phosphoric acid) and the carrier
Escaid. The empty capsule was drenched with the mobile phase for 5 minutes before the
stnpping solution was sealed in the capsule.

C.3.1.5. Stripping solution

H,SO, was used as stripping solution for stripping the Ba from the synthetic solution. 1M
H,SO, was sealed into the capsule.
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C.3.1.6 Standards

The standards used for the Atomic Absorption Spectrophotometer (AA) was made up by
dissolving BaCl, 2H.0 in water, and the following standards were used:

S0 mg/mL
70 mg/mL
90 mg/mL
100 mg/mL

- - - .

C.3.1.7. Expenmental procedure

The capsule was placed in the synthetic solution and samples were taken after 0, 0.5, 1, 2,
4, 8 and 10 hours. The pH of the solution was adjusted after every 2 hours because every
Ba ion extracted, was substituted by 2 H’ ions. This adjustment was done by using H,SO,

and NaOH

C.3.1.8. Conclusion

The high extraction rate of the Ba confims the effectiveness of D2EHPA as suitable
extractant for barium. The literature survey showed that Sr is also extracted by D2EHPA

If the pH of the ESKOM analysis of the Matimba water is between 4 and 6, only D2EHPA is
needed to extract most of the banum and strontium

C.3.2. EXPERIMENT 2. BARIUM AND STRONTIUM EXTRACTION

C.3.2.1. Experimental Configuration

The capsuled configuration proposed by Erank was used for the experiments (Erlank,
1984:50). The edges of two layers of the membrane were welded together in the form of a
capsule, leaving one edge unsealed. The capsule was dosed in the extractant/diluent organic
mixture for long enough to allow the solution to enter the pores of the membrane. The access
of organics was removed and the capsule was filled with the strip solution. The last edge of
the capsule was also sealed and the capsule was then checked for any leaks.

The experimental program designed for the barium and strontium extraction comprised of
the following:

. Shake out tesis were performed 1o measure the extraction and stnpping coefficients
of vanous metal carriers.
. Capsuled membranes were constructed and used to determine the extraction of

metal ions from the Matimba boiler feed water sample.

C.3.2.2. Shake Out Tests

The shake out tests were carried out to investigate the stability of the extractant/diluent
solution. These tests gave an indication of the chemical suitability of the extractantdiluent
solution for the extraction of the metal species.

The shake out tests were performed by using 100 ml of the extractant/diluent solution.
Synthetic solutions containing the desired metal species were used to determine the
extraction. The shake out tests were performed in separatory funnels using 100 ml of
synthetic feed solution and 100 ml of extractant/diluent solution. This was shaken for five
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minutes and then the two layers were given time to separate. A 50 ml sample of both these
solutions were taken for analyses. The remaining 50 mi of organic extractant/diluent mixture
was shaken in the separatory funnel with 50 mi of aqueous strip solution for a further five
minutes, and allowed to separate before being taken as samples. Five samples were taken
for every shake out test the original feed solution, the feed after the first shake, the
extractant/diluent mixture after the first shake, the extractantdiluent mixture after the second
shake and finally the strip solution after the second shake.

It was now possidle to calculate the distribution coefficient, K, for extraction and stnipping
The following equations could be used:

Concentranion of orgamc after extraction

K J(f:’t'd) : ~
Concentration of feed after extraction

Concentration of organic after stripping
Concentration of strip after stripping

A Asmip) =

As it was not possible to analyse the organic phase for metal species it was necessary to
calculate it using a mass balance as follows

Feed concenmratton
after exmracnon

after extraction ' | before extraction

1 ] [
| Orgamc concenranion | | Feed cm:cemramm]

} (C34)

Crgame concentration
after stripping

Strip concentration
after exwracton

] (C34)

_ | Orgamc com:cmranmnl B
before extraction |

These two equations hold true because equal aqueous and organic solutions are used and
because the strip solution is intially free of metal species.

An overall extraction efficiency was calculated using the following equation:

= 2-;_’)(100
n [M]! ,; (35)

The factor of 2 accounts for the fact that half the mass of the metal species in the organic
phase is removed from the system as only half of the organic solution is shaken with the strip
solution whose volume is half that of the feed (Hofman, 1991:84).
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C.3.2.2 1. Barium shake out tests
The expernimental program followed for the shake out tests to find a suitable extractant for
banum. is shown in Table 3

Table C.3° Banum shake out tests

Test Extractantdiluent Feed Feed Strip solution
no used concentration pH
(ppm)
1 0.25 M BAMBP in 100 103 1 M HNO,
Escaid + 0.0022g
dicyclohexyl-18-
crown-6 ether
2 0.25 M D2EHPA in 100 103 1M H.SO,
Escad

C 3222 Strontium shake out tests
Table 4 shows the expenmental program followed to identify a suitable extractant for the
recovery of strontium

Table 4 Strontium shake out tests

Test Extractant/diluent Feed Feed Stnp solution
no used concentration pH
(pom)

1 0.25 M D2EHPA iIn 100 10.3 1 M HNO,
Escad

2 0.25 M D2EHPA In 100 10.3 1M H,SO,
Escaid + 0.0022g
dicyclohexyl-18-
crown-6 ether

3 025M 100 10.3 1M H,SO,
EHPA/D2EHPA
mixture in Escaid

C.3.2.3. Experimental Discussion

C 3231 Shake out tests
The analysis for the aqueous solutions containing the barium and strontium was done with
atomic absorption techniques. The metal ion concentrations in the organic solutions could
not be determined, therefore mass balances were used to determine these values. The
obtained values for metal concentrations could then be used to determine the distribution
coefficients, K,.

K ffeed) = Concentration of organic after extraction

Concentration of feed after extraction
C -G (C36)

G
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Concentration of organic after siripping
Concentration of strip after stripping
oY+ ot

= C,

K gstrip) =

1

concentration of the metal ions in the aqueous feed phase before

extraction

C. = concentration of the metal ions in the aqueous feed phase after first
shake

C, = concentration of the metal ions in the agueous stnp phase after

stripping

with C,

The value of K, (feed) should be as high as possible, while the value of K, (stnp) must be as
low as possible to ensure a high extraction.

C 3.2.3.2 Barium shake out tests
The K, values for the banum shake out tests are shown in Figure 8 while its efficiencies are
shown in Figure 9

Test number

Fig C 8 K, values for Ba shake out tests
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‘Flg C 9 Efliciencies for Ba shake out tests

Figure 8 shows a low value for K, on the feed side of the membrane, and a relatively high
value on the strip side This is not ideal because the K, value for the feed must be as high
as possible while the value must be as low as possible for the strip side. The low efficiencies
for the banum shake out tests as depicted in Figure 9 are indicative of low banum extraction

C3233 Strontium shake out tests
The K, values for the strontium shake out tests are shown in Figure 10, and the efficiencies
of these tests in Figure 11

Test number

Fig C 10 K, values for Sr shake out tests
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Fig. C 11 Efficiencies of Sr shake out tests

The results obtained from the strontium shake out tests seems far better than those for
banum. Figure 10 shows high values for K, on the feed side and low K, values on the strip
side The efficiencies calculated for these tests show relatively high efficiencies, especially
considering the possible synergism with expenments 2 and 3 where a mixture of two
extractants were used

C 324 Conclusions

C 3.2.4.1. Barnum extraction
The low efficiencies from the two experiments conducted to test the suitability of D2EHPA
and BAMEP as extractants for banum, showed that neither one of these is suitable More
extractants must be investigated to find a suitable extractant D2EHPA proved to be more
suitable for the extraction because of its slightly higher efficiency

C 3242 Strontium extraction
All three of the extractants used in the shake out tests for the extraction of strontium seem
to be efficient to extract strontium from aqueous solutions The mixture of EHPA and
D2ZEHPA showed the highest efficiency for strontium extraction (64.57%) and this gives
support to the theory that D2EHPA has a synergistic effect on the extraction of strontium
when used in conjunction with other extractants

When D2EHPA was used as extractant without any additives, the efficiency was reported as
60.51% This is the lowest efficiency calculated for strontium extraction, but is still high
enough to investigate D2EHPA further as a possible extractant

The efficency of D2EHPA as extractant was raised by dissolving 0.0022g of dicyclohexyl- 18-
crown-6-ether in the organic phase. The cavity size of this crown ether is reported to be 2.6
10 3.2 D. The ionic diameter of the divalent strontium cation is 2.54 D. These two dimensions
is of the same order and that may be the reason for the higher efficiency.
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C.3.3. EXPERIMENT 3. INVESTIGATION OF EXTRACTANTS FOR THE EXTRACTION OF
BARIUM AND STRONTIUM

C 3.3.1 Expenmental Procedure

A range of extractants for the removal of cations from solutions have been testec for therr
ability to remove Ba and Sr from solutions. Synthetic solutions containing 100 ppm Ba and
100 ppm Sr respectively have been used to determine the extraction capabilities for these
cations. The expenments were done by doing shake-out tests; that is by shaking 100 mi of
synthetic solution with 100 mi of organic diluent containing the extractant for five minutes
Dunng this time the Ba and Sr was extracted from the synthetic solution and transferred into
the organic solution

The second part of the expenments was done by shaking 50 ml of this Ba anc Sr containing
organics with 50 ml of stripping solution, which consisted of 1M HNO, Table 5 shows the
conditions for these expenments

Table C 5: Expermental conditions

Test no Feed Extractant used Stnp concentration
concentration
Ba Sr
(epm) | (ppm)

1 108.2 0.0 30 % T.EHPA 1M HNC.
2 110.0 B9.8 30 % LIX984 1M HNO.
3 1103 €0.2 30 % KELEX100 1M HNO
4 1103 88 4 30 % CYANEX471X 1M HNO,
5 110.2 85.5 30 % CYANEX272 1M HNO.
6 1103 871 30 % VERSATIC10 1M HNO,
7 10986 854 30 % CYANEX923 1M HNO,
& 109.5 876 30 % EHPA EN D.EHPA 1M HNO.

C34 EXPERIMENT 4 CAPSULED MEMBRANE EXTRACTION (CME) LABORATORY TESTS
C.3.4.1. Introduction

The shake out tests conducted in the preliminary experiments showed that EHPA/D2EHPA
can extract both banum and strontium. These tests were all done on synthetic solutions and
not on the actual Matimba samples The CME tests were carmned out to getermine the effect
of a mixture of EHPA/D2EHPA on the extraction of metal cations from the Matimba reuse
sample

C 342 Expenmental Procedure

A 025 M EHPA/D2EHPA mixture was used as organic extractant in Escaid The capsuled
memobrane was dosed with this solution, after which the capsule was filled with 1 M H.SO,,.
The experiment was done by using five 4 L Matimba feed solutions, each containing 5
capsuled membranes. The feed solutions were agitated at 50 rpm to reduce the agueous
boundary layer at the feed side of the membrane.

One of the experiments was terminated after 1, 2, 5 and 20 hours respectively A 2.5 L
sample of every expenment were taken and the analysis was done by Eskom TRI.
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C.4. CONCLUSION
C4.1. EXTRACTION OF BARIUM

C.4.1.1 Experiment 1

The results of the initial tests showed clearly that D2EHPA is a suitable extractant of banum.
The banum concentration of the feed solution was reduced from 97 to 5 ppm in 10 hours
which represents an extraction of nearly 95%. 1M D2EHPA was used as extractant and the
stnp solution used was 0.25M H.SO,.

C412 Expenment2

The results of the shake out tests of experiment 2 showed that the extraction rate for banum
1s strongly cependant on the ime of extraction. 0.25M D2EHPA was used as extractant and
the extraction was allowed to go on for 5 minutes. The barium concentration of the feed
solution was reduced from 107 to 72.96 ppm resulting in an efficiency of 7.13%

When BAMBP was used as the extractant. the barium concentration was reduced from 107
to 93.18 ppm, representing an efficiency of 3.89%.

Both the expenments showed that D2EHPA is a suitable extractant for the removal of banum
from a solution. It can also be concluded that D2EHPA is a more effective extractant than

BAMBP.
C42 EXTRACTION OF STRONTIUM

The extraction of strontium from an aqueous solution was investigated in expenment 2. The
0. 25M EHPA/D2EHPA mixture as extractant reduced the strontium concentration in the
synthetic feed solution from 88 95 to 1.74 ppm representing an efficiency of 64 57% This 1s
the highest efficiency for the three extractants used and it can be concluded that
EHPA/D2EHPA 1s an efficient extractant for the removal of strontium from an aqueous
solution

C43 EXTRACTANTS FOR THE SIMULTANEOUS EXTRACTION OF BARIUM AND
STRONTIUM FROM THE MATIMBA SAMPLE

The extraction of cations for different extractants used in the membranes was investigated
in expenment 3. The concentrations of the cations in every sample are summarised in Figure
12.
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Concentration

Time (hr)

—
Fig C 12 Concentration of cations after extraction

From Figure 12, it is clear that the concentrations of the cations show no definite trend. they
are not increasing or decreasing but rather fluctuating This can be explained by the fact that
some of the capsules leaked during the experments, resulting in the release of the cation
concentration in the stnpping solution iNto the Matimba feeawater sample This was probably
also due to the high agitation speed dunng the expenments but might also be a result of the
difficulty of analysing in the ppb range.

C.5. PROPOSED FUTURE RESEARCH
C51. ELECTROCHEMICAL TREATMENT OF MATIMBA REUSE WATER
C.51.1. Definition

An electrochemical cell consists of at least two conducting electrodes that are suspended in
the electrolyte containing the ionic species. These two electrodes are externally connected
through a power source, so that one electrode has a positive polarity (anode) and the other
a negative polanty (cathode) When an external potential difference exist between the two
electrodes, the anode will start to corrode to form cations and electrons. At the cathode the
H" 1ons will be reduced to hydrogen gas

C 512 Background

The department of chemical engineenng at the Potchefstroom University has done extensive
research on the electrochemical treatment of water under professor JJ Smit

The use of electrolysis as a method for water treatment is known for a long time. Some
patents were already taken out at the end of the previous century. An inconsistent electncity
supply and passivation of electrodes posed problems for this method which resulted in the
development of altemative processes. The following reasons prompted the industry and
research facilities dunng the previous decade to investigate electrolysis again closely:

. Unlike conventional chemical treatment processes, electrolysis does not remove
certain minerals by the addition of other chemical substances. Present environmental
conditions make this highly cesirable
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. The systems governing electrical supply and control has developed vastly which
resulted in optimum control conditions for the processes. This results in an increase
of efficiency and it is also more convenient than most chemical dosing systems

. The relative cost of electncity to chemicals has decreased significantly

The electrochemical process can best be described as the electrolytical solution of 2 metal
jon (e.g. iron) with the associated formation of hydrogen by electrolysis according to the
following reactions.

Fe = Fe? + 2e¢

2H" « 2¢” -~ H,(gas)

The H’ thus removed as hydrogen gas causes an increase of pH. At this increased pH
vanous salts of the associated dissolved metal cation (in this case Fe™") becomes insoluble
which causes it 1o precipitate out of the solution. In this way the dissolved iron cations as well
as the unwanted anions and excessive acids are removed

C 513 Removal of Organics

No references for the removal of organics by electrochemical processes could be found in
the Iterature It was decided to investigate the removal of organics from the Maumba sample
by using iron. aluminium and zinc electrodes alternatively The sample was treated for 10
minutes at a current of 2 A The treated samples as well as the untreated sample were
analysed by Rand Water Scientific Services and are shown in Table 6

Table C.6_Organic removal from Matimba reuse

Quality Vanable Untreated Fe electrodes Al electrodes Zn electrodes
sample
Total Organic
Carbon (TOC) 1 47 42 44
in mg/l

It is clear from Table 6 that the electrolytical process removes a high amount (>50%) of TOC.

C.5.2. ANALYTICAL CONCENTRATION OF DILUTE SAMPLES

Although the use of capsuled membranes could not extract all the cations from the Matimba
sample, it concentrated it to a large extend. This i1s an important observation which identifies
an applcation in analytical chemistry.

Analytical scientists expenence much difficulty in analysing the concentrations of dilute
samples. There exist vanous high technology equipment on the market which are able to
make these measurements, but none of them are very accurate. Accuracy is lost in the way
the dilute chemicals are concentrated before the final analysis can be made.

Capsuled membrane extraction (CME) offers a unique way to measure the concentration of
dilute samples accurately. As the diffusion rate of a chemical species is known for the
different membranes on the market, it will be possible to calculate the concentration of this
chemical species in the sample after the concentration in the capsuled membrane is
measured. Accurate measurements of the concentration of the concentrated chemical
species in the capsule can be made with conventional equipment because of the higher
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concentration.
C 53 PROPOSAL REGARDING 5.1. AND 5.2

In lieu of the results obtained it might be advisable to reconfigure this project and redirect it
as follows:

. Proceed with SLM in the capsule configuration but put more emphasis on its potential
as a strong contender for preconcentration of chemicals to be analysed in the ppb
range Once concentrated the analyses could proceed by more reliable and accurate
conventional methods already well qualified in the mg/l range.

. The response of TOC to electrochemical treatment is an exhilarating means of
reducing TOC by the strongly oxidising atmosphere created in the proximity of the
electrodes This reduction could be enhanced by addition of for example ozone or
some similar oxidising agent nght at the electrodes
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