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Abstract

From an economic point of view, the use of membranes at the present time is intermediate
between the development of first generation membrane processes and second generation
processes such as supported liquid membranes. The objective of thisresearch wasto investigate
the mechanismsinvolved in the extraction of nickel from low concentration effluents by means
of supported liquid membranes (SLM).

A custom-made reactor/extractor was used for experimentation, based upon a process flow
diagram that closdy emulated the flow diagram of an industrial application and was used to
determinethe scientific and technical feasibility of the SLM process. Theextractionequilibrium
of the nickel/di-(2-ethylhexyl) phosphoric acid (Ni/D2EHPA) system is an integral part of the
extraction process and was determined with extraction experiments.

The results of the extraction experiments showed that there is no significant influence of
temperature on the equilibrium for the temperature range of 30 °Cto 70 °C. It was assumed that
the nickel-organic complex exists in two forms, one in which the nickel coordinates with two
D2EHPA molecules and another one in which the nickd coordinates with six D2EHPA
molecules. It was found that the experimental data supported this assumption. Another
augmentation of the equilibrium model was the incorporation of the activity of the agueous
species, as well as the effect of agueous speciation of the nickel species.

The SLM-process was modelled by solving a system of equations that describe all six steps
involved in the extraction process and a special computer program was written to solve the
system of equations. The process model showed that the nickel flux through the SLM is
determined by the diffusion of the nickd through the feed boundary layer aswell asthediffusion
of the organo-metallic species through the membrane and although temperature does not have
an effect on the extraction equilibrium, it does have abeneficial effect on both of these transfer
steps. It wasfound that, aslong asasufficiently low pH (pH < 2.0) was kept in the strip solution,
the strip sidewill not be rate limiting. The process model showed that there exists an extractant
concentration at which the nickd flux is an optimum and that this optimum is dependent on
temperature. The effect of all thevariablesinvolved inthe extraction process are interdependent
and the model is capable of predicting the effect of this interdependence.

The research reported in this thesis leads to a better understanding of the SLM process and

suitabl e recommendations are made towardsa possible industrid gpplication of thistechnol ogy.
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Opsomming

Tans is membrane, vanuit 'n ekonomiese oogpunt, tussen die ontwikkeling van eerste
generasie prosesse en tweede generasie prosesse soos ondersteunde vioeisof membrane. Die
doelwit met die navorsing was om die meganismeswat betrokke isby die ekstraksie van nikkel
met behul p van ondersteunde vloeistof membrane (OV M) te ondersoek.

"n Spesiaal-vervaardigde reaktor/ekstraheerder isgebruik vir eksperimentering en isgebaseer
op 'n prosesvioeidiagram wat 'n industriéle toepassing emuleer en is gebruik om die
wetenskaplike en tegniese uitvoerbaarheid van die OVM-proses te bepaal. Die ekstraksie-
ewewigvandienikkel/di-(e-etielheksiel)fosforsuur (Ni/D2EHPA) stelsel is’ nintegraledeel van
die ekstraksieproses en is bepaal met behulp van ekstraksie-eksperimente.

Dieresultate van die ekstraksi e-eksperimente het getoon dat die invlioed van temperatuur op
die ekstraksie-ewewig nie beduidend isin die temperatuurgebied van 30 *C tot 70 °C nie. Daar
is aangeneem dat die nikkel-organiese kompleks twee vorme kan aanneem, een waarin die
nikkel met twee D2EHPA molekul esgekodrdineer isen eenwaarin die nikkel met ses D2EHPA
molekules gekoordineer is. Die eksperimentele data het hierdie aanname ondersteun. Nog ’'n
toevoegingtot die ewewigsdatawasdieinkorporering van die aktiwiteit van die waterige spesies,
asook diewaterige spesiéring van nikkel.

Die SLM-prosesis gemodelleer met die gel yktydige oplosvan ' n stelsel vergelykings, wat al
ses stappe in die OVM beskryf. 'n Spegale rekenaarprogram is geskryf om die stelsel van
vergelykings op te los. Die prosesmodel het getoon dat die nikkelvlioed deur die membraan
bepaal word deur die voergrenslaag sowel asdie diffusie van die spesies deur die membraan, en
hoewel temperauur nie’n invloed op die ekstraksie-ewewig het nie, het ' n hoér temperatuur ' n
voordelige effek op beide van hierdie oordragsmeganismes. Daar isgevind dat, solank diestroop-
pH laag genoeg gehou word (pH < 2.0), sal die stroopkant nie die tempo-beheerende stap wees
nie. Dieprosesmodel het getoon dat daar ' n ekstraktantkonsentrasie bestaan waar dieekstraksie
"'n maksimum is en dat hierdie konsentrasie afhanklik is van temperatuur. Die effek van a die
veranderlikes in die ekgraksieproses is interafhanklik en die model is in staat om hierdie
interafhanklikheld te bepaal .

Dienavorsing wat gedoenisvir hierdietesislei tot 'n dieper begrip van die OVM prosesen

geskikte aanbevelings word gemaak ten opsigte van 'n moontlike industriéle toepassing.
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Chapter 1

| ntroduction

In all things of nature there is something of the
marvellous.” - Aristotle

1.1 General Introduction

Intheearly daysof environmentalismthegeneral feeling wasthat “ Technol ogy equalspollution”.
Faced with the relentless march of industry and commerce, the green movement became mostly
reactive: ecowarriors sailed into the paths of fishing boats or blockaded logging roads. Activists
often got their way only by persuading governments to enact tough conservation and anti-
pollution laws. While protesters and regulators haven’t gone away, environmentalism is
becoming much more proactive, and a new formula is gaining favour: “Technology equals
solutions.” (Geary, 1998:81).

In the field of separation science a central challenge is the development of processes that are
economically profitable and at the same time environmentally friendly. One of the central
questions in environmental engineering is. “How can the bad stuff be separated from the good
stuff.” As a method of separation, membrane processes are relatively new. For instance,
membrane filtration was not considered a technically important separation process until 1975
(Mulder, 1988:7). Today membrane processes are used in awide range of applications and the
number of such applicaionsisstill growing. From an economic point of view, the present time
is between the devdopment of first generation membrane processes such as microfiltration,
ultrafiltration, nanofiltration, reverse osmosis, electrodialysis, membrane electrolysis, diffusion
dialysis and dialysis and the second generation membrane processes such as gas separation,
vapour permeation, pervaporation, membrane distillation, membrane contactors and carrier-
mediated processes. Supported liquid membranes are viewed as a carrier mediated process and
have the potential to be one of these processes that is both environmentally friendly and

economically viable.



2 - Introduction -

1.2 Motivation

All the large chemical industries spend a substantial amount of money on the cdeanup of the
wastethey generate and on publicity campaignsto let the general public know that they carefor
the environment. Some chemical companies were developed to cleanup the waste of other
companies. In short: the recovery and upgrading of metal-containing waste have become not

only a very demanding assignment, but also a lucrative business.

The cleaning of nickel from waste streams is no exception. As one of the carcinogenic
substances, nickel dischargeto sewersor publicwater must be strictly limited (Zhongmao et al.,
1990:170). Thetrend in environmental legislation, world wide, isto limit the concentration of
the common heavy metals to 1-2 mg/dm? for sewer discharge and 0.1 to 0.5 mg/dm? for open
water discharge (Fane et al., 1992:5). Nickel has the additional advantage that it is a very
valuablemetal (14.40 US$/kg, London Metal Exchange, 2004) and thusacandidatefor recovery

from effluents.

Separation processes can be classified on grounds of the driving force that is used to effect the
separation. Table 1.1 givesasummary of some separation processesin terms of the physical or
chemical properties used for the process (Mulder, 1998:7). The processes usually used to treat
metal containing effluents are:

. Precipitation

. Liquid-liquid extraction

. Nanofiltration

. Electroplating
Of these processes the most common one is precipitation, in which the nickel is removed by
adjusting the solution pH to a point above the precipitation pH of nickel (Jackson, 1986:158).
The disadvantage of this processis that the nickel-containing sludge has to be contained and it
is usually not economically viable to recover the nickel from the sludge for re-use. Supported
liquid membranes (SLM) can probably be used to recover the nickel and upconcentrate it to

concentrations where it can be used againin an industrial process.
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Table 1.1: Separation processes based on physical/chemical properties

Physical /chemical .
Separation process
property
Size Filtration, microfiltration, ultrafiltration, dialysis, gas separation,
gel permeation, chromatography
Vapour pressure Distillation, membrane distillation
Freezing point Crystallisation
- Adsorption, absorption, reverse osmosis, gas separation,
Affinity : L
pervaporation, affinity chromatography
Charge lon exchange, electrodialysis, electrophoresis, diffusion dialysis
Density Centrifugation
Chemical nature Liquid-liquid extraction, carrier mediated transport

1.3 Objectives

Various authors proved that nickel could be extracted with the use of supported liquid
membranes (Verhaege et al., 1987:331; Erlank, 1994:96; Juang & Jiang, 1995:163; Smit &
Koekemoer, 1997:6). Although a number of process models have been developed in the past
(Juang 1993:157; Zhaet al., 1995; Daiminger et al., 1996; Hermandez-Cruz et al., 1998), they
tend to incorporate simplifications that are not valid for industrial applications. There are
particular shortcomingsin the prediction of theinfluence of temperature and aqueous speciation

on the SLM process.

The main objectives of the present research can be summarised as follows:

1 To develop and build a bench-scal e apparatus to test the technical feasbility of aSLM
processto extract nickel from low-concentration effluents.

2. To use the bench-scde apparatus to test the influence of the most important variables

in the process on the extraction of nickel.

3. The determination of the effect of agueous speciation on the nickel-D2EHPA
equilibrium.
4, To develop aprocess model that can be used to understand the extraction mechanism

of the supported liquid membrane system. Although many process models have been
developed for supported liquid membranes, they all seem to focus on the scientific
aspects of the transfer mechanism. The proposed research will be based on scientific

aspects, but will focus more on the variablesthat are of relevance to engineering.
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5. Themethod used to develop theNi/D2EHPA equilibriumwill betested on Zrn/D2EHPA
system to determineif the same philosophy can be applied to other extraction systems.

6. To perform a limited number of experiments on the supported liquid membrane
extraction of zinc in order to make comparative conclusions with regard to the
extraction conditions.

7. The development of a computer simulation that can be used to accurately simulate the

SLM process.

1.4 Scope of investigation

The research path adopted in thisthesisis shown in Figure 1.1. The core of thisresearchisthe
supported liquid membrane extraction of nickel and abench-scale reactor/extractor was custom
built for thisinvestigation. The bench-scal e reactor/extractor was designed in such away that the
process flow diagram closdy resembles an industrial one. A statistical experimental design
ensured that the experiments done on the reactor/extractor were distributed across alarge range
of values for the different variables and the results obtained with these experiments were used
in conjunction with equilibrium datato devel op a process model of the system. The extraction
equilibrium constants were determined from experimental data and incorporated the effect of
temperature and aqueous speciation. Finally, this model was used to develop a computer
simulation of the supported liquid membrane process. Thefollowing constraints are applicable
to thisinvestigation:

1 The investigation focused on low concentration nickel effluents (less than 150 mg/l).
Although alimited number of experimentswere doneon zinc to determinethetechnica
feasability of the process, the main focus of the investigation was the extraction of
nickel and the modelling of the nickel extraction.

2 Di-(2-ethylhexyl) phosphoric acid was the only extractant investigated.

3 Although it is noted that membrane stability is an important factor in the applicability
of SLMsinindustrid applications, it was not directly investigated in this study and only

quantitati ve predictions were made with regard to the membrane stability.



- Introduction -

l

Literature survey
- Chapter 2 -

-

¢

L

Conclsions and
recammendations
- Chapter 7 -

N

Develop benchrscale Determine chemical
reactorfextractor and physical data
- Chapter 3 - - Chapter 4 -
k3
g -
Ise reactorextractor
to doafull
set of experiments
- Chapter 6 -
W
Develap model for
M @ the SLM process  |ja—

- Chapter & -

., P

H"—"
' L !
Develap computer

simulation for
SLM process

o -

Fig. 1.1: Research path followed in investigation







Chapter 2

Literature survey and theory

“Many receive advice, only the wise profit by it.” - Syrus.

2.1 Introduction

Theliterature, principlesand datathat are necessary to understand thisthesisarediscussed in this
chapter. The concept of supported liquid membranes is discussed and an investigation isdone
into previous research which investigated supported liquid membranes to extract nickel. The
Investigation focuses on theapproach of other researchersand the modelling of the SLM process.
Reference is also made to work done to determine the extraction equilibrium constants.
Additionally, some supplementary literature that isindirectly relevant to thisthessis given in

Appendix A.

Supported liquid membraneswereafurther devel opment of liquid-liquid extractionand emulsion
membrane extraction and circumvented some of the problems of liquid-liquid extraction, such
as poor phase separation and solvent entrainment (Babcock ef al., 1980:71). Thefirst patent on
supported liquid membranes appeared in 1967 (Li, 1967), but the use of supported liquid
membranes are much older, since the transport of oxygen (using the haemoglobin-
oxyhaemoglobin reaction) or carbon dioxide (using the carbonate-bicarbonate reaction) arein

essence supported liquid membrane processes (Hemmingsen, 1962:733).

Although the use of supported liquid membranes in nature is very common, to date no real
industrial application for SLMs has been reported in the literature. The Achilles heel of SLMs
seems to be the following:

1 The low stability of the supported liquid membranes.

2 Low metal fluxes.

3. Osmosis through the membranes.

4

The relative high cost of the membrane support.
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2.2 Supported liquid membranes (SLM)

2.2.1 Definition

Supported liquid membranes (SLM) represent an attractive alternativeto liquid-liquid extraction
for the selectiveremoval and concentration of metal ionsfrom solution. The permeation of metal
species through SLMs can be described as the simultaneous extraction and stripping operation
combinedinasinglestage. A thinlayer of organicextraction reagent (extractant) isimmobilized
in amicroporous inert support. This support is interposed between the feed solution (agueous
phase), in which the valuable metal is dissolved and the second (stripping) phase, in which

enrichment of the metal occurs by transmembrane diffusion (Mulder, 1998:340).

Figure 2.1 givesthe relationship between the concentration of the feed solution and the optimal
metal flux that were obtained by other authors for various periodic group 4 transtion metds,
againg the metal concentration in the feed solution, on alog-log scale. The dataand references
used for thisgraph canbeseenin Appendix A.4. A few useful conclusionscan bemadefromthis
graph:

1. Itisclear that alarge range of metal fluxeswere obtained by these authors and it can be

concluded that there are many other variables that influence the extraction process.

2. It should be noted that SLM extraction isessentially an extraction method dependent on
the membrane area.
3. Thefluxesarerelatively low and in the light of point 2 it can be concluded that SLM’s

are more suitable for the extraction of small amounts of metal species from waste

streamsthan it is for the extraction of high concentration leaching solutions.

2.2.2 Mechanism

Thetechnique of SLM involvesthetransport of ions across the membrane under aconcentration
gradient by using a suitable carier dissolved in a water-immiscible organic diluent which is
absorbed on athin microporous polymericfilm. Thetransport processtakes place whenever the
conditions of the agueous feed and strip solutions are such that the distribution ratio of the
permeating species at the aqueous feed sol ution membrane interface ismuch higher than at the

aqueous strip solution-membrane interface (Chiarizia & Castagnola, 1984.:481).
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Fig. 2.1: Transmembrane flux for selected metal species. ®: Fe*; B: Co?";

®: Ni*; A: Cu?'; #: Zn?
During extraction a metal-extractant complex or complexes are formed at the interface of the
outer agqueous (feed) phase and the membrane phase. The complex (or complexes) permeate
across the membrane and decomplexes at the grip interface, yielding the metal species to the

inner aqueous (strip) phase (Melzner et al., 1984:107).

Two transport schemes mainly dominate the SLM process, nhamely co-current transport and
counter-current transport. Thesetwo modes of transport aredepictedin Figure 2.2, and a though
a number of variations do exist, these two are illustrative of the principle involved. The
mechanism of coupled transport, asillustrated in Figure 2.2, shows that coupled transport isa
revers blereaction of the permeating ion specieswiththemetal carrier confined to themembrane
phase (Babcock et 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 agqueous (feed) solution and organic solution, the
organic extractant, R, reacts with the metal ion to form a neutra complex, MR,. This neutral
complex can diffusefreely within the organi c phaseand move acrossthemembraneto the second
agueous (strip) solution. At the interface the metal is released, the carrier reacts with a

hydronium ion to obtain a neutral charge and diffuses back to the feed/membrane interface.
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Feed Solution Liquid Membrane Product Soltution

Co-transport
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Fig. 2.2: Transport mechanisms across a supported liquid membrane

Previouswork by Danesi (1984:876) demonstrated (and experimentally verified) that the steady
state permeability across a SLM can be described by the following equilibrium equation:

e, L[

- . (2.2
[M ]a.q,f [RH ].::
Equation 2.1 is valid when the following conditions exist:
1 The metal ion concentration is low.
2. Fast interfacial reactions occur between the carrier and metal ion.
3. The distribution ratio of the permeating species at the strip-membrane interfaceisvery
low.

Equation 2.1 describes the final steady state permeability and should not be confused with the

extraction equilibrium as discussed in Section 2.3.
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2.2.3 Process variables
The most important variables that influencethe SLM extraction processare discussed briefly in

the following paragraphs.

2.2.3.1 Extractant concentrations

For agiven metal concentration in the aqueousphaseit isbelieved that the extraction coefficient
will increase with an increase in extractant concentration. Extraction by a particular solvent,
however, does not necessarily increase linearly with an increasein the extractant concentration,
sinceviscosity of the extractant increases with concentration and this has anegative effect on the
diffusion coefficient. Thiswas provenin previous research by the author (Smit & Koekemoer,
1997:6) and it was found that the optimum extractant concentration is 60% (by volume)
D2EHPA dissolved in Escaid 100. Other authors who also found optimum extractant

concentrations and some of the optimum concentrations are mentioned in Table 2.1.

Table 2.1: Optimum extractant concentrations found for different SLM systems

Authors Metal ion Extractant Diluent Optlmum
concentration
Gherrou & + Ethanol /

Kerdjoudj, (2002) Ag DB18C6 chloroform 0.001 mol/l
Alguacil (2002) Co? DP-8R Exxsol D100 >40% (vol)
Alg L(J;g:)lze)t al. cu® Acorga M5640 Iberfluid 20% (vol)
Sarazggloi)Das cu? D2EHPA Kerosene 0.2 mol/l
Alg\rlﬁ]slcjna(gi)gLO) Fe3* Cyanex 921 Xylene 0.4 mol/l
Alguacil (2002) Mn?* DP-8R Exxsol D100 30% (vol)
BaSL(J;(I)the)t al. Mo®* Alamine 336 Kerosene 0.02 mol/l
Saraz;gloi)Das Zn?* D2EHPA Kerosene 0.2 mol/l

2.2.3.2 The effect of pH
All chelating or acidic type extractants used in counter-current extraction processes, liberae a
hydrogen ion on the extraction of ametal ion, asseenin Figure 2.2. Thus, the greater the amount

of metal extracted, the more hydrogen ions are produced and transferred to the feed side. This
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resultsin adecrease in pH of the feed side, which in turn leads to a shift in the equilibrium and
adecreaseintheamount of metal extracted (Erlank, 1984:40, Alguecil et al., 2002:269, Gherrou
et al., 2002:238, Yang et al., 2002:40, Gherrou & Kerdjoudj, 2002:92, Basuato et al.,
2003:1005).

The pH of the system al so affects both the metal ion and the extractant. If the pH on thefeed side
Isincreased, the metal will eventudly hydrolyse and will not extract. Decrease in pH may result
in the formation of non-extractable metal species as aresult of complexation. At low pH values
all extractants suffer protonation. If the extractant isunableto ionise, it will not be able to form
a complex with ametal 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.

2.2.3.3 Aqueous phase composition

Extraction of metal sare affected by the type and concentration of theionic species present in the
aqueous phase. If the metal complex in the agueous phase has a stability constant greater than
that of the metd-extractant complex, it can be predicted that the metal will not 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 isdependent on the ion and on its concentration as

well as chemical conditions, such as pH.

Conversely, if the metal speciesin the aqueous phase is uncharged, the 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. The ionic strength also has an effect on the activity of the metal species and
therefore, the extraction equilibrium (Atkins, 1990:252, Sarangi & Das, 2003:4).
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2.2.3.4 Metal ion concentration

If the metal ion concentration in the system is increased, with al other conditions remaining
constant, the concentration of extractant associated with theextractant specieswill increase, with
the result that the concentration of free extractant will decrease (Alguadil er al., 2002:269,
Alguacil & Alonso, 2000:85, Gherrou et al., 2002:238, Gherrou & Kerdjoud;j, 2002: 235, Sarangi
& Das, 2003:4). Thus, ard ative decreasein the extraction coefficient for that system couldresult
in the limiting case of carrying capacity.

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 activitiesare usually replaced by concentration for the sake of simplicity, but activities

can change substantially with increasing concentration of reactants.

2.2.3.5 Stirring of the aqueous phase

Hofman (1991) did research on the influence of agitation on aHCC flat sheet SLM (see Section
2.6.3) and found that the rate of extraction increased up to a Reynolds number of 7 000. A
further increase in the agitation had little or no effect on the rate of extraction. This may be
explained by the fact that at low agitation the liquid boundary layer of the feed solution is
relatively large. If the agitation isincreased, this boundary layer becomes thinner and resultsin
alower resistance to ion transport through the membrane, which implies that this resistance to
masstransfer isthen not the controlling resistance. The optimum Reynoldsnumber isdependent
on the overall SLM system, but the trend has been confirmed by other authors (Alguacil et al.,
2002:268, Alguacil & Alonso, 2000:84, Yang et al., 2002:41, Sarangi & Das, 2003:4)

2.2.3.6 Temperature

Although it is recognised that temperature is an important variablein all the stepsin the SLM
processand that an increase in temperature should result in an increasein flux (Monlinari et al.,
1989, Chaudry, et al.,1997:214 and Saito, 1991:1504), little research has been done on the effect
of temperature. Gherrou et al. (2002:241) found adecreasein the extraction of silver and copper
with an increase in temperature and attributed it to either the evaporation of the solvent or the
degradation of the SLM dueto increased viscosity. Rasul et al. (1995:3846) found that the flux
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of thorium through aSLM, with TBP as carrier and benzene as diluent, formsan optimum at 20
°C and attributed it to possble phase separation. Chaudrey et al. (1992:143) developed a
simplified model that incorporated the Wilke-Chang equation to predict the influence of
temperature on extraction. Rockman et al. (1995:2455) investigated the phenomenon of
thermally enhanced transport, where the temperature gradient acrossthe membrane, rather than
apH gradient isused to effect extraction. The application of thistechniqueislimited by thefact
that only afew of the common combinations of aqueous sol utions/organic extraction solvents
exhibit temperature sensitive equilibrium compositions. Rockman et al. (1995) modelled the
extraction of citric acid with atertiary aminewith relative accuracy, although the experimental
results that were used to verify the model were limited. With the exception of the work of
Rockman et al. (1995) and Chaudrey et al. (1992) the author could not find any modelling of the
effect of temperature on the SLM process.

2.2.4.7 The support characteristics

The support has an influence on both the stability and the metal flux through the membrane. The
support should be highly hydrophobicfor the extraction of metal speciesfrom aqueous solutions.
The other fundamental propertiesfor the support isthe thickness and porosity of the membrane
(Gherrou et al., 2002:241, Gherrou & Kerdjoudj, 2002:92, Juang & Huang, 2003:129).

A thicker membrane results in lower flux if the diffusion through the membrane is the rate
controlling step, but it al so increasesthe capacity of the membraneto storethe extractant solution
and therefore, the stability of the membrane. A higher porosity resultsin alower tortuosity for
the diffusing organo-metallic complex and results in higher fluxes. The higher porosity aso
increases the capacity of the membrane, but this is countered by a lower support structure and

thereisatheoretical optimum porosity for optimum stability.

2.3 Di-(2-ethylhexyl)-phosphoric acid

2.3.1 Background

Different solvent extractants are available for the extraction of nickd. In the case of sulphuric
acid sysems, the extractants available for extraction of nickel perform best in the pH range 4 to
6 (Ritcey & Ashbrook, 1979: 111). Possible extractants are D2EHPA, L1X 64N, Kelex 100,
Cyanex 272, PC-88A, Versatic 9 and Naphthenic Acid, among others. It wasfoundthat LIX 64N
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and Kelex 100 are non-selective and co-extracts iron and copper. The extraction characteristics
of thesetwo chelating extractants aresimilar, and pH-dependent, and will therefore give similar
results in dilute nitric or hydrochloric acid systems as in the sulphuric acid system. 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 interfacid effects caused by the interaction between nickel

and lauric acid.

2.3.2 Physical and chemical properties of D2EHPA

Di-(2-ethylhexyl) phosphoric acid (D2EHPA) is an organophosphorous extractant which is
commercially used to extract a number of ions. Its preferred application is for acidic, aqueous
metal salt solutions with pH values between 0.5 and 4.5 (Bayer, 1993:3). The structure of
D2EHPA is shown in Figure 2.3 (Danesi et al., 1985:438). During the modelling of the SLM
process the density and viscosity of the D2EHPA in mixtures of kerosene at different

temperatures are important, but this data was however not available in the literature.

C,H;s
CH,-CH-CH,0 0
NI
P
RN
|
C,H,

Fig. 2.3: Structure of D2EHPA

2.3.3 Solvent extraction with D2EHPA

The general extraction reaction of D2EHPA with ametal ion, M"*, can be seen in Equation 2.2
and takes into account that, in nonpolar solvents, D2EHPA occurs in the form of dimeric
molecules and that the electrically neutral metal complex MR, is, in addition, coordinatively
bound by electrically neutral D2EHPA molecules (Bayer, 1993:5).

General extraction reaction of D2EHPA:

ML +imBH Y, s~ nHy + ME,(EH|,, |, (2.2)
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with:  M™ : Metal ion in agueous phase.
(RH), : D2EHPA dimer in organic phase.
H* : Proton in agueous phase.

MR, (RH),,, : Organo-metallic complex in organic phase.
n : Number of protons released = valence of metal ion.

m : Total number of bound D2EHPA molecules.

The composition of the metal complex depends on the reaction conditions. At high metal
loadi ngs the metal ion will coordinate solely with D2EHPA ions (m=n) to give an electrically
neutral complex. Atlow metal |oadingsthe complex will additionally be solvated by el ectrically
neutral D2EHPA molecules, so that the total number of bound D2EHPA molecul es (m2) exceeds
the charge number (n) of the metal ion (Bayer, 1993:5). In addition to the extra D2EHPA

moleculesit isalso known that D2EHPA solubilises 5 to 6 water molecules (Kasaini, 2001:72).

A single-stage extraction processes can be described by means of distribution curves which
illustrate the dependence of the distribution equilibrium on the pH value or by an extraction
equilibrium constant K, :

(MR, (RE L, - [H ]

K, = 2.3
pe], (RE L] @3

=]

The above-mentioned equation doesnot involvetherateat which equilibriumisattained. It does
indicate that, when a reactant or product concentration is changed, the equilibrium will adjust
itself so asto keep K,

nm

. The distribution coefficient at equilibrium D = [MR (RH),,...], / [M""],,..

constant. Other ways to represent distribution equilibrium are:

. The percentage extraction %k~.

Different K, values for the Ni/D2EHPA system are found in the literature depending on the
aqueous phase and the diluent used. A summary of these values is given in Table 2.2. A
possiblereason for thislarge variation in valuesisthat the above-mentioned theory is dependent
on a number of assumptions. One of them is that the activity of the species is equd to the
concentration of the species. Some of the available percentage extraction versus pH graphs are

shownin Figures 2.4 & 2.5. Ascan be seen, the type of solution aswell asthe diluent, have an
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influence on the extraction characteristics.

Table 2.2: Extraction equilibrium constants for D2EH PA with nickel

i K25 K26
Agqueous phase Diluent (m3/kmol)°'5 (m3/kmo|) Reference
Dilute Watts rinse solution n-heptane 1.40x10* Juang & Jiang, 1995
Dilute Watts rinse solution kerosene 1.16x10° 5.81x10° Jiang, 1993
500 mol/m® (Na, H) SO, kerosene 1.38x10° 3.89x10° Huang & Tsai, 1989
300 mol/m® NH,NO, toluene 2.00x10°® Danesi et al., 1985
500 mol/m?® (Na, H) NO, n-heptane 4.50%107° Komasawa et al., 1981
500 mol/m® (Na, H) NO, toluene 1.20x10° | Komasawa et al., 1981
1000 mol/m® (Na, H) NO, | n-dodecaane 2.96x10° Grim & Kolarik, 1974
100
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Fig. 2.4: Extraction by D2EHPA in sulphate solution (Ritchey & Ashbrook, 1979:105)
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Fig. 2.5: Extraction of 20% D2EH PA with 10% isodecanol (Beyer, 2002:34)

2.4 Modelling of supported liquid membranes

Unlike solvent extraction, facilitated transport can be controlled by diffusion and/or chemical
reaction rates. The mass transport process is established by a combination of thediffusion 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 carrier-facilitated transport (Mulder, 1988:347).

A large number of process model s havebeen proposed and applied to SLMs(see Table 2.3, page
20 and 21), both in flat sheet and hollow fibre configuraions. Depending on the degree of
complexity of the process model, the mathematics used can obscure thedirect physica meaning
of the role that chemical, hydrodynamic and geometric parameters play, making it difficult to
clearly analyse the influence of changing theserelevant parameters and this led to a preference
for simplified models over the morecomplex process models. However, with the availability of
high-speed computers and the development of faster algorithms, numerical simulations can be

more readily performed, improving the usability of more complex process models (De Gyves &
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De San Miguel, 1999:2183, Juang, 1993:912, Vaenzuela et al., 2002:385, Zhang et al.,
2002:107, Juang & Huang, 2003:129).

In general, the modelling of supported liquid membranes is based on the permeation of metal

species across the SLM in six steps (Hofman, 1991:12; Elhassadi & Do, 1999:306; Juang,

1993:912; De Gyves & De San Miguel, 1999:2184):

1 Diffusion of the metal species(solute) fromthebulk feed through thefeedside boundary
layer to the feed side surface of the SLM.

2. Thereaction (or reactions) between the metal speciesand the extractant at the feed side
surface of the SLM.

3. Diffusion across the SLM by the extractant-metal complex (or complexes).

4. The chemical reaction between the extractant-metal complex and the strip solution on
the strip sde surface of the SLM.

5. Diffusion of the metal speciesfrom the strip side surfaceof the SLM, through the strip
boundary layer, into the bulk strip solution.

6. The extractant returns to the feed side of the membrane.

In addition to these steps the following two steps can also be included:

7. Diffusion of the extractant species across the aqueous boundary layers.

8. Chemical reaction of the metal-extractant complex with the extractant.

De Gyves and De San Miguel (1999) gave a good overview of existing process models which
are summarised in Table 2.3. It is noticeable that amost al the process models deal with the
application of Fick’sfirst law and therefore assumes steady-state transfer across the membrane.
Another problem with modelling is that different types of metal extraction mechanisms exist,
depending on the pH of the agueous phase, the distribution coefficients, acid dissociation

constant, extractant concentration, etc. (Freiser, 1988).

Chemical reactionstaking place simultaneously between the monomeric and dimeric species of
the extractant and the metal ion (Kanungo and Mohapatra, 1995) and/or the diffusion of both
extractant species in the membrane phase (Juang and Lee, 1996) have also been reported. In
these process model s the dimerisation constant is incorporated in the model as a new equation

to be solved.



Table 2.3: Process models for SLM transport

Authors

Steps incorporated
in model

Method of evaluation

Advantages

Restrictions

Cussler (1971)

Baker et al. (1977)

Danesi et al.
(1981),
Komasawa et al.
(1983)

Ibanez et al. (1989)

2-4,6,8

2-4

1-3

2-4,6

Calculation of the steady-state flux of
two solutes diffusing simultaneously
across a carrier-containing mem-
brane separating two well-stirred
solutions applying the continuity
equations for steady-state diffusion of
the solute, the metal-extractant
complex, and the extractant.

Application of Fick's first law for the
metal extractant complex in the
membrane with the assumption of
local equilibrium at the two interfaces.
Steady-state flux.

Incorporation of the kinetic mechanism
of metal extraction with Fick's first law
forthe diffusion of the metal-extractant
complex in the membrane.

Assumption of steady-state
concentration of the extractant
complex at both the source and
receiving interfaces, combined with
the mass balances of the metal ions
and the equilibrium constant. Uses
Fick's first law.

Analytical expressions for the fluxes
and the maximum concentration
difference were proposed. Equations
show the roles that diffusion,
facilitated diffusion, and pumping play.

Simple model. In its interval of vali-
dation the model correctly accounts
for the influence of pH, maximum
attainable concentration factor and
coupling effects.

Simple model; an analytical solution is
obtained.

Allows for the determination of the
equilibrium constantand the maximum
initial flux. Analytical solu-tions for the
metal concentrationin receiving phase
as a function time for different
conditions.

Boundary layer resistance is not
considered. Diffusion coefficients are
assumed constantand equalforallthe
species, partition coefficients are
assumed equal at both interfaces, and
uncoupled fluxes are considered.

Boundary layer resistance is not
considered; local equilibrium near the
membrane is assumed.

The simplifications inthe model do not
allow explicit analysis of the influence
of the driving force and calculation of
the maximum solute concentration
difference achievable. The model
doesn't apply with additional
resistances.

Boundary layer resistance is not
considered. Assumptions of equal
diffusivity of the chemical species,
steady-state concentrations and local
equilibrium near the membrane are
made.




Table 2.3: Process modelsfor SLM transport (Continue)

Steps incorporated

Authors . Method of evaluation Advantages Restrictions
in model

Kiani et al. (1984) The aquepusfilms and.the membrane [The approagh .is. s.imilar to_ the Mass transfer in the films is stationary
Prasad ef al. (198’6) pore. diffusion rgsmtapces gre treatmerjt of liquid-liquid extraction in|and of molecular ngture. .Th(.e
Prasad & Sirkar 1-8 com.blne-d as ao.ne-dlmen.smna.lsenes conventional solvent extractors. .concentrlatlons have a I|ne.§r p.roflle; .|t
(1987) of diffusion res!stances_ in WhIC.h the !s considered that egum-brlum is
Zha et al. (1995) metal transport is described b.y.5|mple !nstantaneously established at the

film-type mass transfer coefficients. interfaces.

Application of Fick's first law in|The metal ion flux can be estimated| Assumptions of steady-state and
Pluninshi & combination with .the governing rgte over.a.l broad range of experime.ntgl linear concentration gradients
Nitsch (1988), law for the chemical reaction taking|conditions. If all the chgracterlstlc throughout the membrane and the
Youn et al. (1995), 1-8 place between the m'etal and.the parameters.ar_e known, it leads to|aqueous boundary layers.
Daiminger of al. extractant._ The result!ng equations | correct predictions.
(1996) gre num_erlc.allys_olved simultaneously

in combination with the mass balance

equations.

Fick's second law is applied for the|The model accounts for non-|Diffusion through the membrane is

diffusion of the extractant species in|steady-state situations and predicts|considered to be rate-controlling; i.e.,
Hernandez-Cruz et the mgmbrang_, (?ombined with the|the goncentraFion prqfiles of the|diffusion of thg ion through the

2-4,6,8 extraction equilibrium constant at the [chemical species within the mem-|boundary layers is neglected.

al. (1998)

two interfaces and the aqueous
complex equilibrium constants.
Equations are numerically solved.

brane as a function of time, as well as
the concentration of the metal species
in the source of the receiving phase.
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2.5 Results of previous work done on extraction of nickel with SLM

A fair amount of work has been donein the past on the extraction of nickel with SLMsand even
with emulsion liguid membranes (ELMs). The origina work concentrated on the technical
feasability of the extraction process with different organic extractants. Although somework is
still done on the identification and evaluation of new extractants for the recovery of nickel, the
focus of most of the research in recent years has shifted to either the selective recovery of the
nickel from sol utions conta ning other ions, or tothe model ling of the extraction process. A more

detailed discussion of each of these fields will be given in this section.

Oneof thefirst articlesthat reported on the technical feasability of nickel extraction with SLMs
was by Cussler and Evans (1980:113) , who proved that nickel can be extracted usingaSLM or
ELM,with L1X-64N as extractant. The researchon supported liquid membranes duringthe next
couple of years was dominated by the research group of Pier Danesi, who also investigated the
extraction of nickel (Danesi, 1984-5:857). Therecovery of nickel, together with cobalt andiron,
from ores, concentrates and residues were extensively researched by Chiarizia and Castagnola
(1984:479) under avariety of extraction conditions. V erhaege et al. (1987:331), focusing on the
Watts nickel bath rinse solution, investigated the possibility of nickel recovery by static
membrane extraction. These first studies were typical exploratory studies with the focus on
possibleindustrial applications. The transfer of the technology from bench-scale to pilot plant
IS however very limited. A four-year project involved in the recycling of nickel from
electroplating baths and effluentswas started in 1998 on apilot plant with atotal membrane area
of 19 m? (Anon., 1998:4), but the results of this study were not found in the literature. Another
pilot plant, in a bicycle factory in Austria, uses Emulsion Liquid Membranes (ELM) for the
recovery of nickd with athroughput of 150 liter per hour (Rupert et al., 1988:1666).

In the ELM-process an emulsion (water-in-oil) of the membrane phase and the stripping phase
isprepared. Inthepermeation step, thisemulsionisdispersed in thewaste water phase. Theonly
difference between ELM and SLM isthat the liquid membrane (extractant) is an emulsion and
isnot immobilisedin amembrane. Rupert et al. (1988:1659) found that in this process harmful
substances can be separated from the wastewater and enriched by a factor of up to 1000 times
thefeed concentration. Themost important problemwith ELM isthe osmosiseffect. Thiseffect

causes water transport from the wastewater through the organic membrane phase into the strip



- Literature survey - 23

solution. Thisdilutesthe product and the volume of the srip may increase by more than 100%.
More recent work on the extraction of nickel with ELMs was done by Zhongmao et al.
(1990:170), Juang and Jiang (1995:163) and Kasaini et al. (1998:159).

Several researchers focused on the use of different extractants mixtures to obtain a synergistic
effect in the extraction process. Van de Voorde et al. (2004:16) tested different mictures
containing D2EHPA, LIX 84-I, LI1X 860-1, Cyanex 272 and Cyanex 302 and found the highest
flux with a mixture of 400 mol/m® D2EHPA together with 400 mol/m® L1X 84-l. Erlank
(1994:97) found that the addition of 18-crown-6-ether to D2EHPA increased the effective
extraction of nickel. Gegaer al. (2001:551) tested for the extraction of nickel and cobat with
D2EHPA, Cyanex® 272, 301 and 302 and found the best extraction with Cyanex® 301, but the
best separation between the nickel and cobalt was obtained with Cyanex® 302.

The researchers who investigate the selective extraction of nickel with SLMs usually focus on
the separation of cobalt from nickel (Matsuyamaet al., 1990:237; Juang, 1993:157; Younet al.,
1997:231; Gegaet al., 2001:551; Joeng et al., 2003:499), but studies have also been done on
the separation of nickel fromiron (Chiariziaet al., 1984.479; Gill et al., 2000:113) and copper
(Gill et al., 2000:113).

Guet al. (1986:129) found that SLM extraction can be enhanced by the addition of anion ligands
to thefeed solution. The ligand effects on SLM arerationalised 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. Themechanism of ligand-accel erated SLM extraction can beseenin Figure2.6. Gu
et al. (1986:131) suggested that the water molecules in the hexa-agueous nickel (1) complex,
which were inert kineticaly, were replaced by the ligand and the ligand-nickel (1) complex,
whichwaslabilekinetically, reacted quickly with the extractant, thusenhancingthereactionrate.
Furthermore, the organic ligand has a hydrophobic-hydrophilic molecular structure. Thisis
responsible for a surface-active property, wherethe ligand-meta complex tendsto populate the
agueous-organic interface more densely than the hydrated metal ions. Thisisfavourablefor the
SLM process. Gu et al. (1986:132) tested severd ligands and found that acetate gave the best

results and the optimum acetate concentration was 0.10 mol/dm?.
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Fig. 2.6: Mechanism of ligand accelerated SLM extraction

The process models that were proposed for the extraction of nicke vary from simple analitical
process models (Danesi, 1984-5:857; Van de Voorde et al., 2004:16) to more complex process
models that require computer software to solve the model (Juang, 1993:157; Youn et al.,
1997:231; Joeng et al., 2003:499) and even process mode s that consider the non-steady sate
behaviour of the liquid membrane (Herndndez-Cruz et al., 1998:265) and process models that
predict the selective extraction by the SLM process (Juang, 1993:157; Youn et al., 1997:231,
Joeng et al., 2003:499).

Juang (1993:158) was one of the first researchers to employ the use of computers to solve the
complex sysem of equations that describe the extraction of a multi-component system and he
found agood agreement between the processmodel and the experimental datafor the conditions
studied. The equilibrium datathat he used, however were derived for solutions with a constant
amount of sulphateions in the agueous phase, which gave rise to the suspicion that the ionic

speciesin the aqueous phase might have a significant influence on the extraction process.

Hernandez-Cruz et al. (1998:265) developed a process model for the permeation of nickel ions
from sul phate solutionsthrough supported liquid membranes. The experimental setup usestwo
membrane supportswith the liquid membranein-between. Thisresultinavery high capacitance
of the membrane, which forced Hernandez-Cruz et al. (1998:265) to use Fick’s second law to
describethe non-geady statetransport through themembrane. Jeong et al. (2003:499) devel oped
a process model for the transport of cobalt and cobalt-nickel mixtures through a Hollow-fiber
SLM. The process model mainly focused on the extraction of cobalt and on calculating the

concentration profiles along the tube-length.
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Once again the mai n shortcomings of these models were that the effect of temperature, activity

of the agueous species and aqueous speciation, were not incorporated into the process model.

A substantial amount of research on the extraction of nickel with membrane capsules was done
by the author (Smit & Koekemoer, 1996; Smit & Koekemoer, 1997). It was found that the
membrane capsules did not extract enough nickel to make it economicaly viablewithout reuse
of the capsules. Most of the variables in the extraction process were investigated and an
optimum extractant concentration of 60% (by volume) were found. No modelling was done on

the system.

2.6 Configurations for SLM extraction

One of themain goals of thisproject wasto built abench-scale SLM reactor/extractor. Different
contacting devicesor SLM reactors/extractors have been used in the past and a short description

of these reactors/extractors follows in this section.

2.6.1 The Flat-film contactor
With thisreactor/extractor (Figure2.7) the sealed feed and strip compartments are separated by
asuitably prepared SLM (Danesi, 1984:865, Shimidzu et al., 1981:171, Teramoto et al., 1993:3,
Buonomennaet al., 2002:259, Zhang et al., 2003:68). Extraction proceeds until "equilibrium”
(no further transport) is attained. The disadvantages of this reactor/extractor are:

. No possihility to influence the boundary layers by flow or agitation.

. No possibility of effecting addition/withdrawa of chemical species.

. No possibility of researching the influence of temperature as variable.

Theonly advantage the FFC hasisthe ease of assembly, its cost effectiveness and the possibility

of obtaining very rudimentary indicative"Y es/No" results.

2.6.2 The Multi-cell contactor (MCC)

This design endeavours to obviate the main disadvantages of the FFC viz. the single extraction
result. The MCC isaflow-through variation of multiple FFC's (Baker et al., 1977:220). From
the schematic presentation (Figure 2.8) it is evident that each of four windows could effect a

different strip solution and/or adifferent SLM exposed to either adifferent feed solution or the
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same feed solution. Any number of permutations and combinations is possible, which renders
thisreactor/extractor very flexible and able to give quick results to scan the extraction potential
for a specific species (Sarangi & Das, 2003:3). Dueto the MCC’s small size no direct heating
can be done, but heating, dosing and measurements can be done in the containers feeding the
MCC.

Feed
Compartment

Strip
Compartment

> Feed circulation
trip circulation

Supported Liquid Membrane

Fig. 2.7: Flat-film contactor (FFC)

FEED OUT FEED IN

STRIP 1IN —— STRIP 2 IN STRIP 3 IN STRIP 4 IN

STRIP 1 OUT STRIP 2 OUT | STRIP 3 OUT STRIP 4 OUT

Fig. 2.8: Multi-cell contactor (M CC)
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2.6.3 Hydrodynamically characterised contactor (HCC)

Experimentation with the HCC enabl esthe meti cul ous eval uation of opti mised transport through
the membrane at various temperatures and with the possibility to add and withdraw chemicals
duringthe experiment (Danesi et al.,1987:122, Lambet al., 1988:18, Loiaconoet al., 1986:125,
Ishizu et al., 2003:213). With the variable agitation facility the boundary effects at the
agueous/membrane interfaces can be minimised and kept constant. These attributes render the
HCC apowerful and accurate piece of equipment for studying transfer phenomenaduring SLM

extraction. A diagram of a HCC can be seen in Figure 2.9.
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Fig. 2.9: Hydrodynamically characterised contactor (HCC)

2.6.4 The Slurry-flow contactor (SFC)

This configuration is a special reactor/extractor which was developed to demonstrate the
possibility of extractionfromaslurryinto aslurry (Smit, 1994:29). Thisconfigurationillustrates
thedirect extraction of achemical speciesfrom an unclarifiedleach slurry (= 5- 10%solids) into
astrip solution in which the extracted speci es precipitate and thus constitute a strip durry. Itis
firstly interesting to note that for hydrometallurgica applications the need for a very well
clarified feed solution to aliquid-liquid extraction process can now be obviated. It issecondly
alsoimportant to realise that by precipitating the extracted chemical speciesinthe strip solution,
it isremoved from any chemica equilibrium reaction, thereby effecting the maximum possible
yield of reagent to product. Thirdly, it was fount that, by flowing these slurries past the

membrane, the two aqueous boundary layers are minimised and become almost completey
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non-existent. A diagram of an SFC can be seenin Figure 2.10.
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Fig. 2.10: Slurry-flow contactor (SFC)

2.6.5 Spiral-type flowing liquid membrane

This type of reactor/extractor was used by Matsuyama et al. (1990:237) and Ketzinel et al.
(1976:525). Inthistype of reactor/extractor aliquid membrane solution containing an extractant
flowsin athin channel between two hydrophobic microporous membranes which separate the
membrane solution from the feed and strip solutions. A schematic diagram of the spiral type

flowing membrane reactor/extractor is shown in Fgure 2.11.

Heavy metal ionswere successfully recovered and concentrated from dilute solutions with this
type of reactor/extractor. 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 sdectivity

can only be accomplished by this type of reactor/extractor.

2.6.6 Double membrane contactor
In this reactor/extractor two sets of microporous hydrophobic membranes are used. The

extractant solution is placed between the two membranesand is usudly recyded (Guha, et al.,
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Schematic diagram

Membrane

=zzzzz Channel of feed solution

Channel of strip solution
— Channel of organic membrane solution

Fig. 2.11: Spiral-type flowing liquid membrane

1995:1999, Schlosser & Rothova, 1994.:766, Sengupta, et al., 1988:1699, Agrawal, 2002:876).
The advantage of this reactor/extractor is that the problem of membrane stability is greatly
reduced (possibly even eliminated). The disadvantageisthat diffusion hasto take place across
two membranes and since this step is usually rate limiting, this can hdf the flux. The extra
extractant also leads to amuch larger membrane capacity and steady state conditions take much

longer to reach.

2.6.7 Capsule membrane extraction (CME)

All of the above-mentioned reactor/extractor configurations (reactors/extractors) have the
singular 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 (Koekemoer, 1996:95, Verhaege et al.,
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1987:332) Theextractant issupported inthe membrane skin andthe capsuleissubmergedinthe
feed solution. The CME configuration has the additional advantage that a very high acid
concentration can be used in the strip solution without the risk of high corrosion. If the capsules
are saturated in the reticul ation system, tank or dam they can be retrieved by straining, followed
by regeneration. The disadvantage of this configuration is that the capsules have to be broken
to removethe strip solution. The processwill therefore only be cost effectiveif the value of the
metal extracted is substantially higher than the cost of the capsule. Thisis not the case for the
extraction of nickel (Koekemoer, 1996:95)

2.6.8 Tubular membrane reactors

Another popular membrane configuration is the use of several membrane tubes or hollow fine
fibresin asingle configuration (Danesi, 1984:231, Dworzak & Naser, 1987:681, Kubaczka, et
al., 1998:906, Loiacono et al. 1986:126, Peretti et al., 2001:193, Juang & Huang, 2003:129).
These modules are usualy “off the shelf” microfiltration modules and are not designed for
supported liquid membranes. The significance of thisisthat the flow of the agueous mediumin
microfiltration is through the membrane, while in supported liquid membranes, the flow is

parallel to the membrane.

2.7 Applications in the industry

2.7.1 Introduction

The initial motivation for this project was to investigate an alternative to recover nickel from
effluentsthat originatefromthenickel plating industry. Itisthereforeappropriateto takeacloser
look at therequirementsfor effluent treatment in the South African context and the nickel plating
processitsalf. Faneet al. (1992:5) outlined therequirementsfor metal recovery fromwastewater,
with particular referenceto dectroplating. Thetechnical featuresof nanofiltration, ultrafiltration
and supported liquid membranes were described. They found that a limitation of SLM is the
need to avoid phase leakage. Anadvantage of SLM isthe high selectivity of the process. Fane
et 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.
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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 contaminantsare chemical specieswith either nuisancevalue or otherwisewith
widely variable economic value. The basic needs for water recovery in industry and the
environment are therefore contained in the foll owing:

1. To demineralise effluents containing va uable metal swith its associated cost incentive

asthe driving force.

2. To demineralise effluents containing nuisance metals to foster sustainable ecol ogical
development.
3. To decontaminate effluent of other chemica species having obnoxious, deleterious

and/or hazardous effects in the ecology.
The extraction of nickel from electroplating wastewater is a classic example where the process

can both be economically and environmentally justifiable.

2.7.2 Nickel plating

Nickel plating is by far the most important electroplating process (Anon., 1970:684), since a
sufficiently thick coaing of nickel protectsiron and steel from rusting. Nickel is plated either
by an electroplating process or by electroless nickel plating. Soon after the metal became
commercialy available, in about 1870, nickel plating became popular for the protection and
embellishment of harness partsand bicycle parts. Subsequently it wasused for dl kindsof metal
articles. Itsuse was further stimulated by the advent of the motor car, particularly after 1930.
Out of thetotal consumption inthe UK in 1965 of 36 300 tonsof nickel it isestimated that about

5 000 tons (one seventh) was used in electroplating.

The most common type of electroplating solution for nickel can be seen in Table 2.4 (Anon.,
1970:684) and is known as the Watts solution. The rate of deposition is between 0.0008 and
0.0053 in/h (0.0203 - 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 3to 7 V. The solution is almost
saturated with nickel saltsin order to have the maximum amount of nickel ions available and to

achieve ahigh current density.
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In nickel plating, maintenance of asteady, but very slight acidity ismost important. Satisfactory
nickel plating can only be obtained inthe pH range 3.0to 6.1, but in practice amuch closer range
ismaintained (pH 5.2t0 5.8). Thefirst step in the plating process (Anon., 1970:685) isto attach
the articles to be plated to wiresor jigs. Thewiresor jigs are hung on acentrd metal rod at the
top of the tanks. The articles are then placed in a tank with hot alkaline degreasing solution
(Figure 2.12 A). The degreasing action is sometimes assisted by an dectric current. After
degreasing, the articlesare rinsed in a steel rinse tank (Figure 2.12 C), with flowing cold water.
Thearticlesare placed in alead lined tank containing cold diluteacid, to etch the articleslightly
(Figure 2.12 B).

Table 2.4: Composition and properties of a Watts nickel bath

Nickel sulphate (NiSO,.7H,0) 250 g/l
Nickel chloride (NiCl,.6H,0) 37.5 g/l
Boric acid (H;BO,) 25 g/l
Acidity (pH) 3.0-5.8
Temperature 35-65°C
Current density 1.39 - 9.29 A/m?

The articles are placed in the nickel plating tank (Figure 2.12 D). The nickel plating solutionis
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 °Cisusual, but because faster electroplating can
be achieved at higher temperatures, the baths are often operated & 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.

Thetank is provided with a central metal rod at the top, from which the articles hang. Thisrod
is 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 areconnected to the positive side of the current
supply. The nickel anodes hang on these rods by metal hooks. Nicke anodes are usually cast
from metal contai ning oxide and other trace elementstofacilitatetheir dissolution. Nickel tends
to release tiny metallic fragmentsinto the solution asit dissolves. If these particles should settle
on the articles being plated, arough deposit would result. The anodes are therefore enclosed in
heavy cotton twill bags. The nickel plating solution is also filtered, either continuously or

intermittently.
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Fig. 2.12: Schematic representation of a simple plating plant

After the predetermined period of el ectroplating, theracksof wirescarrying thearticlesarelifted

out of the plating tank, thoroughly rinsed in running water to avoid stains (Figure 2.12 E) and
then dried, usually in a current of warm air.

Many other types of nicke plating baths have been advocated, mostly based on nickel sulphate,
although nickel chloride and nickel sulphate baths can be worked more quickly (Anon.,
1970:689). With the nickel sulphate processthe ENPB (electrolessnickel plating bath) initially
contains 7 g/dm? nickel (Smit, 1994:58). When the bath is operated for such a period that the
nickel is depleted to + 1 - 3 g/dm? the nickel sulphate is replenished by addition. The number
of times such abath can “work out” the nickel is called the number of metal turnovers (MTO).
Currently a bath can be operated for about 5 - 10 metal turnovers before anew ENPB hasto be
used. The number of metal turnoversis an indication of the bath’s useful life. The higher the
MTOQO's are, the less effluent (spent bath) must be discharged.

2.7.3 Waste treatment

During the final rinsing step, valuable nickel plating solution inevitably adheres to the parts or
is trapped in recesses. This is called “drag-out” (Anon., 1970:689). In the nickel sulphate
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electroplating process “drag-out” aso occurs, but thereis 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 seenin Table 2.5 (Smit, 1994.60).

It is evident that nickd effluent sources are of two kinds, namely the “drag out”, which result
fromrinsing, aswell asnickel to berecovered from* spent” bathsinwhich nomoreM TO's could

be attained.

Table 2.5: Analysisof a spent ENPB

Species Concentrsation
(g/dm~)
HPO,” 97.98
H,PO, 24.10
HAC 98.20
LAC 95.77
NiZ 7.00

Operating conditions
Temperature: 90 °C
pH: 4.2 - 45

2.8 Conclusions

The following conclusions can be made from this literature review:

. Supported liquid membranes are a further development of liquid-liquid extraction and
has the following advanteges:
. It circumvents the problems of poor phase separation and solvent entrainment.
. Good separation and selectivity can be obtained.
. The process can handle slurries.

. No commercial applicationsfor SLMswere found in the literature. Possible reasonsfor
the resigance for this technology to be applied in anindustrid applicationis:
. Low gability of SLMs

. Low metal fluxes
. Osmosis through membranes
. Relative high cost of membranes
. The extraction mechanism is a combination of extraction equilibrium and diffusion.
. Although a large number of process models have been applied to SLM, they tend to

make assumptions to simplify the system and to get analytical solutions for the process
model. The process model usually concentrates on certain aspects of the extraction
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process and there is a need for a process model which takes cognisance of al the
variablesinvolved in the SLM process.

The most important variables in the SLM process are the extractant concentration, the
pH of the feed and strip solutions, the agqueous phase composition, the metal ion
concentrations of the feed and strip solutions and temperature.

Di-(2-ethylhexyl) phosphoric acid (D2EHPA) is an organophosphorous extractant and
can bind coordinativey in different formswith metal ions. The equilibrium constant for
the nickel-D2EHPA system isvery sensitive and alarge range of valuesisgiven for the
equilibrium constant(s) in the literature.

Noliteraturereferencewasfound that describesthetemperature dependence or the effect
of ion speciation on the nickel-D2EHPA system.

Different reactor/extractor configurations are available for SLMs. The disadvantage of
most flat sheet membrane reactorsisalow membrane areato reactor volumeratio. The
problem with most of the tubular membrane reactors/extractors is that they are not
designed for SLM, but for microfiltration and this results in unequal flow distributions
between the feed and strip solutions.
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Chapter 3

Development of bench
scal e reactor/extractor

“Unless you try to do something beyond what you have
already mastered, you will never grow.” - Ronald E. Osborn

3.1 Introduction

The development of a new technology from the original ideato a full-scale industrial factory

usually takes the following path:

1.

o > 0 DN

The conceptual ideais formed.

Laboratory tests are done to test the technical feasibility of the idea.

A bench-scale reactor is built to test the techno-economic feasibility of theidea.
A pilot plant is built and the final troubleshooting and upscaling is done.
Thefind plant is designed and built.

In recent years, with the dramatic advances in computer simulation software, step 4 is often

replaced (if possible) by computer smulation beforethe find plant isbuilt. The motivation for

building a bench-scal e reactor/extractor is the following:

1.

The reactor/extractor is built according to a process flow diagram that will closely
resemblean industrial application andthetechnical feasibility of the process, rather than
just the technical feasibility of the scientific phenomenon is determined.

With the building of the bench-scale reactor/extractor, possible construction and
operating pitfalls can be identified.

The bench-scale reactor/extractor is used to generate production data and this data can
be used to develop acomputer ssmulation of the process. The simulation will then take
cognisance of variables that are important from both a scientific as well as an
engineering point of view.

The bench-scalereactor will give agood idea of the scientific feasibility of the process,
as well as a first indication of the economic feasibility of a possible industrial

application.
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A schematic diagram of the stepsinvolved in devel oping the bench-scal e apparatus in this study
can be seen in Figure 3.1 (Coulson & Richardson, 1983:8). The design and development

procedureisaniterative procedureand inthissection, only thefinal iterationisdiscussed for each

step.

3.2 Equipment

To give aredlistic size to the reactor the design specification was defined asfollows. The SLM
reactor/extractor should extract 60% of the nickel in a 100 mg/litre solution with aflow rate of
10 litres/hr at optimum conditions. The requirement for the extraction of nickel from low
concentration effluent streams would usually be much higher than the above-mentioned
specification, but the experimental apparatus should also give enough leeway to investigate all
the variablesthat wereimportant inthe extraction process. A secondary design specification was

that a single experiment should take less than two hours to compl ete.

3.2.1 Membrane selection

The support for the supported liquid membrane is usually a commercial microfiltration
membrane. This membrane should have the following properties (Gill ez al., 2000:114):

Thin membrane wall.

High porosity.

The membrane should be fairly flexible, yet have good mechanical strength.

Good chemical resistance.

Small pore size.

High hydrophabicity.

N o g M w DN PRF

Low cost.

After ascreening process, in which different hydrophobictubular microfiltration membraneswere
evaluated, it was decided to usethe Accurel® PP Q3/2 membranes (seeFig. 3.2) Theproperties

of this membrane can be seenin Table 3.1.



- Development of bench-scale reactor/extractor -

39

Froject specification
Material & Energy balances
Freliminary equipment selection
Preliminary flow diagrams
- Chapter 3.2 -

Freliminary cost estimation
Authorisation of fund s

Equipment design
Material selection
- Chapter 3.2 -

Feactar design
- Chapter3.2.2 -

Instrument selection
& design
- Chapter3.2.3 -

Pump selection
Chapter 3.2.3 -

Frocess control design
- Chapter3.2.4 -

Final cost estirmation

Capital autharisation

Final flow diagrams
- Chapter3.3 -

Yessel design
- Chapter 3.2.3 -

Furchasing / procurement
& construction

~

Liilities selection

& design
- Chapter3.2.3 -

Fig. 3.1: Development procedure for bench-scale apparatus

Testing
- Chapter 3.5 -

Fig. 3.2: Accurel® PP Q3/2 membrane. Membrane tube on left and magnification of membrane on right
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Table 3.1: Properties of Accurel® PP
Q3/2 membrane

Pore size
nominal 0.2 um
maximum 0.65 um
Inside diameter 600 uym
W all thickness 200 um
Burst pressure 10 bar
Porosity 55 %

3.2.2 Reactor/extractor design

Different reactor/extractor configurations are available for supported liquid membranes, as
discussed in Section 2.6. 1t was decided to use atubular membrane module. Thismodule usethe
same design method that is currently being used for the design of heat exchangers. The main

reasons for using thistype of reactor/extractor configuration are the following:

1. Ease of construction.
2. The membranes can be replaced if necessary.
3. All therelevant variableswhich influencethe process can be easily measured or derived

from measurements.

4. Relative low cost of construction.

From previous experiments it was shown that, at optimum extraction conditions, an extraction
of 1.25 mg/nscould beexpected (Smit & Koekemoer, 1997:344). The design specification for
thereactor wasthat the reactor/extractor must extract 60% of the nickel ina100mg/litre solution
with aflow rate of 10 litres’hr at optimum conditions. This meansthat at a nickel flux of 1.25
mg/m?s, the minimum membrane area should be 0.133 m”>. A membrane length of 300mm
requiresthat there should be a least 142 membranesin thereactor/extractor. Thefinal designis
summarised in Table 3.2 and a schematic diagram of the reactor/extractor and an endplate can be
seen in Figures 3.3 and 3.4 (page 42). In the final design 159 membranes were used, so the

reactor/extractor was overdesigned by 12%.
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Table 3.2: Reactor/extractor design specifications

Number of tubes 159
Configuration 1 tube-pass and 3 shell-passes
Bundle diameter 35.7 mm

Shell diameter 40 mm

Tube pitch 2 mm square

LT qf Polypropylene
construction

There are three bafflesin the shell. The tubes are sealed into the end-pieces on the tube-bundle
with aresin and thetube-bundleisin turn sealed inside the shell, by means of o-rings. Thereare
two parametersthat are important for the design of the reactor/extractor. Thefirst isthe amount
of nickel tha can be adsorbed into the membranes (i.e. the capacity of the membranes). The
membrane support can hold 13.2 ml of liquid membrane and if a 1200 mol/m?* D2EHPA solution
is used, it can hold a maximum of 198 mg nickel (according to the equilibrium determined in
section 4.3), if the agueous solution hasanickel concentration of 60 mg/l with apH of 4.0. If this
Is compared to the total nickel in the aqueous solution, it meansthat 15.7% of the nickel can be
stored in the membrane. It was however found that the actual nickel concentration absorbed in
the membrane during the experiment is much less (see Section 5.6). The other important
parameter isthetimeit will take for the metal-organic complex to diffuse through the membrane
(breakthrough time). The average breakthrough time (#,) can be calculaed with the following
equation (Bird et al. 1960:126):

52
by =

= (3.1)
16 D

Where D, isthe effective diffusion coefficient as estimated by the Wilke-Chang estimation and
6 isthe membrane thickness. The breakthrough time was estimated to be 3.7 minutes, which is
relatively fast, if it is considered that the time needed to reach steady state conditions in an

experiment was 2 hours.
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159 tubes
2 mm square pitch
endpiece sealed
with resin

Fig. 3.3: Shell-side layout of reactor/extractor
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Fig. 3.4: Tube layout of reactor/extractor
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3.2.3 Other equipment
A list of the other equipment used and the specification of the equipment canbe seenin Table 3.3

(page 45).

3.2.4 Process control

The temperature of the feed and strip solutions as well as the pH of the feed solution was
controlled, using Adam™ control blocks in combination with the VisiDAQ software package.
The flow through the reactor was controlled manually. The temperatures of the feed and strip
solutionswere controlled with acascade control system, with the master control loop controlling
the temperature of the bulk solution as it entered the reactor by changing the setpoint of the
controller for the temperature near the heating elements. A normal Pl-controller was used to

control the pH.

3.3 Flow diagram

Theflow diagram for the reactor/extractor system can be seen in Figure 3.5. The feed and strip
solutions are kept in 0.021 mé tanks and are then fed to tank TO1 (feed) and tank TO2 (strip). The
temperature of the feed- and strip solutions is controlled in the tanks using a cascaded control
sysem. The pH of the feed solution is aso adjusted in the feed tank using an automatic titrator.
The feed and strip solutions are pumped to the reactor/extractor (RO1), where the extraction
occurs. The feed and strip solutions (also known as the raffinate and extract) are then recycled
to TO1 and TO2 respectively. The flow of the feed and strip solutions through the reactor is
controlled with valves and adirect recycle stream on each tank. Photographs of the bench-scae

apparatus can be seen in Figures 3.6 - 3.9.
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Fig. 3.5: Flow diagram of bench-scale apparatus




Table 3.3: Equipment list for process flow diagram

Egﬁﬁ?:rm Type of equipment Name and model of equipment Specifications of equipment
FI01, FIO2 Flowmeters Two Krohne H250 C M9 rotameters Measurement range = 63 - 630 I/hr
HCO01, HCO02 Utility - Two 1.5 kW electrical elements

. . Maximum flow rate = 1590 I/hr
P01, PO2 Recycle pumps Clj)rls-l:armer E-75225-15 magnetic drive AP (maximum) = 21.1 m
pump Operating temperature = 0 - 90 °C
. . Maximum flow rate = 28.8 I/hr
P03, P04 Feed pumps Masterflex L/S 07520-40 peristaltic pumps Operating temperature = 0-90 °C
RO1 Reactor/extractor - See Table 3.2
. Volume (feed)' =51
TO1, TO2 Feed and strip recycle tanks - Volume (strip) = 4.1 |
T03, TO4 Feed and strip tanks - Volume = 21 |
TCO01, TCO02 Temperature measurement and control Type “J” thermocouples e e E SR e
controller
Control reactor/extractor inlet temperature.
TICO1, TIC02 | Temperature measurement and control Type “J” thermocouples Cascaded onto TCO1 & TCO02. Output is
displayed on control computer
Vo1, VO3 Control valves for recycle flow through : Globe valves
reactor/extractor.
V02, V04 Valves in direct recycle to TO1 and T02 - Ball valves
XIC01 pH measurement and control Metrohm 691 pH-meter
101 Sodium hydroxide titration Metrohm dosimat 715 titrater Syringe size = 20 ml

Accuracy = 0.001 ml

Thetotal volume (including the reactor volume and liquid holdup in the pipes)
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Fig. 3.6: Photograph of experimental setup, including control equipment
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Fig. 3.7: Photograph of pH-meter, titrator and feed recycle tank
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Fig. 3.9: Top view of experimental apparatus
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3.4 Operating procedure

Inanindustrial plant theaim of the startup procedureisusually to achieve steady state conditions.
In this thesis however, startup refers to the procedure that was followed in preparation for the
point where measuring commenced. The operating procedure continued from the startup to the
point wheresteady stateconditionswereobta ned and wasthendirectly followed by the shutdown
procedure. Thetotal procedure wasdesigned inaway that the measurementswould give accurate
resultswith no contamination from previous experimentsand inaway that the experimentswere
safe and efficient. A more comprehensive description of the operating procedure for the bench-

scale apparatus can be seen in Appendix B.2.

The supported liquid membrane was prepared by disconnecting the reactor from the bench-scale
experimental apparatus and filling it with the membrane solution (D2EHPA dissolved in
kerosene) and leaving it for aminimum period of 30 minutes. The feed and shell side was then
flushed with distilled water for 10 minuteseach, to remove any excess membrane solution. This
procedure was done once a day or after every two experiments (if more than two experiments

were done on a day) to regenerate the liquid membrane.

3.5 Testing of bench-scale experimental apparatus

The main purpose during the testing phase of the bench-scal e apparatuswas to make sure that it

could be used for the experiments. These experiments mainly focused on the following

guestions.
. Does al the equipment work as specified?
. Do the controllers work?
. Do the experiments result in reliable data (can the mass balance be reconciled)?
. |'s steady state reached within a reasonable time?

To accomplish this, a number of experiments were done and the results showed that the
equipment did indeed perform as specified. The controllersworkedwell (asdiscussedin Section
3.2.4). The flux through the membrane can be calculated from a dynamic mass balance over
either the feed side or the strip Sde of the experimental apparatus (see Equation 5.1 and 5.2 in
Section 5.3). If the nickel concentration of the feed and strip solutions are measured and used to
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calculae the flux through the membrane it should, therefore, givethe sameresults. To test this
an experiment was done under the following conditions

. Nickel feed concentration = 60.4 mg/I

. Nickel strip concentration = 59.5 mg/I

. Setpoint for pH controller = 4.0

. pH of strip solution = 0.99

. Setpoint for temperature controller =50 °C

. Recycle flow rate for feed solution 300 I/hr.

. Recycle flow rate for strip solution 300 I/hr.

. Extractant concentration = 1200 mol/m®.

Theresultsof the experiment can be seen in Figure 3.10. The difference between the calculation
of the feed and strip solutions can be attributed to inaccuracy in the measurement of the nickel
concentration of the feed and strip tanks. The results are satisfactory and there is a 98.2%
correlation between the flux calculated with the feed solution and the flux calculated with the
strip solution. This experiment also shows that the results reach steady state values at about 120

minutes.
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Fig. 3.10: Results of test experiment with [Ni]; = 60.4 mg/l, [Ni]g = 59.5 mg/l,
pH,, = 4.00, pH, = 0.99, F,= F =300 l/hr, T =50 °C & [RH]y,,, = 1200 mol/m3. @:
Flux calculated from feed. B : Flux calculated from strip.
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Chapter 4

Determination of
physical and chemical data

“Perfect as the wing of a bird may be, it will never enable
the bird to fly if unsupported by the air. Facts are the air of
science. Without them a man of science can never rise.” -
Ivan Pavlov

4.1 Introduction

The determination of the physical data that was needed for the modelling of the process is
discussed in thischapter. The development of software to determine the aqueous speciation that
occursunder different conditionsgreatly improved the understanding of agueous systemsand one
such program was used to investigate the nickel/sulphuric acid/water system. One of the
important stepsin the supported liquid extraction processisthe reaction of the metal ion (nicke)
with the organic extractant to form metal-extractant complexes. In Section 4.3 thisequilibrium
reaction isinvestigated and it is one of the critical parts of the process model as discussed in
Chapter 5. Currently thereisequilibrium dataavailable for the Ni-D2EHPA system, but it isfor
ambient temperature conditions and the val ues obtained by different researchersdiffer toalarge
extent (1.20x10° - 1.40x10” m*/mol, see Section 2.3.3). It was hoped that the use of agqueous
speciation would increase the experimental range over which the derived equilibrium constant
would be valid. A unique focus of this investigation was to investigate the influence of
temperature. Itisgenerally accepted that the temperature dependence of highly selective organic
extractants isinsignificant (Kasaini, 2003; Rockman et al., 1995:2455), but it was important to
confirmthis, asmog of the SLM experimentsweredoneat el evated temperatures. Theextraction
of zinc was adso investigated to see if the same philosophy could be used to develop an

equilibrium model for the extraction of zinc, than was used for the Ni/D2EHPA system.

4.2 Aqueous speciation

OLIAnalyzer (produced by OLI systems Inc.) is a state-of-the-art and very comprehensive

thermodynamic packagefor the simulation of aqueoussolutions. The predictivemodelling of the
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extraction equilibrium constants requiresthat the system befully speciated. Thiswill also allow
for smoother extrapolation of experimental data. The program uses an aqueous model together
with aknown database of known thermodynamic propertiesto predict the distribution of species
and is unique because it can predictively model the chemical speciation of a wide range of
chemicdsinwater a almost any temperature and pressureof interest. Thethermodynamic model
also considers(and accurately predicts) phasebehaviour (VLE, SLE and LLE), reactionsbetween
chemicds, solidformation, pH, theionic composition and speciation of agiven chemica mixture.
All these properties make OLIAnalyzer avauable tool for studying any water chemistry and all
the values reported in this section were cal culaed with the OLIAnayzer program, except where
indi cated to the contrary.

4.2.1 True species in aqueous phase

During experimentation the sol utionswere made up using nickel sulphate hexahydrate, sulphuric
acid and pH control was achieved by adding sodium hydroxide to the raffinate recyde solution.
The nickel concentrations measured during the AA analysis are the total nickel concentration of
the solution, but actually the solution consists of many different ionic species. Table 4.1 gives
alist of properties, including all the species (and the concentration of these species) of asolution
that was made up of 0.5 mol/m? nickel(11) sulphate hexahydrate and 0.3 mol/m? sulphuric acid
at atemperature of 50 °C and a pressure of 101.3 kPa. It isclear that the nickel in the solution
is mainly present in two forms, namely as Ni** ions and a neutral dissolved NiSO, complex.
Under the above-mentioned conditions about 13% of the nickel is in the form of the neutral
NiSO, complex. Another interesting fact is that the activity coefficient of the Ni** is about 0.8
and it can, therefore, clearly not be assumed that the concentration of the aqueous speciesin the
equilibrium studiesisequal tothe activity of the species. Inthe subsegquent sectionstheinfluence

of different process conditions on the solution properties will be investigated.

4.2.2 Dominant nickel species

Thetwo dominant nickel speciesin the aqueous solutionisNi?" and NiSO, (aqueous). Theeffect
of pH, temperature, total nickel concentration and sodium sulphate concentration on the
distribution between the two species can be seen in Figures 4.1 to 4.4 (page 55-56). The

distribution between the two species was determined by the following equilibrium reaction:
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Ni**, + 80,7, == MiS0,),, (4)
Table 4.1: Properties of a stream at 50°C and 101.3 kPa

Property Value Units
pH 3.29 -
lonic strength 2.527-10° | mol/kg H,O
Osmotic pressure 3.982 kPa
Viscosity 5.477-10* N-s/m?
True species concentration

H,SO, 9.386:107°

Ni(OH), 1.660-10™2

NiSO, 6.341-10

S0, 1.781-10™"°

HSO,*! 5.742:10% 3

H*t 5.353.10° | Mo/m

OH™* 1.099-10°%

Ni*? 4.306-10

NiOH* 4.922-10

Ni(OH),* 7.168:107%°

s0,? 6.695-10
Species activity coefficients

HSO,* 0.9441

H* 0.9430

OH* 0.9427

Ni*? 0.7915

Ni(OH), - Aq 1.0002

NiOH™ 0.9428 i

NiSO, - Aq 1.0002

Ni(OH),* 0.9439

S0,2 0.7910

S0, - Aq 1.0002

H,SO, - Aq 1.0002
Species self diffusivities

HSO04* 2.299-10%

H* 1.322:10%

OH™* 7.937:10

Ni*? 1.240-10%

Ni(OH), - Aq 1.240-10% 2

NiOH ™ 1.238-10°° ms

NiSO, - Aq 1.137-10

Ni(OH),* 1.235-10%

S0,* 1.833:10%

S0, - Aq 1.908-10"°

H,SO, - Aq 1.838-10

If the sulphate concentration in the solution is increased the equilibrium will shift totheright in
accordancewithLeChatelier sprinciple. ThepH of thesolutionisdecreased by adding sulphuric
acid and the added effect isanincrease of sulphateionsand thisexplainsthe decreasein Ni** ions
asthepH isdecreased. A deviation from thistrend occurs below apH of 1.5 and can beattributed
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to the dramatic decrease in the activity of the Ni** species (see Section 4.2.3). It isimportant to
remember that the equilibrium is determined by the activity of the species and not the

concentration:

Al MIE0, |
Ko, = - i “‘?2 = 0.208 m”’ /mol (4.2)
gl N1 M-I S »

Another effect that contributesto this phenomenonisthefact that the sulphate ions al so take part
in the following dissociation reaction:

HSO ;,, =—=H} +801, 43)
Below apH of 1.5 most of the sulphates that are added to the solution arein the HSO, form (see
Figure 4.5) and this means that the decrease in the Ni** activity exceeds the increase in sulphate

concentration and the equilibrium in Equation 4.1 moves to the right.

The equilibrium constants are dependent on temperature as given by Van't Hoff’s equation
(Atkins, 1990:219):
| A5 [1 1
= | —— (4.4
Ko R T Tg

In

Itisclear from Figure 4.2 that the reaction (Equation 4.1) is an endothermic reaction.

A sodium hydroxide solution was used for pH control in the experiments and this led to the

formation of sodium sulphate which forced the reaction to the right as seen in Figure 4.4.
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4.2.3 Activities of aqueous species

The activity of non-electrolytes can be approximated by the solution molalities (Atkins
1990:249). However, inionic solutions, theinteractions between ions are so strong that we can
make this approximation only in very dilute solutions. Usually it can be assumed that the
molality is equal to the activity if the concentration of the electrolyte is less than 1 mol/m?, but
for Ni** the activity deviates from the molality at an even lower concentration (see Figure 4.6).
Theactivity coefficient (y) of anion depends on the composition, concentration and temperature
of the aqueous solution (Atkins, 1990:249). The composition of the solution hasan influence on
the activity coefficient since cations have the tendency to be attracted by anions. Thefact that the
cations and anions are so co-dependent in a solution led to the introduction of a mean activity
coefficient, asthereis no way of disentangling the activity coefficients of the cations and anions
experimentally. (It can however be done theoretically with the use of computer programs such
as OLIAnalyzer):

1
vy =yl p2)H (45
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Where v, is the mean activity coefficient, v, is the activity coefficient of the cation, y_ is the
activity coefficient of the anionin asolution of p cationsand g anions. The extended Debeye-
Huckel law (Atkens, 1990:251) givesthe relationship between the mean activity coefficient and

the ionic concentrations:
— Apgr - |Z+ 'Z—|' JT
=132 11

Inty, =

Where / istheionic strength of the solution, z isthe charge number of anionand 4,,,, and B,,,, are
constants. 4, is equal to 0.509 kg®*/mol®® for agueous solutions at 25°C. In genera 4,
depends on the relative permittivity and the temperature. B, can beinterpreted as a measure of
the closest approach of theions. It is clear from the discussion above that the concentration of
the nickel in solution, the pH of the solution, temperature and sodium sulfate concentration will

have an effect on the activity coefficient of the Ni?* species as can be seen in Figures 4.6-4.9.
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4.2.4 Self diffusivities of aqueous species

As with the activity of ionic species, there is no way of experimentaly disentangling the
diffusivities of the cations and anions in a solution. Nerst developed the first equation for
predicting diffusion coefficients of the cation and anion together in electrolyte solutions by
relating the diffusivity to electrical conductivities (Hines & Maddox, 1985:34). His equation,
which isvdid at infinite dilution, is:

1l i
D_E;j — RT ’;3’+";!’— ] |Z—|+|Z+| (47)
FoOoA+A oz

where F is the Faraday constant, D’ the diffusion coefficient at infinite dilution and A° the
cationic or anionic conductance at infinite dilution. Asthe concentrations of other ionsincrease,
the diffusion coefficient will decrease and this can be incorporated by using theionic strength of
the solution in a relationship similar to Equation 4.6. Although Equation 4.7 suggests a linear
relationship between the diffusion coefficient and temperature, solutions away from infinite
dilution tend to obey an Arrhenius expression (Hines & Maddox, 1985:38). Incorporating the

above-mentioned variablesinto the Nernst equation resultsin an equation of thefollowingform:



- Determination of physical and chemical data - 61

- B
Dﬁ:AN-T-exp[—N—CN-IJ (4.8)
R.T

with 4,, B, and C, constants. B, has the units of Jmol and may be visualised simply as the
energy necessary to raisean atomover abarrier. For liquidsthis may beinterpreted asthe energy
required to break one-half of the bonds between a diffusing molecule and its nearest neighbours
(Hines & Maddox, 1985:38).

In the experimental setup, the diffusion of the Ni* and H* species was of importance and the
effect of pH and temperature on the self diffusivities of these species can beseenin Figures4.10
and 4.11. The total nickel concentration and sodium sulfate concentration did not have a

significant effect on the diffusion coefficients of Ni?* and H* in the range from 0 to 3 mol/I.
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4.2.5 Effect of pressure on aqueous speciation

The experiments were done at an altitude of 1 372 m, with an average aimospheric pressure of
85.9 kPa. It was found that the influence of pressure between 85.9 kPa and 101.3 kPa on the
agueous speciation properties mentioned in Section 4.2.1 to 4.2.4 was negligible.

4.3 Determination of the equilibrium data for the Ni/D2EHPA system

4.3.1 Theory

It was decided to use D2EHPA as an exctractant due to its commercial availability in South
Africaand the substantial research that hasbeen doneon SLM extraction with thisextractant (see
Section 2.3.3). The equilibrium distribution of a solute between two immiscible liquids is
described in terms of the partition law. The derivation of this law is described in Jackson
(1986:109) and is summarised in thissection. The derivation was adjusted for the Ni/D2EHPA

system, using activities instead of concentrations where applicable.

If asoluteisdissolved in two immiscible solvents, A and B, the free energy of the solutein the

liquids may be expressed by:
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G, =G +R - T-lniels i and

. (4.9
Gy =G+ R T - InlalB i
when equilibrium is established, G, = G5 and:
&0 GY -G
In| £ |- ZaT % (4.10)
alB R.T
at a given temperature the righthand side of Equation 4.10 is constant and:
In A ) = constant, or
aiB
(4.11)
anAnz 2o
AiE

PP isthe partition constant and is dependent on the nature of the solute and the solventsinvolved
aswell asthetemperature. In hydrometdlurgy it is more useful to expressthe concentration of
the metal in each phase as the distribution ratio (D):

> [mi],
O==— (4.12)
> il
or the percentage extraction (%kF):
oL 100- D
] - —
Dt Vg (4.13)
v

=)

where ¥, isthe volume of the agueous solution and ¥, isthe volume of the organic solution. The
assumption was made that the system can be described by the reaction and partition equilibriums
depictedin Figure4.12. Thisassumption with adiscussion concerning theequilibrium equations

follow:

Thereis apartition equilibrium (P°,,) between the D2EHPA monomer in the organic phase and

the agueous phase and is expressed in terms of the activities, a, of the dissolved species.
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Agueous phase Organic phase
(4.14)
(Eq. 4.14)
(FH},, === (FH},
(Eq. 4.15)

N . +
FH)qy === R, +H',

(Eq. 4.16)
IR+ N, == (iR},

(Eg. 417
MR ), === (NiRy),

(Eo. 4.3 . (Eo. 4.18)
Hi:“ﬂq + 5042-‘1? == (MiZ0y),, | (NiRy,+ 2(RH) , = Nk RH),,

(Eq. 419
2(RH), == RH},,

Fig. 4.12: Stepsinvolved in forming D2EHPA/Ni equilibrium.

The D2EHPA monomer dissociaes (Kg,,) inthe agueous phaseto form an organic phosphateion

and a hydronium ion:

_alR7),elHT),
gy = (4.15)
a(RH |

ag

The nickel in the agueous phase takes part in an equilibrium reaction (K;z,) With the organic
phosphate to form a chelate:
al NiR.,, | o

Kr, = 2 P (4.16)
@R, -alN1 * »

Thereisapartition equilibrium (P°;,) between the chelate in the organic phase and the aqueous

phase:
¢ NiR, |
aNiR, |

i _
PNJ'R_

(4.17)

The chelate can react with additional D2EHPA molecul esto form asecond chelateinthe organic
phase. The equilibrium constant for this reaction is Kyge:
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al NiR. ., | RH |, |
Ly, = - : 2 " (4.18)
gl NI, | -al{RH I, ¥

The nickel ionsform acomplex with the sulphateionsin solution (Tur yan & Ruvinskii, 1970),
asdiscussed in Section 4.2.2. Theequilibrium constant for thisreactionisgiven by Equation 4.2.
Thereis aso an equilibrium (K,) between the D2EHPA monomer and D2EHPA dimer (Juang
& Su, 1992:2396; Huang & Juang, 1986:755; Komasawa et al., 1981:3351 ; Liem, 1971:191,
Smelov & Chubukov, 1973:445):

IIRH | |
el B JEY Yoch P (4.19)

3
al BH I

These equilibrium equations can be used to derive afind model to describe the Ni/D2EHPA
equilibrium. The derivation of this modd will be discussed in the subsequent paragraphs.

Using Equation 4.12, the distribution ratio for the system can be written as:

_ [NiR 2]0 + [NiR 2 FH ]a
(it ], +[Wis0, ] +[NiR,] (4.20

If it is assumed that [NiR,],, << (INi*'],, + [NiSO,],,) then Equation 4.20 becomes

_ [NiRﬂ]a + [NiRz'RH I4]a
iz ], +[wigo,] (#.21)

In terms of activity, Equation 4.21 becomes:
a(NIR 5 ) N a{NiR. ,(RH ), )
D= yINIR,}  y(NiR,(RH), )
al Ni2"¥ s a(NiSO )

(4.22)

-2+ (Na )
yiN L y(NiSO, )

wherey isthe activity coefficient of the species. Substituting Equations 4.2, 4.17 and 4.18 into
Equation 4.22 gives:
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. - 2
20 @ NiR 3 |y | K, *Biw, " @ NiR |g- @l RH ), |
Hik,
" yINiR, | (NiR ,(RH |, |
p=— 12 i 4.23)
al N1 lﬂq+KHiso+-c;s'N1 g @507 |,
¥ N1 - yIN1SO, |

ag

Substituting the reaction equilibrium for the aqueous reaction (Equation 4.16) into equation 4.23

gives:
I:R_'I2 IN'2+I 1T I2 IN.2+I I"EH i |2
Pz |a @M1 %, a AT ,
HikE Hik Hik
¥ MR, | ¥ MR, (RH ), |
D= — — — 4 (4.24)
al M1 'aq+ Eyggo, -l M7 L alsOy
(T2 |
yIM1 -

YISO, I,
Substitution of the dimer dissociation (Equation 4.19) into Equation 4.24 gives:

2 - 34
;s | e BH I alIh™ )
P'lém FKow K - =

A BHE allhi®™) al(RH, T
+ K . o aq 2w

HiR
_ pIMIR | yIMNik (RH, |,
D= . T RO (4.25)
! M1 I“‘?+ men, @l DT L, @ t oy
P, yMESO, |,

Finally the D2EHPA partition (Equation 4.14) can be substituted into Equation 4.25 and
simplificaion gives:

_ Ky y NPy, p(NISO, )y, -alRH G -(y(NiR (RH )y |, + Ky al(RH 5 p(NiR 5 ), |

o]
(4.26)
|p(MiR o (RH I |, - p (MR , |, -alH* 'L Ly M3 O, leg + K piso -alSOi' lag .}rINiz" lag )

with

_ P.ﬁ?m K Kfaa'
= T (4.27)
IPRH |

1

The chelate complexes and the agueous nickel sulphate complex are neutral complexes with

concentrationslower than 10 mol/m? and it can therefore beassumed that the activity coefficients
are equal to 1 (Atkins,1990:249). Equation 4.26 then smplifiesto:



- Determination of physical and chemical data - 67

K-¢Ni* | g RHE-1+K,, -a(RHI |

D= —— — — (4.28)
aH" [ -+ Ko -alSOY | -y N2 |

At any timethetotal D2EHPA concentrationin the organic phase can be cal culated from asimple

mole balance:

[R]Tm‘p = [RH]a +2 ['RH '2]a + 2'[NiR 2].-;! + 6'[N]R .| FH '-1]5- (4.29)

4.3.2 Experimental

The D2EHPA used in this research was supplied by Chem Quest (Pty) Ltd. The properties as
analysed by the supplier are given in Table 4.2. The extraction Ni/D2EHPA equilibrium was
determined with batch sol vent extraction experiments. During extraction apredetermined volume
of an agueous nickel solution (feed) was mixed with a predetermined volume of
D2EHPA /kerosene solution (extractant) in 250 ml conicd flasks, using a magnetic stirrer to
thoroughly mix thetwo phases. Thevolumeratio (Vr) between the aqueous sol ution and organic
solutionwas 0.5, 0.7, 1, 2and 5. In all the experiments the tota solution volume (agueous and
organic) was 60 ml. The samples were then centrifuged at 30 000 rpm for 20 to 30 minutes to
separae the phases and the pH and nickel concentrations of the agqueous sol utions (both the feed

and the raffinate) were measured.

Table 4.2: Physical properties of D2EHPA (as supplied by
Chem Quest (Pty) Ltd.)

Property Value Units
D2EHPA content 97 (min. 95) weight %
Acidity 165-174 mg KOH/g
W ater content 0.1 (max. 0.2) Weight %
Density (at 20 °C) 960 kg/m?
Viscosity (at 20 °C) 40 mPa-s
Setting point -50 °C
Flash point 150 (approx.) °C

M ost of the experimentswere done at ambi ent temperatureexcept wherethe contrary isindicated.
During the temperature experiments awater bath was used to maintain the desired temperature

(temperatures of 30, 40, 50, 60 and 70 °C were used). The samples from the experiments done
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at different temperatureswere centrifuged in five, 5 minute intervals (total 25 minutes) and the
samples were replaced in the water bath between intervals to minimise the temperature loss of
the samples. The feed solutions had nickd concentrations of approximately 20, 42, 66, 88 and
109 g/m® and the extractant solutions contained 300, 600, 800, 1000, 1200, 1400 and 1600
mol/m* D2EHPA as monomeric D2EHPA.

The pH of the raffinate solution was varied by adding either sulphuric acid or sodium hydroxide
to the feed solution. The sulphuric acid was added to the feed solution before extraction. The
sodium hydroxide was added during the extracti on process to prevent the formati on of nickel(l1)
hydroxide. Thiswas donewithaMetrohm 718 STAT Titrino automatic titrator. The sulphuric
acid concentrations of the feed solutions were 0.570, 2.18, 3.90, 6.00 and 8.00 mol/m® (as
sulphuric acid) after the addition of the sulphuric acid. The sodium hydroxide concentrations of
the feed solutions were 0.67, 1.00 and 3.33 mol/m? after the addition of the sodium hydroxide.

Each experiment was done four times to determine the reproducibility of the experiment and
evident outlierswereignoredin calculations. A set of 2 experimentswasal so done and although
these experiments cannot be displayed graphically, it increased the confidence in the regression
results. A summary of the experimental conditions and results obtained from the 2* experiments

canbeseeninTable4.3. Thedetalled resultsof al the experiments can be seenin Appendix C.2.

Table 4.3: Summary of 2% solvent extraction experiments

NEa)L(rEé Vad Vo ?r\rll?)'ll[’r:é])f (m/z(lzllrfw 3322&) |(3r721 §I|/_|n|: ?{? Avg.D | op | AVG. %E | Oye
K01 1 0.621 0 1000 4.688 | 0.57 82.4 1.8
K02 1 0.860 0 1400 7.553 | 0.68 88.3 0.9
KO3 1 0.638 4 1000 0.465 - 31.7

K04 1 0.690 4 1400 1.428 | 0.10 58.8 1.1
K05 1 1.797 0 1000 2.611 | 0.00 72.3 1.6
K06 1 1.719 0 1400 6.121 | 0.65 86.0 1.3
K07 1 1.729 4 1000 0.415 | 0.20 29.3 10.0
KO8 1 1.700 4 1400 0.934 | 0.15 48.3 3.9
K09 1 1.438 2 1200 1.64 | 0.19 62.1 2.7
K10 1 0.903 2 1200 1.948 | 0.33 66.1 3.8
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4.3.3 Results and discussion
The distribution coefficient of each experiment was cdculated by a simple mole balance:
il - [Nily,, ¥V
[17i],, v,

=]

(4.30)

The variance of aquarntity y, that depends on two quantitiesa and b, with variance ¢,? and o,
respectively is given by the following equation (Kirup, 1994:97):

2 2
g§=[ﬂﬂ].g§+[ﬁﬂ].g§ (4.31)
da 3b

Using Equation 4.31 with regard to Equation 4.30 and 4.13 we can calculate the standard
deviation of the distribution coefficient and % extraction:

4 4
Pr |1
ol D= E.;r-?' 'J'[Ni]aqj ? o+ ﬂ gl[Nl]aquz (432)
[Nl ]ﬂq.r [Nl ]ﬂ.q.r
2
TV E | = _100-¥r i e (4.33)
(D + 07

Theactivity of the sulphateionsand the activity coefficient of the aqueous nickel werecal culated
using the OLIAnalizer software package (OLI Systems Inc.) The values of K, and Kz, Were
determined by regression using the simplex method (Jacoby ez al., 1972:79) in combinationwith
Newton’s method (Kreyszig, 1988:952) to solve Equations 4.19, 4.28 and 4.29 s multaneously.
The standard error of the regression coefficients was determined with the Bootstrap method
(Chernick, 1999:8). The detailed program code can be seen in Appendix D.5. The regression
was done on all the experimental data points and a correlation coefficient (r?) of 0.9979 was
obtained. The regression results can be seen in Table 4.4 and the relationship between the
predicted and observed percentage extraction values can be seen in Figure 4.13. The effect of

different variables on the extraction equilibrium will be discussed below.
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Table 4.4: Regression results for equilibrium constants for nickel

Variable Value Std. Err. -95% +95%
confidence | confidence
K, () 1.77x101 | 0.32x10" | 1.14x10? 2.45x10*
Kyire (M®/mol?) | 8.3x10° | 2.3x10° 4.9x10° 14.0x10°
100 . . . : —
.
-".a-
o
&0 #,,t
-~
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Fig. 4.13: Predicted vs. observed values for equilibrium regression (r>=0.998)

4.3.3.1 Testing for equilibrium

A set of experimentswas doneto establishif equilibrium wasreached withinthe extraction time.
As can be seen in Figure 4.14 the reaction reached equilibrium in less than 10 minutes. This
result isin agreement with results obtained by other researchers who aso found that extraction
with D2EHPA reached equilibriumin lessthan 10 minutes (Buch et al., 2002:56; Hung & Juang,
1986:753; Biswas & Hayat, 2002:151, Huang & Tsai, 1989:1558). All other experiments were

done for 30 minutes to ensure that equilibrium was reached.

4.3.3.2 The effect of temperature

It is generally accepted that the extraction equilibrium of highly selective extractants such as
D2EHPA is not very sensitive to temperature (Agrawal, 2002:880; Reddy & Bhaskara Sarma,
2001:127; Bhaskara Sarma & Reddy, 2002:463). This was confirmed in a set of experiments

where the temperatures were varied from 30 *C to 70 °C. It isclear from Figure 4.15 that the
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effect of temperature is negligible over the experimental range investigated. All other

experiments were done at ambient temperature (=25°C).

100
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Fig. 4.14: Effect of time on % extraction. Vr = 1, [Ni],~ 1.8 mol/m3, [RH],,, = 1200
mol/m®. W: Experimental data with 95% confidence limits
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Fig. 4.15: The effect of temperature on the % extraction. V'r = 1, [Ni],~ 1.85 mol/m?,
[RH];,, = 1200 mol/m® M: Experimental data with 95% confidence limits
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4.3.3.3 The effect of the total D2ZEHPA concentration

A set of experimentswas donein which thetotal concentration of the D2EHPA was varied from
300 mol/m? to 1600 mol/m? (astotal D2EHPA monomer). Theresults of the experiments can be
seen in Figure 4.16 and it is clear that the equilibrium model (line) fits the data (squares) well.
Thepredicted product distribution as%NiR, and % NiR,(RH), of thetotal nickel-organic species
can be seenin Figure4.17. The reaction equilibrium for the formation of NiR,(RH), (Equation
4.18) favours the formation of NiR,(RH), as the extractant concentration is increased. Thisis
confirmed in the literature, from which it can be concluded that at high metal |oadings the metal
ion will coordinate solely with D2EHPA anions and at low metal loadings the complex is
additiondly solvated by dectrically neutral D2EHPA molecules (Beyer, 1993:5). In other words
m=2 in Equation 2.2.

4.3.3.4 The effect of the nickel concentration of the feed solution

A set of experiments was done in which the nickel concentration of the feed was varied. The
results of these experiments can be seen in Figure4.18. Itisclear that an increase in the nickel
concentration of the feed solution results in decreased extraction. At first sight this seems
contrary to the reaction equilibrium (Equation 4.16), but a closer look a the data shows that,
athough theincreased nickel inthefeed solution resultsinanincreasein the nickel concentration
of theraffinate solution (positive effect), it also resultsinadrop inthe pH, decreaseinthe activity
coefficient of the nickel and an increase in the activity of the sulphate ions, all of which have a

negative effect on the extraction process.

4.3.3.5 The effect of the raffinate pH

It is clear from the equilibrium model (Equation 4.28) that the pH of the raffinate solution will
have adramatic effect on the extraction equilibrium. A set of experiments was doneto confirm
thisand Figure 4.19 shows theresults of these experiments and the characteristic sigmoid-form

predicted by the equilibrium modd.
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Fig. 4.16: Effect of [RH],, on % extraction. V'r = 0.5, [Ni],~ 1.85 mol/m?®, m:
Experimental data with 95% confidence limits. : Equilibrium model (r?=0.999)

100

a0 +

B0 +

40

Product as % oftotal MNiR

20+

200 400 goo do0 1000 1200 1400 1600

[RH7o
(mu:ul.fm“"J

Fig. 4.17: Predicted product distribution of nickel-organic complexes. Vr = 0.5, [Ni],
= 1.85 mol/m?, :NiR,, = = : NiRg
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Fig. 4.18: Effect of [Ni],on % extraction. V'r = 1, [RH],, = 1200 mol/m®. m:
Experimental data with 95% confidence limits. : Equilibrium model (r?=0.998)
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Fig. 4.19: Effect of pH, on the % extraction. ¥ = 1, [Ni],= 1.8 mol/m®, [RH],, =
1200 mol/m®. m: Experimental data with 95% confidence limits. : Equilibrium
model (r?=0.999)
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4.3.3.6 Effect of the volume ratio between the feed and organic solution

The volume ratio between the feed and organic solution influences all the parameters in the
extraction process and a set of experiments was done to establish the overdl effect of the
extraction. Thisfactor is not of direct importance to the establishment of the equilibrium but as
withthe 2* experimentsit increased the confidencein the equilibrium model. The results of these
experiments can be seen in Figure 4.20. Anincrease in the volume ratio leads to adecrease in
the %extraction, mainly dueto the fact that there is more nickel that needs to be extracted in the

feed and there is less organic solution to do it with.
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Fig. 4.20: Effect of V7 on % extraction. [Ni], = 1.85 mol/m®, [RH], = 1200 mol/m®
W Experimental data with 95% confidence limits. : Equilibrium model
(r?=0.995)

4.4 Determination of the equilibrium data for the Zn/D2EHPA system

The equilibrium constants for the extraction were determined in the same manner as for the
extraction of nickel. The extraction of zinc was not the main focus of this study and the detailed
resultsare not discussedin the main text, but asummary of an articlethat resulted from thiswork
can be seenin Appendix E. The most important difference between the extraction of nickel and
the extraction of zinc isthat zinc does not form acomplex with the sulphate ions (Equation 4.1).

This simplifies the distribution equation to the foll owing:
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K, alRHE -y Zn®* g, Kzp-al (RH], -yl Znt aa

— Znd

D= — + 3 (4.34)
alH lag alH o
with
Pop Kpp Kin

qu]_ = y 2 (435)

IPR‘H |

K, o FPoo K_. Ki.

Ko = 3 (4.36)

IPR_H |

Thevalues of K, and K,,, were once again determined using aregression. The regression had

acorrelation coefficient (r?) of 0.996 and the results can be seen in Table 4.5.

Table 4.5: Regression results for equilibrium constants for zinc

Variable Value Std. Err.
Kzni (-) 1.063x10 0.0328x107
K, (M®/mol?) 3.26 0.084

4.5 Determination of the viscosity and density of D2EHPA/Kerosene mixtures

4.5.1 Background

Theviscosity and density of D2EHPA/kerosene mixturesat different temperatures are important
physical properties that were needed for the modelling of the SLM process (see Section 5.4.3).
These values were, however, not available in the literature (Swain et al., 2001: 234). Numerous
attempts have appeared in the literature deding with the development of reliable methods for
estimating liquid viscosity of binary and multi-component mixtures. Despite all these efforts, a
theoretical description of the viscosity of liquid mixtures nowadays remainsinsufficient due to
the poor understanding of the liquid itself. Consequently, most of the estimation methods for
liquid viscosity appearing in the literature are essentially empirical or semi-empirical in nature
(Macias-Salinas et al., 2003:319). In addition to this problem (theoretical grounds), keroseneis

apetrol fraction and its composition and properties vary from one batch to another.
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4.5.2 Experimental procedure

Themixtureswere prepared at ambient temperature by adding keroseneto aknown amount (mol)
of D2EHPA. The mixture concentrations tested, can be seen in Table 4.6. The densities and
viscosities of the mixtures were measured at temperatures ranging from 30 - 70 °C in 10 °C
increments. The measurementswere doneinawater bath in combination with aShinco DCS 300
temperature controller and the accuracy was estimated at + 1 °C. The densitieswere measured by
ahydrometer (accuracy + 0.5 kg/m?), while viscosities were measured by athoroughly cleaned,
dried and calibrated Ostwald U-tube viscometer, as described by Aulton (2002). The calibration
constant for the meter was approximately 5.1x10°® m?/s%. The precision of viscosity measurement

was within £ 0.15%.

4.5.3 Results and discussion

The densities and viscosities of the pure components as well as the mixtures were determined,
and are presented in Table 4.6 and 4.7. The viscosity of D2EHPA, aswell asitsdensity at 20°C,
was determined, to seeif the results corresponded with those proposed by the manufacturer. The
valuesfound were 35.1 mPas and 970 kg/m?, which differed dightly from the 40 mPas and 960
kg/m? specified by the manufacturer. These differences were ascribed to different batches of the
D2EHPA being tested.

It is generally accepted that the density of an ideal mixture (p,,;.) iS given by the sum of the

densities of the components (p,) multiplied with the volume fraction of the component (x,,,,):

-'G:wix = - xwl,i I -'G! (437)

Thistheory wastested for the D2EHPA /kerosene mixtures and anear perfect fit was obtained (12
=1.000) ascan be seenin Figure 4.21. This meant that the mixtures density could be predicted
accurately if an accurate correlaion could be found for the density of the pure D2EHPA and
kerosene as a function of temperature. It was found that a linear relationship existed for both
components:

Brereeme = 202 . T—0.715.T (4.38)
and
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Opapms = 1188 407407 (4.39)
with the density in kg/m® and the temperature in K. This relationship can also be seen in Figure

4.22.

Table 4.6: Densities of D2EH PA/kerosene mixtures at different temperatures

Concentration Density (kg/m”)
(mole D2EHPA/M®) | 1 _ 39 ¢ T=40°C T=50°C T=60°C T=70°C
0 (kerosene) 746 739 732 724.5 717.5
400 774 767 760 752.5 745.5
800 804 796.5 789.5 780 773.5
1000 818.5 811 804 797 789
1200 832.5 825 818.5 811 803
1400 847.5 840 833 825.5 818
1600 861.5 854.5 848 840 832
2100 897.5 890.5 883 875.5 869
2600 934 927 920.5 912.5 905
3008 (D2EHPA) 964 957 949.5 942 934.5
Table 4.7: Viscosities of D2EHPA/kerosene mixtures at different temperatures
Concentration Viscosity (mPa-s)
(mole D2EHPA/M?) | 7 _ 39 ¢ T=40°C T=50"C T=60°C T=70°C
0 (kerosene) 1.07 0.851 0.679 0.56 0.468
400 1.324 1.031 0.807 0.657 0.542
800 1.742 1.302 0.995 0.794 0.646
1000 2.035 1.501 1.136 0.896 0.72
1200 2.375 1.749 1.304 1.015 0.806
1400 2.822 2.061 1.519 1.165 0.916
1600 3.439 2.482 1.803 1.358 1.047
2100 5.724 3.982 2.806 2.069 1.569
2600 11.01 7.268 4.897 3.456 2.509
3008 (D2EHPA) 21.22 13.315 8.559 5.83 4.089
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Fig. 4.21: Density of solution as a function of volume fraction. Data: (@) T = 30°C;

(W) T = 40°C; (#) = 50°C; (#) = 60 °C; (0) = 70 °C. Model: (——) T = 30°C
(r?=1.000); (= =) T =40°C (r>=1.000); (=+===* )= 50°C (F=1.000) o
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Fig. 4.22: Temperature dependence of pure component densities. Data: (@)
Kerosene; (M) D2EHPA . Regression: ( =) Kerosene (r>=1.000); (= =)
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Theviscosities of mixtures are usually determined by the Kenda and M onroe equation (Perry &
Green, 1998 : 2-362):

3
-'{'{:wix = [Z'x:wr:'li I z{’{:/] (440)
The problem with Equation 4.40 and the D2EHPA /kerosene system is that to calculate the mole
fraction of the mixture, the molecular weight of kerosene is needed and thisis not known since
keroseneis apetrol fraction. If we however assume that the kerosene has an average molecular
weight, M, ..«ner then the mole fraction can be calculated from the volume fraction:

x = IXWLJ-I'IGJIJ'I{MJ.I
ol g (441)

z'xwm'a{:’i,-"rMi'

i

For the D2EHPA/kerosene system we can then substitute Equation 4.41 into Equation 4.40 ,
which, with simplification gives:

3
¥

X
My erosme FvorpeEres Praprps 'Moomms” + M pomma: Fetbemosee’ Grmosene ' Mierosene | (4.42)

e My s Frorpamsm s Ppapspa® MpiEr A" Fetbemseme * Chmosen:

In Equation 4.42 only the average molecular weight of the kerosene is unknown and was
determined with the Levenberg-Marquardt non-linear regression method. It isimportant to note
that, at the experimental temperatures, 98% of the D2EHPA was in the dimer form and the
molecul ar weight of the D2EHPA dimer wasused in Equation 4.42. The average molecular mass
of the kerosene was calculated as 174.75 + 0.98 g/mol, with a 0.999 correlation coefficient for
all temperatures. The graphica representation of Equation 4.42, with the cal culation done using
the average molecular weight, as well as the data at temperatures between 30 °C and 70 *C can

be seen in Figure 4.23.

It was found that the Riedel equation (Perry & Green, 1988:2-362) provided excellent
representations of the temperature dependence of the pure component viscosities for both the
D2EHPA and the kerosene:

A
,{1=exp[ﬂﬂ+?3+ﬂc'fn[ﬂ+f?.ﬂ'?’k ] (4.43)
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Fig. 4.23: Viscosity of solution as a function of volume fraction. Data: (®) T = 30°C;
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In Equation 4.43, p isthe viscosity of theliquid in mPas, T'isthe temperaturein Kelvin,and R ,,
R;, R, R, and R, are constants. The last term isonly used when the viscosity must be determined
above the normal boiling point, while only the first two terms are applicable when viscosity is
determined for small temperatureintervals, asinthiscase. Thevauesof R, and R, for D2EHPA
and kerosene were determined with the Levenberg-Marquardt non-linear regression method and

the results can be seen in Table 4.8. The datais presented graphically in Figure 4.24.

Table 4.8: Regression results for temperature dependence for the viscosity of
D2EHPA and Kerosene

Component Ra Std. Err. (Rp) Rg Std. Err. (Rg) r

Kerosene -7.09 0.071 2169 98 1.000

D2EHPA -11.4 0.14 4363 44 1.000
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4.6 Determination of the friction factor within a SLM tube

4.6.1 Background
The friction factor of the agueous solution flowing past the supported liquid membrane is an
important variable in the determination of the mass transfer that occurs at the interface between
the agqueous solution and the membrane. The fundamental theory of friction factorsis derived
from the definition of shear stress and viscosity and will be briefly discussed. If aliquid flows
past a surface as aresult of aforce applied to the liquid, the shear stress (1) of theliquid (for a
Newtonian fluid) will be proportional to the velocity gradient (dv/dy) in the liquid (Wilkinson,
1960:1):

T (4.44)

dy

u is known as the Newtonian viscosity of theliquid. For flow of Newtonian fluidsin a pipe or
tube the shear stress at the wall is given by (Wilkinson, 1960:51):

L= e AF

¥o2 L

(4.45)
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The Fanning friction factor is defined as.
21
= o

7 (4.46)

for laminar flow /= 16/Re (Wilkinson, 1960:59).

4.6.2 Experimental

A set of experiments was done with distilled water in which the pressure drop along the
membrane tubeswas measured at different flow rates. The experimentswere doneat 30, 35, 40,
50, 60 and 70 *C. The detailed results can be seen in Appendix C.4. The pressure drop as a
function of flow rate at 50°C can be seenin Figure 4.25. Itisclear that the pressure drop ismuch
higher than calculated using the friction factor. If all the data points are plotted on a Moody
diagram (Coulson & Richardson, 1990:54) we see that there is a large deviation from the
theoretical 16/Re valuefor thefriction factor (see Figure 4.26). To understand the nature of this
deviation, we have to go back to the shear stress against the wall. Figure 4.27 shows the shear
stress cal culated with Equation 4.45 as afunction of flow rateat 50 °C. Once again, we can see
the deviation from the shear stress expected for laminar flow, but at all temperatures the shear
stresswas higher than predicted. Thisisattributed to the fact that the SLM wall isinfact aliquid
and many of the assumptions that were made in the derivation of the original theory, such asno
dlip at the wall, is probably incorrect. This, combined with the fact that the SLM is highly
hydrophobic, can lead to unusual interactions at the agueous-organic interface. The definition
of thefriction factor isstill valid if new correlations for the shear stressis used. It was proposed

that an equation with the following form should be used for the prediction of the shear stress:

ro=a, Re+a, Re’ (4.47)

w

In this correlation the first term is determined by the theoretical shear stress, while the second
term can be subscribed to the non-ideality of the SLM-wall. Thevaluesof a, and a, are dependent
on temperature and can be described by the Riedel equation (Equation 4.43). Thistemperature
dependencewas determined with anon-linear regression and the resultsare summarisedin Table
4.9. The combination of Equation 4.47 and the temperature dependence of a, and a, had a
correlation coefficient (r’) of 0.994 for all the experiments. The predicted and observed shear

stress values for al the experiments can be seen in Figure 4.28.
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Table 4.9: Riedel constants for shear stress coefficients
2

Coefficient Ra ORa Rg Ogrs r
a, -16.1 0 3608 2 1.000
a, -33.3 0.4 | 4499 | 111 | 1.000

4.7 Conclusions

The complex thermodynamic ca culations associated with agueous systems are considerably
simplified with the use of specialised software such as OLIAnalyzer. Thissoftwareincorporates
a database which increases the accuracy of calculations and variables such as the activity of

species, the aqueous speciation and self diffusivities

The extraction of nickel with D2EHPA can be adequately described by a system of seven
equilibrium reactions, part of whichistheformation of two nickel-organic species. Theaqueous
speciation and activity of the aqueous species are an integral part of these equilibrium reactions
and can be easily calculated with modern software such as OLIAnalizer. It was found that the
resulting equilibrium model could accurately predict the results from various experiments in
which the total D2EHPA concentration, the concentration and pH of the raffinate solution and
the volume ratio between the feed and solvent were varied. It was found that the effect of
temperature was negligible. The Zn/D2EHPA liquid — liquid extraction system was described
in the same way as the Ni/D2EHPA system, but the Zn forms different organo-metallic species

and does not form an agueous ZnSO, complex.

The densities and viscosities of pure D2EHPA and kerosene, as well as their mixtures, were
determined. It was found that the Riedel equation provided excellent representations of the
experimental data. The densities were found to be linear and it was found that the Kendal and
Monroe equation could accurately predict the viscosity of the D2EHPA/kerosene mixturesif an

average molecular weight of the kerosene is used.

It wasfound that the shear stress of water ina SLM tube is higher than predicted theoreticaly.
This can possibly be explained by the fact that the SLM tube wall isinfact aliquid and some of
the assumptions made in the devel opment of the original theory is probably incorrect. There can

also be some interactions between the kerosene and the agueous solution that result in a higher
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shear stress. Anempirical equation was derived to calcul ate the shear stressin the tubewall and
it was found that this equation adequately describes the shear stress for the temperature range
used in thisthesis.
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Chapter 5
Modelling the SLM process

“Reality is merely an illusion, albeit a very persistent one.”
-Albert Einstein

5.1 Introduction

The development of a theoretical process model which accounts for the experimental data is
essential in understanding the SLM process. It isalso vital for accurate up-scaling of the process
and although anumber of process models have been developed inthe past (refer to Section 2.4),
they tend to incorporate simplifications that are not valid for industrial applications. There are
especidly shortcomings in the prediction of the influence of temperature on the SLM process.
Theimportance of incorporating temperature in ausable processmodel isespecialy meaningful
iIf one congders that it favourably influences most of the stepsin the SLM process. Another
shortcoming is the effect of agueous speciation and the simplification made in most process
models to assume that the molality is equal to the activity of the aqueous species. This was

shown in Section 4.2.3 to be incorrect.

5.2 Assumptions

The following assumptions were made in developing the process mode!:

. The equilibrium constant of the extractant is independent of temperature.

. The flux through the membrane isin a pseudo-steady state.

. Thereaction at the liquid-liquid interfaceis fast and proceeds to equilibrium.

. The concentration of the aqueous species inthe reactor/extractor a acertantime

IS constant.

In the following paragraphs the reason behind each of the assumptions and its relevance will be
discussed.
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The equilibrium constant is independent of temperature
Thiswas proved and discussed in Section 4.3.3.2.

The flux through the membrane is in a pseudo-steady state

To understand thisassumption itisnecessary to look at the processfrom both amacroscopic (the
change of the nickel concentration in the feed and strip recycle tanks) and amicroscopic point of
view (the transport of nickel through the membrane). From the macroscopic point of view the
extraction process is a dynamic process that can be explained with the use of a dynamic (non-
steady state) massbalance. Sincethe macroscopic processtimeislarger than thetime needed for
the microscopic process, the mi croscopi ¢ process can be viewed as apseudo-seady state process.
The conditions for the microscopic process were therefore assumed to be constant at a certain
time, although it is recognised that it changes over a longer time period. This assumption is
confirmed by the fact that no delay was noticed from the time the nickel was removed from the
feed phase to the time it appeared in the strip solution (see Figure 3.10).

Thereaction at the liquid-liquid interface isfast

This assumption basically means that the interface reaction is not the rate-limiting step in the
extraction process. This was confirmed by the fact that the overall activation energy of the
processis 17.2 kJ/mol (see Section 6.5.6), showing that the processis diffusion-limited. This
assumption was also made by other researchers (Alguacil & Alonso, 2000:83; Arous et al.,
2004:297; Basualto et al., 2003:1004). Some researchers, however, choseto includethe reaction
Kinetics(Akibaet al., 1997:12; Kasaini et al., 1998:161; Lin & Juang, 2002:146). It wasdecided,
that, if the model gave good approximations for all of the variables, not to include the reaction
Kinetics. Onewould especidly expect adeviation inthe model from the experimental datain the
prediction of the effect in temperature (see Figure. 6.10) if the assumption were not true, which

was not the case.

The concentration of the aqueous species in the reactor/extractor at a certain time is constant

Other waysto expressthisassumptionisto say that thereactor/extractor isperfectly mixed or that
the reactor/extractor can be viewed as adifferential element. The average residence time of the
agueous phaseinthereactor is of the order of 0.2 s, With atypical nickel flux of 0.6 mg/m*sand
agueous nickel concentration of 50 mg/l, it meansthat the difference between theinlet and outl et

concentration of the reactor is generally less than 1 mg/I.
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5.3 Modelling of the metal concentration in the system

The concentration of the metal ions in the feed solution can be described by using a dynamic

(non-steady state) mass-balance over the feed side:

d| 191 . :
Ve [d:]f = Fop|[Mi] o - [Nl]f =y (5.1)

with:  [Ni], : The concentration of thenickel in the bulk of the feed solution (mol/m?).
F,, :Theflow rate of the feed into the system from the feed tanks (m*/s).

[Ni],, : The concentration of the nickel in the feed solution (mol/m?).

Jyi : Theflux of nickel across the membrane (mol/s).

Smilarly, the concentration of the nickd in the strip sde is given by:

d |1 : :
V.s ' A = F,S’I‘ ' I[Nl].ﬁ" - [Nl].s I+ IJ?N:l (52)
ds
The calculation of the nickd flux across the membrane isthe most difficult and complex stepin

solving Equation 5.1 and 5.2 and will be discussed in more detail in the following section.

5.4 Modelling of the metal flux through the membrane

As mentioned in Section 2.4, the modelling of supported liquid membranes is based on the
permeation of metal species acrossthe SLM in gx steps. These steps can be represented by the
concentration profile of each species through the SLM (see Figure 5.1). It should be noted, that
the nickel can diffuse through the membrane as different species, either asNi**, or asone of the
nickel-organic species. The overall goal of the modelling is, however, to determine the

transmembrane flux of the total nickel, irrespective of the form of the nickel speciesinvolved.

5.4.1 Diffusion through aqueous boundary layer

Diffusion of the nickel and hydronium ions in the feed and strip phase towards the membrane
interface occur according to Fick’s first law applied to film theory. Fick’sfirst law, applied to
nickel inthe feed phase gives:

T ,f=k1~ri j'l[Ni2+1f_[Ni2+lﬂl (5.3

with ke, : Masstransfer coefficient of nicke in the feed (m/s).
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Fig. 5.1: Concentration profile of species through SLM

[Ni*],: Concentration of nickel at the membrane interface on the feed side (mol/m®).
[Ni], : The concentration of thenickel in the bulk of the feed solution (mol/n’).
J'\i, - Flux of nickel from the bulk to the interface (mol/m?*s)

The mass transfer coefficient can be estimated by a dimensionless correlation. In this research
the Chilton-Colburn analogy was used (Hines & Maddox, 1985:175) :

sh=L Re e (5.4)
2

with  Sh  : Sherwood number = % d /D,
Re :Reynoldsnumber =p-v-d, /p
Sc : Schmidt number = w/(p-D ;)
f : Fanning friction factor and is calculated with EQ. 4.46 & 4.47 (see Section 4.6)

Thediffusion coefficient (D,,) isusually calculated from the self-diffusivities of theion pair that
diffuses through the boundary layer, eg. for Ni?* theion pair that diffuses through the boundary
layeris(Ni**/SO,*), however for the SLM application the sulphateions are spectator ions and the
reguirement of charge neutrality impliesthat the diffusion coefficient should be cal culated for the
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(Ni#/H*) ion pair:

L)

n . gt

P+ Dy |2

Hi H

,|EHi+|+|ZH"’| — DNi’f'DH’f .
VA

(5.5)

: Do +0D

Hi

Hi't HY "

With Dy.- and D, the values of the self-diffusivities of nickel and hydronium and can be

calculated with modern thermodynamic software packages such as OLIAnalyzer.

The flux of the nickel from the bulk solution to the membrane interface can thus be cal cul ated
if the concentrations of nickel in the bulk of the feed and the strip solutions are known. In the

same way theflux of the other ionsin the feed and strip can be calcul ated:

Tigy =g, (E*], - [E7]4) (5.6)
e, Thge, it ] =[Nt ] (57)
J;—I"',.s = kH"',.s . I[H+ ]5 - |:H+]-51' I (58)

5.4.2 Reaction at the membrane interface

It is assumed that the reaction at the interface is relatively fast and is at equilibrium. The
equilibrium of theNi/D2EHPA system wasdiscussed extensively in Section 4.3. Theequilibrium
at the membrane interface can be calculated by solving Equations 4.19, 4.28 and 4.29

s multaneously.

5.4.3 Diffusion through the liquid membrane
Diffusion of the NiR, and NiR, complexes (Jyir, & Jnire) through apart of the liquid membrane
with thickness dr is described by Fick’sfirst law:

Jym. = " 7 D '% (5.9)

dr

(5.10)

with 4 : Membrane area (nm?)

mem
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Dyiro & Dyirs - Effective diffusion coefficient of the ni ckel-organic compl exes through

the membrane (m?/s).
d[NiR)] &
d [NiRy] : Concentration gradient across a differential element of the membrane
(mol/n?).

Equation 5.9 and 5.10 can be solved numerically by discretisation. For a number of tubes (1,),

with atube length of L at a point » in the membrane, Equations 5.9 and 5.10 become:

. [Nij ]r ~ [NjR 2 TMF

Jug, =2 n, e L Dyg (5.11)
Pty
- _ - +4¥
Jym, =27 7 r L Dy R T (MR T (5.12)
ity
The total nickel flux through the membrane is then the sum of Jy;r, and Jyge:
Jwi = Tur + T (5.13)

Equation 5.13 then formsasystem of equationstogether with Equation 4.18, 4.19, 4.29, 5.11 and
5.12 that can be solved simultaneously for every point in the membrane. The membrane was
divided into 20 such points across the thickness of the membrane and each point was solved with

Newton's method.

It should be noted that there exists an equilibrium betweenthe NiR,, NiR,, RH and (RH), species
as discussed in Section 4.3, given by Equation 4.18 and 4.19:

¢(NiR, (RH], |
Kgp, =—————— (4.18)
¢NiR,| -al(RH |

2

allRH I, |
E.o=— 2% =12 m"{mol 4.19
v = EEP / (4.19

If the dimeric D2EHPA diffuses faster through the membrane, the equilibrium reaction will
produce more NiR; and less NiR, species (Equation 4.18) and this will have an effect on the

diffusion of thesetwo species. Thisequilibrium existsat every point inthe membraneand means
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that the diffusion effect of the monomeric and dimeric D2EHPA isindirectly incorporated in the
diffusion of the NiR, and NiR; species.

The effective diffusion coefficientsin Equation 5.10 and 5.11 are dependent on temperature and
the viscosity of the organic solution. Different correlations are avallable to estimate diffusion
coefficient of liquids; the ssmplest is probably the Stokes-Einstein equation (Hines & Maddox,
1985:27):

kg T

D=e—F— (5.14)
6 T g 1

with D : Self-diffusion coefficient (m?/s)
k,  :Boltzmann's constant (1.380x10% JK)
T : Temperature (K)

: Radius of diffusing particle

1 : Solution viscosity (kg/m-s)

The Stokes-Eingtein equation is, however, derived for spherical solute particles that are large
compared to the solvent in which they move, a assumptions which are questionable for the
Ni/D2EHPA/kerosene system. It can, however, be used as a starting point for estimating the
diffusion coefficient of the process model. In this equation only the temperature and viscaosity
are not constant for the system and can therefore be smplified to the fol lowing:

T
D= — (5.15)
i

with o aconstant for thesystem. The viscosity of acomponent inturnisafunction of temperature
and was determined experimentally for the D2EHPA/kerosene system in Section 4.4. The
relationship between the effective diffusion coefficient and the diffusion coefficient is given by
(Hines & Maddox, 1985:46):

Dy =D

| m

(5.16)

with e the porosity of the membrane support and < the tortuosity of the diffusing molecule. Itis
commonly accepted that thetortuosity in porousmembranesisthereciprocal of thetortuosity and

Equation 5.15 can then be rewritten as.
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Dg=ap— (5.17)
Fh

5.5 Simulating the SLM extraction process

The first step in simulating the SLM process, is to solve the dynamic (unsteady state) mass
balancesof Equations5.1 and 5.2 simultaneously. Thiscanbedonenumerically by discretisation

of the equations:

[Ni ]j‘.:r+1 = [Nl]f.r + V_ Ny '[Ni]m",: - [Ni]f: 1= Ty ! (5.18)
£
1 oy A | |
[Nl].s;+1 = [Nl ].s,* t— | e '[Nl]sr; _[Nl]a; I+ Ty | (5.19)

3

The calculation of J; in Equations 5.18 and 5.19 is done by solving the equations discussed in
section 5.4 according to the flow diagram in Figure 5.2. Newton's method is used to solve the
concentrations at the membrane interface on the strip side and the concentration of the species
inthemembraneat 20 discreet points through themembrane. Theseal gorithmsare nested within
another solving agorithm, that also uses Newton’s method, to balance the flux through the feed
boundary layer (Equation 5.3) and subsequently the nickel flux through the membrane. Theonly
constants not known in the simulation are the values of «, for the effective diffusion coefficients
of the nickel-organic species (in Equation 5.17). It was found that a slight adjustment of the
Reynolds exponent in the Chilton-Coulbourn analogy gave a significant improvement in the
regression results. The adjustment means that Equation 5.4 can be rewritten as Equation 5.20,
adding another unknown («,) to the regression problem.
sh=7 Re® e/ (5.20)
2

Theval uesof these constantswere determined with the use of aQuasi-Newton regression (Jacoby
etal., 1972:117. See Appendix D.6 for program) and had a correlation coefficient (r?) of 0.984
for all the experiments. The confidence intervals of the regression were determined with the
likelihood ratio method (Ratkowsky, 1983:30). The results of the regression are summarised in
Table5.1 and therelationship between the observed nickel flux in the experiments and the nickel
flux as predicted by the ssimulation for al 148 experiments and 844 time data points can be seen

in Figure 5.3.
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Table 5.1: Regression results for SLM process model

-95% +95%
confidence confidence

Variable Value

oy nre (PamM?K) | 1.46x107° 1.39x10™° 1.54x10™°
oy nire (PA'M?/K) | 8.56x10™ 8.03x10™" 9.10x10™"
o, (<) 0.8683 0.8637 0.8729

Equation 5.17 can be used to cdculate the effective diffusion coefficients of the NiR, and the
NiR,(RH), speciesat different temperaturesand D2EHPA concentrations. Theeffectivediffusion
coefficient, for a D2EHPA concentration of 1200 mol/m?, of the NiR, species varies from
1.86x10" m/sto 6.21x10™ m/s between 30°C and 70°C, whiletheeffictive diffusion coefficient
of the NiR,(RH), species varies from 1.09x10* m/sto 3.64x10™" m/sin the same temperature
range. These values can be used, together with Equation 3.1, to calculate the average
breakthrough time of the individual species. It was found that, for aD2EHPA concentration of
1200 mol/m?, that the breakthrough time of the NiR, speciesvariesfrom 0.7 to 2.2 minutes, while
the breakthrough time for the NiR,(RH), speciesvariesfrom 1.1to 3.8 minutes. Thisisrdativly
fastin comparison with the 120 minutes needed for an experiment to reach steady state conditions

and it supports the assumption of pseudo steady state conditions for the transmembrane flux.
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Fig. 5.2: Flow diagram for the calculation of nickel flux
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Fig. 5.3: Predicted vs. observed flux values for SLM regression (including dynamic
or unsteady state experimental samples; r?=0.984)

5.6 The SLiMsim program

Part of the objectives of this project was to write a computer simulation that is capable to

accurately predict the SLM extraction of nickel. Although it would have been impossible to do

99

the regression in Section 5.5 without such a program, it was decided to develop a more user-

friendly interface for the ssmulation and to package it in aprogram that is easy to operate. The

SLiMsim program wasthe product of thisidea. The user input screen of the program can be seen

in Figure 5.4. The user hasto supply the following information:

pH of the feed and strip solution.
Nickel concentration of the feed and strip tanks (in mg/l).

The recycle (reactor) flow rate of the feed and strip solutions (in I/hr).

The flow rate from the feed and strip tanks (in I/hr).

Theinitia nickel concentration of feed and strip solution (in mg/l).
The total D2EHPA concentration as D2EHPA monomer (in mol/l).
Temperature (in °C) and

The final time of the experiment (in minutes).
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Fig. 5.4: User interface of the SLiMsim program.

It took the experiments 130 minutes to reach steady state conditions, consequently the program
will calculate the steady state conditions if a number larger than 130 minutesis supplied by the
user for the time. The program will then calculate the flux through the membrane as well asthe
percentage extraction and the concentrationsof all 12 speciesat the membraneinterface (for both
the feed and strip sides), as well as the concentration profile of the organic species through the
membrane. Figure 5.5 gives a typical profile for an experiment and it is clear that the
concentration profiles of the nickel-organic species is not linear due to both the changing
diffusion area and the equilibrium that exist between the NiR, and then NiR,(RH), species.

Another application of the program isthat it can be used to calcul ate the actual capacity (amount
of nickel absorbed in the membrane) of the liqguid membrane. It was found, for the example
shown in Figure 5.5, that the membrane held 34 mg of nickel. Thisis lessthan the 198 mg
expected in the original design of the reactor/extractor (see Section 3.2.2). The program gave a
better understanding of the SLM processand it isbelieved that it will be avauabletool infuture
research to evaluae the profitability of a possible SLM pilot plant. All the process model
predictionsin Chapter 6 were donewith thisprogram. Theinstall-CD of the program is attached

to thisthegs.



- Modelling the SLM process - 101

S0 ¢
M
a0 | \\ IR —
= \
2
E s 07
c E \
3 E :
c =m}| \\
O
10} \.
D N
200 Feed 300 30 Membrane 450 s00 Stip GO0
r
(Hm ]
Fig. 5.5: Concentration profiles across the SLM . (=——):[Ni*],; (= =):[H"],,;
(=mmmen Y:INIR,],; (== =):NiRy(RH),,; (= - *):RH],; [(RH),],~ 506 mol/m?

(not shown)

There are two units used for the flux of the nickel species mol/s (in Equation 5.9, & 5.10) and
mol/m?s (in Equation 5.3, 5.6,5.7 & 5.8). The differenceis due to the membrane area. In this
thesis the apparent membrane ariais used and not the effective or pore mouth area. In Chapter
6 the flux of the nickd is expressed in mol/n?-s. In these instances the flux were taken relative

to the outside membrane area.

The mechanisms of the mass transfer operationsin supported liquid membranes are sometimes
further elucidated by therel ative transport red stance of each step (Lin & Juang, 2002:151; Ishizu
et al., 2003:217). Due to the complexity of the model and the influence of the activity of the
agueous nickel, the activity of the sulphate ions and especially the concentration of hydronium
ions in the solution on the extraction equilibrium (Eqg. 4.28), it would be very difficult (if not
impossible) to use resistance analogy to make sensible conclusions with regard to the mass

transfer operations involved in the transport process.
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5.7 Conclusions from modelling

A more detailed discussion of the simulation results and the conclusionsthat can be drawn from
it is presented in Chapter 6, together with the experimental results. The conclusionsthat can be
drawn from the modelling can be summarised as follow;

1 The dynamic (unsteady state) modelling can be achieved by solving two differential
equations (Eg. 5.1 and 5.2).

2. It can be assumed that the flux term in these equationsis at pseudo-steady state and can
be calculated by solving the reaction equilibrium at the membrane feed and strip
interfacetogether with the diffusion of the metal -organic speciesthrough the membrane.

3. In this process model there are three unknown constants which were calculated by
regression by minimising the least squares of the error with the Quasi-Newton method.

4, The regression gave a correlation coefficient (r?) of 0.984 and the regression constants
had small sandard deviations.

5. Thereexistsanonlinear concentration profilethrough the membrane, duetothevariable

areaof themembraneand the equilibrium that exists between the nickel-organi c species.
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Chapter 6

Results and discussion

“The most exciting phrase to hear in science, the one that
heralds new discoveries, is not ‘Eureka!’ but ‘That’s funny
... " -Isaac Asimov

6.1 Introduction

Asmentioned in Section 1.3, one of themain obj ectives of this project wasto use the bench-scde
reactor/extractor toinvestigatetheinfluence of the mainvariables on the extraction of nickel with
supported liqguid membranes. The results of these experiments are briefly discussed and
interpreted in this chapter. The modelling of the system gave a better understanding of the SLM
system and the results predicted with the model are also discussed.

6.2 Experimental design

The modern trend in research is to use statistical methods to get the optimum (accurate and
significant) resultsfor the least amount of resources (time and money). The variablesthat are of
importance to the process were briefly discussed in Section 2.2.3 and are listed bel ow, together
with the ranges of vauesinvestigated in this study:

Nickel concentration of the feed solution (20 - 140 mg/l)

Nickel concentration of the strip solution (O - 5000 mg/l)

Hydronium ion concentration of the feed solution (pH: 3.0 - 5.0)

Hydronium ion concentration of the strip solution (pH: 0.4 - 1.9)

Recycle (reactor) flow rate of the feed solution (100 - 400 I/hr)

Recycle (reactor) flow rate of the strip solution (100 - 400 I/hr)

Temperature (30 - 70 °C)

Extractant concentration (800 - 1600 mol/m?®)

© N o g & WD PR

A monovariant experimental design was doneto investigate these variables and a2® design was
superimposed on this design to investigate the interaction between these variables. A list of dl

the experiments done (including experimental conditions) can be seen in Appendix B.
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6.3 Experimental procedure and representation

Each experiment was prepared according to the experimental design, following the procedure

outlined in Section 3.4 and the following measurements were taken during the experiment:

1. The recycle flow rate of the feed and strip solutions.

2. The time when a sample was taken.

3. The feed and strip solution pH.

4. The nickel concentration of the feed and strip solution.

These results could be used to calculate the amount of nickel that was being extracted through

the SLM system and can be expressed in one of two ways:

1 Flux: Theamount of nickel (either as mg or mol) that passes through a square metre of
membrane in one second.

2. % extraction: The amount of nickel that is extracted to the strip side asafraction of the

total nickedl that would have been in the solution if no extraction occurred.

In membrane technologies the convention is usually to express the results in terms of the
transmembrane flux, while in solvent extraction, the results are usually expressed in terms of
recovery. Supported liquid membranes are a combination of the two technologies and it was
decided to express the results in terms of flux, unless the observed phenomena could be better
expressed by the concept of percentage extraction. The dynamic results of each experiment were
measured and used for the regression as discussed in Section 5.5. The steady state flux is used
in this chapter (with the exception of Section 6.4) to evaluate the effect of the different variables
on the extraction process. The experimental results are also compared with the process model

derived in Chapter 5.

6.4 Reproducibility of experiments

To assess the reproducibility of the experiments, eight experiments were done under the same
conditions. These experiments were done throughout the whole experimental period and were
also used to test if the experimental apparatus was still giving accurate results. The nickel flux
as a function of time can be seen in Figure 6.1. The average standard deviation between the

experimentswas5.9% and it can therefore be cond uded that the experimental configuration gave
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Fig. 6.1: Reproducibility test for SLM experiments with [Ni]; = 57 mg/l, [Ni] g =
56 mg/l, pH,,, = 4.00, pH, = 1.04, F,= F =300 I/hr, T =50 °C & [RH]y,, = mol/m®,
®: Experimental datawith 95% confidence limits. == : Process model (r>=0.999)

accurate and reproducible results.

6.5 The influence of the different process conditions on the extraction of nickel

The influence of all the variables, mentioned in Section 6.2, on the extraction process were
investigated through a comprehensive experimental study. The predictions from the model,

derived in Chapter 5, were also compared with these experimentd results.

6.5.1 The influence of the nickel concentration in the feed tank

A series of experiments were doneto investigate the influence of the nickel concentration in the
feed tank on the nickel flux through the membrane and the recovery. In these experiments the
nickel concentration of the feed tank was varied from 20 mg/l to 157 mg/l. The results of the
experiments can be seen in Figure 6.2. Anincreasein the nickel concentration in the feed tank
resultsin higher organo-metallic concentrationsat thefeed interfaceand thisresultsin anincresse
in the driving force across the membrane. The decrease in the % extraction with an increasein
feed concentration cannot be understood intuitively. This can be explained by the fact that the

extraction process is a membrane process and the % extraction is therefore proportiond to
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Fig. 6.2: Influence of [Ni]z on nickel flux and % extraction with [Ni]s; = 56 mg/l,
pH,,, = 4.00, pH, = 1.05, F,= F =300 I/hr, T =50 °C & [RH];,, = 1200 mol/m?. e:
Observed flux (left axis), = : Predicted flux (r>=0.995), O: Observed %
extraction (right axis), = =: Predicted % extraction (r>=0.990)

membrane area. 1n these experiments the membrane area was kept constant and this means that
the same amount of membrane was used to extract nickel from a smaller number of nickel
molecules, resulting in ahigher recovery. Thelower flux at these concentrati on was not enough
to counter this phenomenon, resulting inthe trend found. Thisisone of the main advantages of
supported liquid membranes over other extraction processessuch asliquid-liquid extraction and
makes the process more usable for the scavenging of small amounts of valuable metal species
from aqueous sol utions. The percentage extraction and nickel flux predicted by the model isalso
shown in Figure 6.2. The increase in flux with an increase in the metal concentration is well
documented in the literature (Juang, 1993:162; Youn et al., 1997:233; Joeng et al., 2003:506).
It is however more difficult to make direct comparisons of the results, due to all the other
variables that influence the SLM process, for instance Juang (1993:162) found that, if the
concentrations of both nickel and cobalt are increased, the nickel flux will display an optimum.
This can however be contributed to the competing flux of cobalt ions and the total metal flux

increased with in increase in total metal concentration.

6.5.2 Influence of the nickel concentration in the strip tank

One of the main advantages of a supported liquid membrane system is that a high degree of



- Results and discussion - 107

upconcentration ([Ni] /[Ni];) can be achieved. The influence of the nickel concentration in the
stripwasinvestigated in aseriesof experimentsinwhichthenickel concentrationinthestrip tank
was varied from 0 mg/l to 5700 mg/l. The results are shown in Figure 6.3, with the nickel
concentration in the strip tank on alogarithmic x-axes. Anincrease in the nickel concentration
in the strip tank results in higher organo-metallic concentrations at the strip interface, but the
resulting decrease in driving force is insignificant if it is compared to the concentration of the
organo-metallic concentrations & the feed interface. The process model predict that the lossin
driving forcewill beinsignificant, evenif the nickel strip concentration isincreased to 292.5 g/,
the point wherethe nickd will precipitate (Perry & Green, 1984:3-17). One of thefirst accounts
of the ability of supported liquid membranesto perform “uphill transport” isthat of Matsuoka et
al. (1980:11), who proved that uranium can be upconcentrated. Since then the phenomenon has
been extensively researched in different systems (Juang & Chang, 1996:365; Shamsipur,
2000:217; Gholivand & Khorsandipoor, 2000:115; Alguacil et al., 2001:13)

6.5.3 Influence of the feed pH on extraction

One of the most important variablesin the extraction processisthe pH of the feed stream andis
the variable that is being investigated the most. The hydronium ion concentration in the feed
stream has a dramatic effect on the equilibrium that is established between the nickel in the feed
and the nickel-organic species in the membrane (see Figure 4.19). A series of experiments was
doneto quantify thiseffect and in these experiments the setpoint of the pH controller was varied
from 3.00 to 5.00. If one considers Equation 4.28 it could be expected that the flux would
increase exponentially asthe pH of the feed solution isincreased, but it is clear from Figure 6.4
that the flux stabilises at around 0.65 mg/m?s. This can be explained by (and is seen in the
prediction made by the process model) the fact that as the flux increases, the concentration
gradient across the feed boundary layer also increases and this impedes the extraction process,
asthe nickel cannot reach the membrane surface fast enough and the hydronium ions cannot be
removed fast enough from the membrane interface. It should also be remembered that the
maximum flux for the experimental conditions is around 1 mg/m*s and this leads to the
characteristic s-form of the graph. Verhaegeet al. (1987:334) and Y oung et al. (1997:232) also
found that the flux levels off at a pH higher than 4.
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Fig. 6.3: Influence of [Ni]s; on nickel flux with [Ni]r ~ 57 mg/l, pH,,, = 4.00, pH, =
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Fig. 6.4: Influence of pH,, on nickel flux with [Ni]zr = 57 mg/l, [Ni] s = 55 mg/l,
pH, =~ 1.04, F,= F = 3001/hr, T =50 °C & [RH],, = 1200 mol/m?3. ®: Experimental
data. = : Process model (r’=0.994)
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6.5.4 Influence of the strip pH on extraction

As with the feed pH, the strip pH also affects the extraction at the membrane interface, but the
influence is much less significant than that of the feed pH and can be explained by the fact that
the extraction of nickel with D2EHPA usually varies from below 10% at a pH of 2.0 to above
90% at apH of 3.0 (see Figure 4.19). In the experiments done to investigate the strip pH, the pH
wasvaried from 0.4 to 1.91 (see Figure 6.5). It was seen in the predictions made by the process
model that, at these low concentrations the stripping reaction is virtually complete and that the
concentration of the nickel-organic complex at the strip interfaceis negligible, but the pH cannot
be increased unconditionally and it is predicted by the process model that, if the pH rises above
2.5, thereis adramatic drop in the flux. The drop in flux, with a strip pH higher than 2.5, was
reported in an set of experiments done by Joung (1993:164). An experiment was done with no
acidin the strip solution and it confirmed that avery low flux will result (0.018 mg/n¥-s) if there
isno acid present. Fortunately only asmall amount of acid isnecessary (0.1% mass) to lower the
pH to below 2.0.
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6.5.5 Influence of the reactor (recycle) flow rate on extraction

A seriesof experimentsweredoneto investigate theinfluence of theflow ratethrough thereactor
on the extraction. Two sets of experiments were done: In thefirst set the feed recycle flow rate
was varied from 100to 400 I/hr. Therewasan increasein flux asthe flow rate increased, due to
the decrease in the feed boundary layer (see Figure 6.6). At lower flow rates the observed flux
was dightly lower than the flux predicted by the process model, but this phenomenon can be
attributed to normal experimental errors. If the influence of the feed recycle flow rate on the
error between the observed and predicted fluxesis considered for al the experiments (see Figure
6.7), including the 2“-experimental set, it can be seenthat the deviati on between the predicted and
observed flux isinsignificant. The decrease of the boundary layer has the added effect that the
hydronium ions that form at the membrane interface as aresult of the extraction reaction, was
removed faster and thisleadsto anincreasein the pH at the membraneinterface (see Figure 6.8).
One would expect that the nickel concentration at the feed interface would increase with the
increase of the flow rate, but the process modd predicts the opposite (see Figure 6.8). Thiscan
be explained by the fact that the increase in pH at the membrane interface results in a higher
nickel flux and this leads to an increased concentration drop across the boundary layer. The
increased pH and reduced nickel concentration at the membrane interface result in two opposing
influences on the organo-metallic concentrations at the feed interface (see Equation 4.28), with
theincreased pH having apositive effect on the organo-metallic concentration and the decreased
nickel concentration a negative effect. The contribution of the hydronium concentration on the
extraction equilibrium is, however, larger than the contribution of the nickel concentration,

leading to an overdl increase in the nickel flux.

The strip recycdeflow rate was varied in the second set of experiments from 100 I/hr to 400 |/hr.
Contrary to expectations, the strip flow rate through the reactor did not have a significant
influence on the extraction of nickel (seeFig. 6.9). A higher strip recycleflow rate should reduce
the strip side boundary layer and result in higher nickel fluxes, but aswas shown with the nickel
concentration of the strip solution and the pH of the strip solution, the strip side is not the rate
limiting step in the extraction process and the increase in flux due to the reduced boundary layer
isinsignificant. The process model predictions of the influence of the recycle flow rate can also

be seen in Figures 6.6 and 6.8.
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Fig. 6.6: Influence of F,on the nickel flux with [Ni]zr = 56 mg/l, [Ni]s; =~ 56 mg/l,
pH,,, = 4.00, pH = 1.04, F =300 I/hr, T = 50 "C & [RH], = 1200 mol/m?. e:
Experimental data. = : Process model (r?=0.991)

Joeng et al. (2003:507) also found anincreaseintheflux with ahigher flow rate through ahollow
fibre-supported liquid membrane. They found that film theory could not adequately describethe
process and used a process model that uses the continuity mass-conservation equation for both

the flow and the diffusion inside the fibre wall.
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Fig. 6.9: Influence of F; on the nickel flux with [Ni]z = 57 mg/l, [Ni]s; = 56 mgl/l,
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6.5.6 Influence of temperature on extraction

An important focus in this study was the incorporation of the effect of temperature into the
processmodel. A seriesof experiments was done to investigate the influence of the temperature
on extraction. In these experiments the temperature was varied from 30 to 70 °C. Although
temperature does not have an effect on the nickel-organic equilibrium (see Figure 4.15), it does
have an effect on the diffusion through the boundary layers as well as the diffusion through the
membrane, leadingtoincreased nickel flux through the membrane(seeFigure6.10). Noreference
was found in the literature on the effect of temperature in the SLM extraction of nickel. Some
researchers did, however, investigate temperature as a variable in the extraction of other metals
(see Section 2.2.3.6).

The typical way to represent the effect of temperature is with the use of an Arrhenius-type
relationship. The value of the activation energy gives an indication if the process is reaction or
diffusion limited and the rule of thumb isthat if the activation energy is less than 50 kJ/mol the
processisdiffusion limited. The Arrhenius plot for the system can be seen in Figure 6.11. The
activation energy was calculated as 17.2 + 1.4 kJ/mol and it can therefore be concluded that the

processis limited by film and/or transmembrane diffusion and not by the extraction reaction.
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This supports the assumption that the reaction at the liquid-liquid interface is fast, as stated in
Paragraph 5.2.
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Fig. 6.10: Influence of T on the nickel flux with [Ni]z = 57 mg/l, [Ni]¢ = 55 mg/l,
pH,,, = 4.00, pH, = 1.05, F,= F = 300 I/hr & [RH]z, = 1200 mol/m?. e:
Experimental data. == : Process model (r?=0.997)
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Fig. 6.11: Arrhenius plot for SLM system (r°=0.989)
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6.5.7 Influence of the extractant concentration

A series of experiments was done to investigate the influence of the extractant concentration
(D2EHPA dissolved in Kerosene) on the nickel extraction. The extractant concentration was
varied from 800 mol/m® to 1600 mol/m?®, with an additional two experiments done at zero
extractant concentration to prove that no extraction takes place if the extractant is not present.
An increase in extractant concentration resulted in higher organo-metdlic concentrations, but it
alsoresultedinanincreasein theviscosty of the organic solution (see Figure 4.23), whichinturn
gave rise to alower diffusion coefficient (see Equation 5.17). These two effects oppose each
other and thisusually resultsin an optimum extractant concentration. For the nickel-D2EHPA
system it was found that this optimum is approximately 1200 mol/m? at ambient temperature
(Verhaege et al., 1987:333; Smit & Koekemoer, 1997:344). In this investigation a similar
experimental result was obtained as seen in Figure 6.12, but with aless pronounced optimum.
The processmodel doeshowever predict amoredramatic drop inthe extraction at concentrations
outsidethe experimental range and it isexpected that the d evatedtemperature of the experiments
dampen thiseffect of viscosity on thediffusion coefficient. Theviscosity of pure D2EHPA is20
times higher than the viscosity of kerosene at 30 °C, this ratio, however, drops to about 9 at 70
°C (see Table 4.7). This phenomenon will be discussed in greater detail in Section 6.6.3.
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Fig. 6.12: Influence of [RH],,, on the nickel flux with [Ni] - = 57 mg/l, [Ni]g; = 55
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—— : Process model (r>=0.995)

6.6 Interaction between variables

A set of 2¢ experiments was superimposed on the other experiments as discussed in Section 6.2.
Although these experiments cannot be displayed graphically, they can be evaluated statistically
and it greatly increased the accuracy of the process model and the predictions that can be made
fromit. Although all the abovementioned variables areinterdependent, there are only afew that
are significant and these variables are discussed in the following paragraphs. The term
“interaction” asused in the following paragrgphsimpliesthat the effect obtained by varying two
variablessimultaneously ismore or lessthan the sum of the effects obtained if the variableswere

varied independently.

6.6.1 Interaction between the feed solution pH and the nickel concentration in the feed tank
Thisinteraction is depicted in Figure 6.13. As shown in Figure 6.4 and discussed in Section
6.5.2, the nickel flux through the membrane reaches an optimum, due to the limited amount of
nickel that is available for extraction. This optimum is obviously dependent on the amount of

nickel that is added to the system, resulting in the interaction between these two variables.
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6.6.2 The influence of the feed recycle (reactor) flow rate on the extraction interactions
Anincreasein either the nickel concentration of the feed solution or the pH of the feed solution
lead to an increase in the flux, but thisincreaseis not linear because the increased flux leads to
ahigher concentration difference across the feed boundary layer. If thefeed recycleflow rateis
increased, thisboundary layer is decreased and thisleadsto ahigher slopein the transmembrane
flux with regard to these variables (see Figures 6.14 & 6.15)

6.6.3 The influence of temperature on the extraction interactions

It was shown in Section 4.3.3.2 that temperature does not have an afect on the extraction
reaction. Temperaturedoes, however, havean effect on the diffusion through the boundary layer,
leading to lower diffusion resistance across the boundary layer. The same rationalisation can be
used to explain the interaction between the temperature and the nickel concentration of the feed
solution, aswell asthe pH of the feed solution, than was used to explain theinfluence of thefeed

recycle flow rate on the interaction (see Section 6.6.2, Figure 6.16 & 6.17).

Fig. 6.13: Influence of [Ni] - and pH,, on the nickel flux with [Ni]s; =~ 0 mg/l, pH, =
1.0, F;= F,=300/hr, T = 50 “C & [RH],, = 1200 mol/m®
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Fig. 6.14: Influence of F and pH,,, on the nickel flux with [Ni] -z = 60 mg/l, [Ni]s; =
0 mg/l, pH, = 1.0, F, =300 I/hr, T = 50 °C & [RH]},.; = 1200 mol/m?
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Fig. 6.15: Influence of F,and [Ni] - on the nickel flux with [Ni]g = 0 mg/l, pH,,, =
4.00, pH, = 1.0, F, = 300 I/hr, T = 50 °C & [RH],,,; = 1200 mol/m*
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Fig. 6.16: Influence of pH,,, and T on the nickel flux with [Ni] - = 60 mg/l, [Ni] s, =
0 mg/l, pH; = 1.0, F,= F, = 300 I/hr & [RH]y,,, = 1200 mol/m?
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Fig. 6.17: Influence of [Ni] - and T on the nickel flux with [Ni]s; = 0 mg/l, pH,,, =
4.00, pH, = 1.0, F,= F = 300 I/hr & [RH]y,,, = 1200 mol/m?
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There exist atradeoff between the organo-metallic concentration and the diffusion resistance at
different extractant concentrations, resulting in an optimum extractant concentrati on asdi scussed
in Section 6.5.7 and in Section 2.2.3.1, but the diffusion through the membrane is dependent on
temperature and thisresultsin ashift in this optimum extractant concentration from 1500 mol/m?
at 30°C to 2000 mol/m? at 70 °C as seen in Figure 6.18.
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Fig. 6.18: Influence of T and [RH],, on the nickel flux with [Ni] z = 60 mg/l,
[Nilg;= 0 mg/l, pH,,, = 4.00, pH, = 1.0, F,= F, = 300 I/hr

6.7 The extraction of zinc with supported liquid membranes

It was decided to do two experimentd sets to investigate the extraction of zinc with SLMs and
to compare the results with those obtained for the extraction of nickel. In the first set of
experiments, the pH of the feed solution was varied, sinceit isgenerally accepted that thisisthe
most important factor in the extraction process (see Figure 6.19). In the second set the

temperature (see Figure 6.20) was varied, since it was one of the unique variablesin this sudy.

As can be seenin Figure 6.19, the extraction of zinc occurred at alower pH, than that of nickel.
Sarangi & Das (2004:192) also found that the extraction of zinc with SLMs varied in the pH
range of 1.5to 3.0 and Ataer al. (2004:898) investigated a pH range of 0.5 to 3.0. Itisthis
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differencein extraction pH that enables SLMsto selectively extract different ions from solution
and, asmentioned in Section 2.5, alarge amount of research has been done on this phenomenon

in recent years.

It seemsasif the extraction of zincis slightly less dependent on temperature than the extraction
of nickel. Further research will haveto be done to confirm this and to determine the reason for
it. Morecomprehensiveresearch will alsobe needed beforethe processmodel derived in Chapter
5 can be adapted for the extraction of zinc with SLMs.
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Fig. 6.19: Influence of pH,,, on the transmembrane flux. @: Nickel; B: Zinc
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6.8 Conclusions from results

The conclusions that can be made from the results can be summarised as follow:

1 The process model is capable of accurately describing the effect of all the major
variablesin the SLM process.

2. There is a synergistic effect between four sets of variables and the process model is
capable of describing these effects.

There exists an optimum extractant concentration that is dependent on temperature.
4. The effective extraction of zinc occurs at alower pH than the extraction of nickel and
this phenomenon will make it possible to selectively extract zinc from nickel/zinc

solutions.
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Chapter 7

Final conclusions and
recommendations

Engineering is the art or science of making practical.” -
Samuel C. Florman

7.1 Final conclusions

From an economic point of view, the use of membranes at the present time is intermediate
between the development of first generation processes and second generation processes such as
supported liquid membranes. The supported liquid membrane process hasthe potential to be both
environmentally friendly and economically viable. It aso has the advantage that it circumvents
the problems associated with liquid-liquid extractions, such aspoor phase separation and solvent

entrainment.

The extraction mechanism in the SLM-process is a combination of extraction equilibrium and
diffusion and can be divided into six separate steps and the process can be modelled by solving
a system of equations that describes the equilibrium at both the feed and strip interface as well
asthe diffusion through the aqueous boundary layers and the membrane. A computer simulation
was devel oped to sol ve these equations and to s mulate the SLM process. Much of the physical
and chemical data needed for this process model was not known and were determined through
different experiments. The following conclusions can be made from these experiments:

1. The interaction between ionic solutions are so strong that the difference between the
solution activity and molality cannot beignored, an error whichisvery common among
researches who model the SLM process. An advanced thermodynamic program was
used and the effect of agueous speciation was incorporated into the extraction
equilibrium.

2. There are seven equilibrium equations involved in the extraction of nickel with
D2EHPA, takinginto consideration theformation of two organo-metallic species. These

eguations can, however, be condensed to three equati onsthat can be solved numerically.
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At low extractant concentrations, below 700 mol/m?, thefirst reaction (forming NiR,)
dominates the extraction reaction, while the second reaction (forming NiR,(RH),)
dominates at higher extractant concentrations.

The temperature-dependent viscosity and density datafor D2EHPA/kerosene mixtures
were not available in the literature and were determined experimentally. It was found
that the mixture exhibited ideal behaviour and the viscosity of the mixture could be
described with the use of the Kendal and Monroe Equation (Eg. 4.40).

It was found that the pressure drop along a SLM tube cannot be described by standard
fluid dynamic theory and an empirical equation was derived to describe shear stress
along the SLM wall as afunction of the Reynolds number. The shear stress could then
be used to calculate the Fanning friction factor, which in turn could be used in the

calculation of the boundary layer diffusion.

Different reactor/extractor configurations areavailablefor SLMs. The disadvantage of most flat

sheet membrane reactorsisthe low membrane areato volumeratio, while“ of f the shelf” tubular

membrane reactors are designed for microflitration and this resultsin unequal flow distributions

between thefeed and strip solutions. To overcomethis problem acustom-madereactor/extractor

wasdesigned and built for the experimentsreportedin thisthesis. Thefollowing conclusionscan

be made from the results generated with the reactor/extractor:

6.

Supported liquid membranes provide an area-driven extraction method, which means
that the recovery of metal species will be higher at lower concentrations. This makes
SLMs ideal for scavenging metal ions form effluent streams rather than a means to
extract metal ions from high concentration leaching solutions.

Higher nickel concentrations in the feed solution increase the flux through the
membrane. This increase is not linear and is hindered by the fact that higher fluxes
result in ahigher concentration drop across the feed boundary layer.

A higher feed pH alsoresultsin ahigher nickel flux and, aswith the nickel concentration
in the feed solution, thisincrease is hindered by the increase in the concentration drop
across the feed boundary layer. The pH of the feed solution is probably the most
important factor in the extraction process and should be controlled accurately in a
possible industrial goplications.

Anincreasein thefeed recycle (reactor) flow rate reduces the size of the feed boundary



10.

11.

12.

13.

- Final conclusions and recommendations - 125

layer and thisresultsin an increase of the nickel flux through the membrane. It also has
ansynergistic effect with the pH and nickel concentration of the feed sol ution and should
be kept high. The downside of ahigh recycle flow rateisthat it resultsin an increased
pressure drop across the membrane and can result inloss of extractant and subsequently
in decreased membrane stability. The pressure drop along the tube wal is also higher
for SLM tubesthan for solid surfacetubesand thisamplifiesthe above-mentioned effect.
Theauthor recommendsthat, asarule of thumb, the flow vel ocity through amembrane
tube should be less than 2.5 m/s.
The diffusion across the strip side boundary layer is generally not the rate limiting step
and the system is not susceptible to changes in the strip conditions, as long as a
sufficiently low pH (pH < 2.0) is maintained.
Anincressein temperatureresultsin higher nickel fluxes. Thisisdueto the following:
1 The increased temperature leads to a reduction in the boundary layer resistance
and
2. Theincreased temperature leads to a reduction in the transmembrane diffusion
resistance.
There is an optimum extractant concentration at which point the flux through the
membraneisamaximum. Thisisdue to the fact that a higher extractant concentration
leadsto ahigher concentration gradient of organo-metallic speciesacrossthemembrane,
but it also leads to a decrease in the transmembrane diffusion coefficient, due to an
increase in the viscosity of the organic solution. This maximum is temperature-
dependent, due to the temperature dependence of the organic mixture's viscosity and
rises from 1500 mol/m? at 30 *C to 2000 mol/m? at 70 °C.
All the above-mentioned variables are interdependent and the process model is capable
of predicting the influence of this interdependence on the nickel flux through the

membrane.



126 - Final conclusions and recommendations -

7.2 Recommendations for future research

The next step would be to do afull investigation into the stability of the membrane. This study
can then be used to do afull economic study of the SLM process and to determine what is the

economic res sance to the use of SLMs in industry.

7.3 Contribution from investigation

Theuse of supported liquid membranes hasits historical rootsin both membrane technology and

liquid- liquid extraction and the following contributions emanated from this investigation:

1 Thethermodynamicequilibrium of the Ni/D2EHPA system was expanded to incorporate
the following:

1.1 Thenickel formstwo nickel-organic species in the organic phase.

1.2 Thenickel inthe agueous phaseexists as Ni?* ions and aneutral NiSO, complex.

1.3 Thedifference between the activity and molality of the aqueous species.

2 The philosophy that was used to describe the Ni/D2EHPA system was used to deve op
an equilibrium modd for the Zn/D2EHPA system.

3 Some of the physical dataneeded for this project, such as the temperature dependence
of the D2EHPA/kerosene mixture properties, was determined.

4 A model for the SLM extraction of nickel was derived and some of the unique features
of thismodel are the following:

4.1 The process model incorporates the equilibrium mentioned in item 1 above.

4.2  Diffusion of both nickel-organic speciesis described.

4.3 The nonlinear concentration profile of the nicke-organic species, due to the
varyingareaand the equilibrium that exist between the two nickel organic species
isincorporated in the transmembrane diffusion.

4.4  The effect of temperature is incorporated into the process model.

45 Theprocessmodel usesanempirical correlation that compensatesfor thefact that
both the pressure drop and the film theory that apply along a SLM tube deviate

from standard transport phenomena.
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7.4 Closing remarks

The use of supported liquid membranes is a hove idea tha has the possibility of being both
economically profitable and environmentally friendly. This idea is now beyond the point of a
scientific curiosity and it isimportant to bridge the gap between scienceand industry. To dothis,
researcherswill need to know how largethisgap isandit isthe hope of the author that thisthesis
will bring abetter understanding of this gap and give rise to new ideas of how to crossit, in the
spirit of the words of George Bernard Shaw: “Imagination is the beginning of creation. You

imagine what you desire, you will what you imagine and at last you create what you will.”
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A.1 Introduction

This appendix is used for additional literature. The literature is not of direct importance for the
understanding of the project, but entails background information and methods or tools which was
used in the project and is not general knowledge. References used in this appendix are cited in the

reference list in the main text.

A.2 Nickel

An alloy of nickel was known in China more than 2000 years ago. Saxon miners were familiar with
the reddish-coloured ore, NiAs, which resembles Cu,0. The miners attributed their inability to
extract copper from this ore to the work of the devil and named it “Kupfernickel” (old Nick’s
copper). In 1751 A.F. Cronstedt isolated an impure metal from some Swedish ores and, identifying
it with the metallic component of Kupfernickel, named the new metal “nickel” (Greenwood &

Earnshaw, 1984:1328).

Nickel is a high melting element with 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 in excess of 1000 “C (Tien & Howson, 1981:787). Nickel
also has the face-centred cubic crystal structure which makes it highly formable but relatively
expensive (14.40 US$/kg, London Metal Exchange, 2004) and has a high density (8.9 g/cm’) which
limits its use (Smith, 1990:548).

Nickel is the seventh most abundant transition metal and the twenty-second most abundant element

in the earth's crust (99 ppm). Its commercially important ores are of two types:

1 Laterites: Laterites are oxide/silicate ores such as garnierite. They are concentrated in
tropical rainbelt areas such as New Caledonia, Cuba and Queensland.

2. Sulfides such as pentlandite: They are associated with metals such as copper, cobalt and

other precious metals. These ores typically contain about 1% Ni and are found in more
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temperate regions such as Canada, the USSR and South Africa (Greenwood & Earnshaw,

1984:1329).

The beneficiation of nickel is 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 A.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. Wrought and cast
nickel are used widely for nickel 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 materials used in food

processing.

Nickel plating is also used in the paper and pulp industries and the chemical industries which often
are characterized by severely corrosive environments. Nickel plating is 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 is
separated from the deposit, is used to form complex shapes such as printing plates, tubing, nozzles,

screens and grids.

Nickel is also an important industrial catalyst. The most extensive use of nickel as a catalyst is in
the food industry concerning the hydrogenation or dehydrogenation of organic compounds to

produce edible fats and oils (Tien & Hawson, 1981:791).
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Table A.1: Physical properties of nickel (adapted from Tien & Hawson, 1981:788)

Property Value
Atomic weight, g/mol 58.71
Crystal structure fcc
Lattice constant at 25°C, nm 0.35238
Melting point, °C 1453
Boiling point (by extrapolation), °C 2732
Density at 20°C, g/cm? 8.908
Specific heat at 20°C, kJ/(kg-K) 0.44
Avg. coefficient of thermal expansion % 108 per °C

at 20-100°C 13.3

at 20-300°C 14.4

at 20-500°C 15.2
Thermal conductivity, W/(m-K)

at 100°C 82.8

at 300°C 63.6

at 500°C 61.9
Electric resistivity at 20°C, pQ-cm 6.97
Temperature coefficient of resistivity at 0-100°C, (uQ-cm)/°C 0.0071
Curie temperature, °C 353
Saturation magnetisation, T 0.617
Residual magnetisation, T 0.300
Coercive force, A/m 239
Initial permeability, mH/m 0.251
Max permeability, mH/m 2.51-3.77
Modulus of elasticity, x 10° MPa

tension 206.0

shear 73.6
Reflectivity, %

at 0.30 um 41

at0.55 um 64

at 3.0 um 87
Total emissivity yW/m?

at 20°C 45

at100°C 60

at 500°C 120

at 1000°C 190
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Nickel is alloyed 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 superalloys consist of about 50 to 60% nickel, 15 to 20% chromium and 15 to 20% cobalt
(Smith, 1990:548).

With these properties and end-uses in mind it is evident that nickel is a widely used metal and
therefore subject to report in various effluents as a pollutant. The extraction of nickel at the price
quoted (14.40 US$/kg) could consequently be a strong incentive to recover nickel from effluents

from various industries but mainly from the plating and catalyst industries.

A.3 Statistical experimental design

A.3.1 Introduction

The purpose of experimental design is to plan the experimentation so that the number of experiments
to be executed is minimised, but the results are still accurate. The classical way to find the optimum
for a process with a number of variables which influence the process is to keep all the variables
(except one) constant. One variable at a time is then varied and the response is measured. This
means that 25 experiments are needed for a process with five variables (each having five different
values). This process is unfortunately not very dependable. An example of an experiment which
gives a false optimum can be seen in Figure A.1. In the experiment the X variable is kept constant
ata value of x1 and the Y variable is varied. The optimum value for the X variable is found at point
A. If the classical way (mono-variant) 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 variable. The optimum according to

the experiment is then at point B, but the true optimum is at a higher value of Y.

Another way to obtain the optimum is to do all the possible combinations of experiments, but this
is usually not a practical solution. Central composite experimental designs are more reliable than

the classical way of experimentation. The number of experiments for a process with five variables
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L-axis

Fig. A.1: An example of a false experimental optimum

(each having five different values) needs 46 experiments.

A.3.2 Response surfaces

Draper (1988:107) describes a response surface as follows: "Suppose we have a set of observations
Vis &1 Eous + 561 U = 1,2, . ,n, taken on a response variable y and on & predictor variables &, &,, .. ,&,.
A response surface model is a mathematical model fitted to y as a function of the &'s in order to

provide a summary representation of the behaviour of ".

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 variables and the optimum response can be determined. The goal of the
experimental design in this thesis was to design a set of experiments to determine the mathematical
relationship between the different variables which influence the extraction of nickel with supported
liquid membranes. The data obtained from these experiments should be sufficient to do the required

modelling.
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A.4 Other work on supported liquid membranes

Typical fluxes obtained by other authors for supported liquid membranes can be seen in Table A.2.

Table A.2: Typical results obtained for supported liquid membranes

. Conc. Flux
Species (moI/m3) (mg/mZs) Extractant Reference
Ag" 10 0.575 D2EHPA Gherrou et al. (2002)
Ag" 1.0 0.101 DB18C6 Gherrou & Kerdjoudj (2002)
Au'* 3.16 0.196 DB18C6 Gherrou et al. (2002)
Au™ 0.05 8.79x1073 LIX 79 Kumar & Sastre (2000)
Co? 200 4.71 D2EHPA Juang (1993)
Co? 85 4.72 D2EHPA Youn et al. (1997)
Co? 78.6 4.25 PC-88A Teramoto et al. (1987)
Co* 17.0 8.19x107? DP-8R Alguacil (2002)
Co* 10.0 5.89 D2EHPA Gega et al. (2001)
Co? 3.39 0.361 PC-88 Matsuyama et al. (1990)
Co*" 2.50 0.124 TEA Bukhari et al. (2004)
Co* 1.00 0.588 TLAHCI Chiarizia & Castagnola (1984)
Cu® 236 63.6 LIX 64 N Loiacono et al. (1986)
cu® 100 4.77 Acorga P5100 Largman & Sifniades (1978)
cu? 100 3.24 Acorga P5300 Largman & Sifniades (1978)
cu® 100 2.54 Kelex 100 Largman & Sifniades (1978)
cu® 100 2.16 LIX 64 N Largman & Sifniades (1978)
cu® 100 1.78 LIX 64 N Largman & Sifniades (1978)
cu® 100 0.502 LIX 64 N Baker etal. (1977)
Ccu® 15.7 0.324 LIX 84 Gill et al. (2000)
Ccu® 10.0 10.5 B-hydroxy Danesi et al. (1983)
oximes
cu® 10.0 0.953 SME 529 Teramoto & Tanimoto (1983)
Ccu® 10.0 0.262 D2EHPA Gherrou et al. (2002)
cu® 7.86 2.192 D2EHPA Sarangi & Das (2003)
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Table A.2: Typical results obtained for supported liquid membranes (continue)

Conc.

Flux

Species (mol/m?) (mg/m?s) Extractant Reference
cu® 1.30 1.46x107 Acorga M5640 Alguacil et al. (2002)
Cu® 1.00 2.31 B-hydroxy Danesi et al. (1983)
oximes
cu® 1.00 0.160 D2EHPA Danesi (1984)
cr¥ 1.90 0.520 Dinonyl- Loiacono et al. (1986)
naphtalene
sulfonic acid
cré 92.3 20.8 Tri-n-octylamine | Chaudry et al. (1997)
cré 38.4 9.36 Alamine 336 Smith et al. (1981)
Fe’* 17.9 0.201 LIX 84 Gill et al. (2000)
Fe®* 10.0 0.977 B-hydroxy Danesi et al. (1983)
oximes
Fe® 2.00 0.894 Cyanex 921 Alguacil & Alonso (2000)
Fe 1.00 1.114 TLAHCI Chiarizia & Castagnola (1984)
Fe® 1.00 0.760 B-hydroxy Danesi et al. (1983)
oximes
Fe* 0.90 0.044 D2EHPA Zhang et al. (2002)
Fe® 0.50 0.503 Cyanex 921 Alguacil & Alonso (2000)
Fe¥* 0.50 2.67%x107 3-phenyl-5- Buonomenna et al. (2002)
isoxazolone
Fe® 0.10 2.38x107% EHPA Akiba et al. (1997)
Fe®* 0.01 0.168 Cyanex 921 Alguacil & Alonso (2000)
Hf** 0.28 0.571 TNOA Yang et al. (2002)
K* 100 2.07x1073 Dicyclohexano- Lamb et al. (1988)
18-crown-6
La® 1.00 0.945 HEH(EHP) Guobin et al. (1995)
Mn?* 1.46 0.901 DP-8R Alguacil (2002)
Mo®* 1.00 1.44 Alamine 336 Basualto et al. (2003)
Na® 100 480 Monensin Choy et al. (1974)
Ni2* 89.7 2.15 PC-88A Teramoto et al. (1987)
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Table A.2: Typical results obtained for supported liquid membranes (continue)

Conc.

Flux

Species (mol/m?) (mg/m?s) Extractant Reference

Ni2* 85.0 1.47 D2EHPA Youn et al. (1997)

NiZ* 40.0 13.9 D2EHPA Smit & Koekemoer (1996)
Ni?* 30.0 1.17 D2EHPA Juang (1993)

NiZ* 27.3 0.278 D2EHPA Verhaege et al. (1987)
Ni%* 10.0 4.11 D2EHPA Gega et al. (2001)

Ni%* 8.50 2.14 LIX 84-I + Van de Voorde et al. (2004)

D2EHPA
Ni2* 8.50 0.777 D2EHPA Hernandez-cruz et al. (1998)
Ni2* 3.41 0.31 PC-88 Matsuyama et al. (1990)
NO; 4.00 1.22 Tetra-octyl- Neplenbroek et al. (1992)
ammonium
(O 12.1 57.0 Haemoglobin Hemmingsen (1962)
Pb? 50.0 0.11 Dicyclohexano- Lamb et al. (1988)
18-crown-6
Penicillin 200 - Amberlite LA-2 Wang & Lee (1995)

u 10.0 0.357 D2EHPA Elhassadi & Do (1986)

U 16.8 11.7 Alamine 336 Babcock et al. (1980)

Y 7.50 8.89x10™ PC88-A Chitra et al. (1997)
Zn* 200 6.34 D2EHPA Juang (1993)
Zn% 72.7 7.16 D2EHPA Teramoto et al. (1987)
Zn% 10.0 0.222 Cryptands Arous et al. (2004)
Zn? 9.17 0.317 Aliquat 336 Juang et al. (2004)
Zn?" 7.83 1.6x1072 D2EHPA Juang & Huang (2003)
Zn?* 7.64 3.17 TOPS-99 Swain et al. (2004)
Zn? 7.64 2.82 D2EHPA Sarangi & Das (2003)
Zn?* 1.00 2.28 DP-8R Alguacil & Alonso (2004)
Zn* 0.015 6.3x10° Dithizone-CCl, Plucinski & Nitsch (1988)
zr* 0.55 10.3 TNOA Yang et al. (2002)
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B.1 Introduction

This Appendix focuses on the experimental procedure and the raw experimental data for the SLM
experiments. A comprehensive description of the operating procedure is given in Section B.2, while
a list of the experiments done for the SLM extraction, with the corresponding page numbers in the
appendix is given in Table B.1 for nickel and Table B.2 for zinc. A list of the experimental

conditions are given in Table B.3 for nickel and in Table B.4 for zinc.

B.2 Operating procedure

B.2.1 Startup procedure

1. Fill the feed and strip tanks with distilled water

Close valves V02 and V04

Open valves V01 and VO3

Start pumps P03 and P04 and wait until the recycle tanks are full

Open valves V02 and V04

Start secondary temperature controller and wait until temperature is within 10% of setpoint
Close Valve V01 and V03

Control the feed and strip flow rates using V02 and V04

A S B AT e

Start primary temperature controller

B.2.2 Operating procedure during experiments

1. Replace distilled water in feed and strip tank with process water
2. Start pH controller
3. Take samples of feed and strip solution every 20 minutes.

B.2.3 Shutdown procedure
1. Stop all control loops
2 Flush system with distilled water for two hours
3. Stop all pumps
4

Open all valves and drain system
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Table B.1: List of detailed experimental results given in appendix for nickel together with the
corresponding page numbers

Name Page|Name Page|[Name Page|Name Page|Name Page|Name Page
Ctr 01 B11 [pHf09 B15 [Nis 01 B19 |Ext03 B23 |Int18 B27 [Int43 B31
Ctr 02 B11 |FIf 01 B15 |Nis 02 B19 [Ext 04 B23 [Int19 B27 |Int44 B32
Ctr 03 B11 |FIf02 B15 |Nis 03 B19 [Ext05 B23 [Int20 B28 |Int45 B32
Ctr 04 B11 |FIf03 B15 |Nis 04 B19 [Ext06 B24 |Int21 B28 |Int46 B32
Ctr 05 B11 |FIf 04 B15 |Nis 05 B20 [Ext07 B24 |Int22 B28 |Int47 B32
Ctr 06 B11 [FIf 05 B16 [ Nis 06 B20 [Ext 08 B24 |Int23 B28 |Int48 B32
Ctr 07 B12 |FIf06 B16 [Nis 07 B20 [Ext09 B24 |Int24 B28 |Int49 B32
Ctr 08 B12 |FIf07 B16 | Nis 08 B20 [Ext 10 B24 |[Int25 B28 |Int50 B33
Nif 01 B12 |FIf08 B16 | Nis 09 B20 [Int01 B24 |Int26 B29 |Int51 B33
Nif 02 B12 |Tmp 01 B16 |Nis 10 B20 [Int02 B25 |Int27 B29 |Int52 B33
Nif 03 B12 |[Tmp 02 B16 |[pHs 01 B21 |Int03 B25(Int28 B29 (Int53 B33
Nif 04 B12 |[Tmp 03 B17 [pHs 02 B21 |Int04 B25 (Int29 B29 (Int54 B33
Nif 05 B13 |[Tmp 04 B17 |pHs 03 B21 |Int05 B25 (Int30 B29 [Int55 B33
Nif 06 B13 [Tmp 05 B17 [pHs 04 B21 |Int06 B25|Int31 B29 [Int56 B34
Nif 07 B13 |Tmp 06 B17 |pHs 05 B21 |Int07 B25|Int32 B30 |Int57 B34
Nif 08 B13 |Tmp 07 B17 | pHs 06 B21 |Int08 B26|Int33 B30 |Int58 B34
Nif 09 B13 |Tmp 08 B17 |pHs 07 B22 |Int09 B26|Int34 B30 |Int59 B34
pHf 01 B13 | Fls 01 B18 | pHs 08 B22 [Int10 B26 | Int35 B30 |Int60 B34
pHf 02 B14 [Fls 02 B18 [ pHs 09 B22 |Int11 B26|Int36 B30 |Int61 B34
pHf 03 B14 [(Fls 03 B18 | pHs 10 B22 |[Int12 B26|Int37 B30 |Int62 B35
pHf 04 B14 |Fls 04 B18 | pHs 11 B22 |[Int13 B26|Int38 B31 |Int63 B35
pHf 05 B14 |Fls 05 B18 | pHs 12 B22 |[Int14 B27|Int39 B31 |Int64 B35
pHf 06 B14 |Fls 06 B18 | pHs 13 B23 [Int15 B27|Int40 B31 |Max 01 B35
pHf 07 B14 | Fls 07 B19 | Ext01 B23 [Int16 B27|Int41 B31

pHf 08 B15 | FlIs 08 B19 | Ext02 B23 |Int17 B27|Int42 B31

B3
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Table B.2: List of detailed experimental results given in
appendix for zinc together with the corresponding page numbers

Name Page Name Page Name Page
ZCt 01 B38 |ZpH 01 B38 |ZTp 01 B39
ZCt 02 B38 |ZpH 02 B38 [ZTp 02 B39
ZCt 03 B38 (zZpH 03 B39 (ZTp 03 B39
ZCt 04 B38 (zZpH 04 B39 |ZTp 03 B39

B.3 Experimental conditions for nickel experiments

The meaning of the titles as used in Table B.3 are the following:
Name : A short descriptive name is given to each experiment to keep track of the data.
[Ni], : The nickel concentration in the feed tank as measured. The solutions was prepared

to approximate concentrations and then the exact value was measured (mg/1).

pH;,, : The setpoint of the feed pH controller.

[Ni], : The nickel concentration in the strip tank as measured (mg/1).

Vi : The amount of pure sulphuric acid used to make up strip solution (ml in a 211 tank).
pH, : The pH of the strip tank as measured.

T, : The temperature setpoint for the controller (°C).

F; : The feed recycle flow rate (1/hr)

F, : The strip recycle flow rate (I/hr)

[RH], : The concentration of the extractant as D2ZEHPA monomer (mol/l).

Table B.3: Summary of experimental conditions for the SLM extraction of nickel

[Ni]¢ [Nil, Vi T Fe Fs  [RHl7

may P mgny muziy PHs ¢Sy wmn wmn (mold)

Name

Ctr01 60.10 4.00 60.80 90 1.08 50 300 300 1.2

Ctr 02 58.29 4.00 59.50 90 0.98 50 300 300 1.2
Ctr 03 58.50 4.00 55.20 87 1.05 50 300 300 1.2
Ctr 04 56.10 4.00 57.80 95 1.10 50 300 300 1.2

Ctr 056 57.70 4.00 57.10 130 1.05 50 300 300 1.2




- Appendix B: Supported liquid membrane results -

Table B.3: Summary of experimental conditions for the SLM extraction of nickel (continue)

Name (r[nNg;]ﬁ) PH:s (r[r'\\l gl.]/?) (m\|//'351 y PHs (Tcs;p) (|/I;fr) (I;sr) E?:E/Tﬁt
Ctr06 56.20 4.00 56.53 130  0.99 50 300 300 1.2
Ctr07 56.10 4.00 56.17 130  1.10 50 300 300 1.2
Ctr08 54.23 4.00 47.23 130 097 50 300 300 1.2
Nif 01 20.90 4.00 5810 103  1.06 50 300 300 1.2
Nif 02 23.30 4.50 54.90 110  1.05 50 300 300 1.2
Nif 03 35.80 4.00 57.60 115  1.02 50 300 300 1.2
Nif 04 35.30 4.00 5510 110  1.07 50 300 300 1.2
Nif 05 91.20 4.00 59.90 115  1.05 50 300 300 1.2
Nif 06 86.60 4.00 52.00 120  1.05 50 300 300 1.2
Nif 07 150.80 4.00 54.30 120  1.06 50 300 300 1.2
Nif 08 157.20 4.00 56.90 120  1.04 50 300 300 1.2
Nif 09 140.00 4.00 57.00 120  1.05 50 300 300 1.2
pHf01 57.50 3.00 58.20 130  1.03 50 300 300 1.2
pHf02 58.40 3.00 57.13 130  1.00 50 300 300 1.2
pHf03 59.43 3.50 58.65 130  1.02 50 300 300 1.2
pHf 04 58.50 3.50 55.85 130  1.01 50 300 300 1.2
pHf05 55.00 4.50 55.00 110  1.06 50 300 300 1.2
pHf 06 53.10 4.50 4420 110 1.10 50 300 300 1.2
pHf07 53.10 4.50 50.00 110  1.09 50 300 300 1.2
pHf08 55.00 5.00 55.00 120 1.10 50 300 300 1.2
pHf09 57.07 5.00 53.76 130  1.01 50 300 300 1.2
FIfO1 54.50 4.00 5560 130  1.01 50 100 300 1.2
FIf02 52.70 4.00 53.60 130  1.09 50 100 300 1.2
FIFO3 53.00 4.00 53.65 130 1.14 50 200 300 1.2
FIf04 49.70 4.00 43.97 130  1.07 50 200 300 1.2
FIfO5 48.70 4.00 46.63 130  1.12 50 400 300 1.2

FIf06 56.60 4.00 56.60 130 0.90 50 400 300 1.2
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Table B.3: Summary of experimental conditions for the SLM extraction of nickel (continue)

[Nl]f pH [Nl]s VH,s T Ff Fs [RH]Tol

sp
(mg/l) o (mgl) (miz1ry PHs

Name (°C) (I/hr) (I/hr)  (molll)

FIf07  57.30 4.00 56.77 130 0.94 50 400 300 1.2

FIf08 48.20 4.00 53.33 130 1.11 50 200 300 1.2
Tmp 01 55.50 4.00 54.40 125 1.05 30 300 300 1.2
Tmp 02 57.30 3.50 54.80 130 1.02 30 300 300 1.2
Tmp 03 54.40 4.00 51.00 130 1.04 40 300 300 1.2
Tmp 04 57.00 4.00 48.90 130 1.04 40 300 300 1.2
Tmp 05 56.80 4.00 54.60 130 1.07 60 300 300 1.2
Tmp 06 55.40 4.00 52.80 130 1.08 60 300 300 1.2
Tmp 07 56.00 4.00 56.00 130 1.08 70 300 300 1.2
Tmp 08 56.00 4.00 50.00 130 1.06 70 300 300 1.2

Fls 01 57.53 4.00 55.73 130 1.01 50 300 100 1.2

Fls 02 59.16 4.00 57.03 130 0.98 50 300 100 1.2

Fls 03 54.23 4.00 52.97 130 0.95 50 300 200 1.2

Fls 04 53.86 4.00 49.66 130 0.97 50 300 200 1.2

Fls 05 55.20 4.00 54.80 130 0.98 50 300 200 1.2

Fls 06 53.55 4.00 51.85 120 1.05 50 300 400 1.2

Fls 07 57.33 4.00 58.60 125 1.00 50 300 400 1.2

Fls 08 56.17 4.00 53.20 130 0.97 50 300 400 1.2
Nis 01  60.20 4.00 0.00 120 1.02 50 300 300 1.2
Nis 02 56.70 4.00 0.00 130 1.02 50 300 300 1.2
Nis 03  56.60 4.00 0.00 130 1.02 50 300 300 1.2
Nis 04 57.30 4.00 0.00 130 1.02 50 300 300 1.2
Nis 05 55.70 4.00 6.47 130 0.94 50 300 300 1.2
Nis 06 56.70 4.00 6.70 130 0.96 50 300 300 1.2
Nis 07 55.70 4.00 554 130 1.00 50 300 300 1.2
Nis 08 56.70 4.00 563 130 1.01 50 300 300 1.2
Nis 09 55.00 4.00 5426 130 1.02 50 300 300 1.2

Nis 10 57.10 4.00 5690 130 1.06 50 300 300 1.2
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Table B.3: Summary of experimental conditions for the SLM extraction of nickel (continue)

Name (r[nNgI]/f) PH;sp (r[r:\l é]/T) (m\|//331 y  PHs (Tcszp) (I/,;fr) (I;:hsr) EEHOI]/TI)[
pHs 01 57.70 4.00 5577 0 3.99 50 300 300 1.2
pHs 02 5540 4.00 55.40 10 1.90 50 300 300 1.2
pHs 03 57.00 4.00 56.77 50 120 50 300 300 1.2
pHs 04 5550 4.00 53.65 50 124 50 300 300 1.2
pHs 05 57.90 4.00 56.47 90 1.00 50 300 300 1.2
pHs 06 55.80 4.00 55.17 90 1.00 50 300 300 1.2
pHs 07 55.40 4.00 5527 170  0.84 50 300 300 1.2
pHs 08 56.00 4.00 55.17 170  0.85 50 300 300 1.2
pHs 09 57.60 4.00 57.40 210  0.89 50 300 300 1.2
pHs 10 55.00 4.00 52.23 210 0.72 50 300 300 1.2
pHs 11 57.60 4.00 57.83 210 0.70 50 300 300 1.2
pHs 12 59.30 4.00 57.73 500  0.43 50 300 300 1.2
pHs 13 54.00 4.00 50.00 500 0.39 50 300 300 1.2
Ext01 50.40 550 44.37 130 096 50 300 300 0.0
Ext02 54.93 4.00 51.90 110 1.03 50 300 300 0.0
Ext03 56.30 4.00 57.27 110  1.09 50 300 300 0.8
Ext04 59.20 4.00 60.40 120  1.10 50 300 300 0.8
Ext05 59.80 4.00 60.37 130  0.83 50 300 300 1.0
Ext06 56.70 4.00 56.17 130  0.82 50 300 300 1.0
Ext07 56.10 4.00 56.87 120 097 50 300 300 1.4
Ext08 56.30 4.00 56.47 120 1.19 50 300 300 1.4
Ext09 56.00 4.00 55.97 120 093 50 300 300 1.6
Ext10 52.40 4.00 50.70 120 097 50 300 300 1.6
Into1  83.00 3.50 0.10 90 1.08 40 200 200 1.0
Int02 34.63 4.50 0.40 90 1.05 40 200 200 1.0
Int03  34.30 3.50 0.40 90 1.05 40 350 350 1.0
Into4 34.10 3.50 487 170  0.83 60 200 350 1.0

Int05  74.90 3.50 519 90 1.10 40 200 350 1.0
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Table B.3: Summary of experimental conditions for the SLM extraction of nickel (continue)

Name (r[nNgI]/f) PH;sp (r[r:\l é]/T) (m\|//331 y  PHs (Tcszp) (I/,;fr) (I;:hsr) EEHOI]/TI)[
Int06  32.65 4.50 464 90 1.09 40 200 350 1.0
Int07  39.50 4.50 490 90 1.06 60 200 350 1.0
Intos  76.60 3.50 1.03 170  0.88 60 350 350 1.0
Int09  33.30 4.50 489 90 1.09 60 350 350 1.0
Int10 77.80 3.50 0.67 170  0.81 40 200 350 1.0
Int11  33.60 4.00 0.23 170  0.81 40 200 350 1.0
Int12  86.50 3.50 509 90 1.08 60 350 350 1.0
Int13  36.40 4.50 0.13 170  0.79 60 350 350 1.0
Int14 9240 350 598 170  0.75 40 200 200 1.0
Int15 34.80 4.50 534 170  0.76 40 200 200 1.0
Int16 78.50 3.50 500 170  0.77 60 350 200 1.0
Int17 34.60 3.50 0.47 170  0.95 60 200 350 1.0
Int18 3520 4.50 522 170  0.84 60 350 200 1.0
Int19 6510 4.50 0.57 170  0.76 60 200 200 1.0
Int20  84.00 4.50 1.37 90 1.06 60 200 350 1.0
Int21  35.10 3.50 481 90 1.11 60 200 200 1.0
Int22  34.90 350 027 170  0.89 40 350 200 1.0
Int23 85.80 4.50 500 90 1.11 60 200 200 1.0
Int24 3270 350 0.23 170  0.82 60 200 200 1.0
Int25 8520 4.50 0.87 170  0.79 40 350 200 1.0
Int26 32.43 3.50 467 170  0.80 40 350 350 1.0
Int27 34.80 3.50 540 90 1.05 40 350 200 1.0
Int28 8510 4.50 0.30 90 1.06 40 350 350 1.0
Int29 3580 5.00 0.20 90 1.08 60 350 200 1.0
Int30 84.50 3.50 0.93 90 1.05 60 350 200 1.0
Int31 8210 4.50 429 170  0.81 40 350 350 1.0
Int32 3560 4.50 509 90 119 60 200 350 1.4

Int33  35.10 4.50 0.53 90 1.22 60 200 200 1.4




- Appendix B: Supported liquid membrane results -

Table B.3: Summary of experimental conditions for the SLM extraction of nickel (continue)

Name (r[nNgI]/f) PH;sp (r[r:\l é]/T) (m\|//331 y  PHs (Tcszp) (I/,;fr) (I;:hsr) EEHOI]/TI)[
Int34 3503 450 0.80 170  1.03 60 200 350 1.4
Int35 78.30 3.50 448 90 1.28 40 350 350 1.4
Int36 34.20 4.50 464 90 122 40 350 350 1.4
Int37 3820 3.50 514 90 1.23 40 200 200 1.4
Int38 36.40 3.50 0.37 170  1.04 40 200 200 1.4
Int39 7840 350 0.67 170  0.88 40 350 350 1.4
Int40  86.20 4.50 0.90 170  0.89 40 350 350 1.4
Int41 3550 4.50 047 170  0.86 40 200 200 1.4
Int42 36.43 3.50 436 170  0.83 40 200 350 1.4
Int43 34.90 450 522 170  0.84 40 350 200 1.4
Int44 76.43 450 354 170  0.85 40 200 350 1.4
Int45 34.90 3.50 0.65 90 114 60 350 350 1.4
Int46 32.90 4.50 0.40 90 1.54 40 350 200 1.4
Int47 87.60 4.50 1.03 90 116 60 350 350 1.4
Int48  36.50 3.50 487 90 116 60 350 200 1.4
Int49  81.30 4.50 542 90 1.14 40 200 200 1.4
Int50 77.00 4.50 471 90 1.44 60 350 200 1.4
Int51 3210 3.50 073 170  1.22 60 350 200 1.4
Int52 3250 4.50 519 170  1.30 60 200 200 1.4
Int53 33.15 3.50 0.43 90 132 40 200 350 1.4
Int54 87.00 450 082 170 113 60 350 200 1.4
Int55 31.60 3.50 481 170 1.09 60 350 350 1.4
Int56 82.10 4.50 0.10 90 129 40 200 350 1.4
Int57 83.30 3.50 0.70 90 1.31 40 350 200 1.4
Int58 80.20 4.50 500 170  1.24 60 350 350 1.4

Int59  95.70 3.50 0.97 90 1.22 60 200 200 1.4
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Table B.3: Summary of experimental conditions for the SLM extraction of nickel (continue)

Name (r[nNgI]/;) PH:s (r[r:\l é]/T) (m\|//331 y  PHs (Tcszp) (I/,;fr) (I;:hsr) Eigll/rﬁt
Inté0 8598 3.50 550 170  1.01 40 350 200 1.4
Inté1 9410 3.50 0.97 170  1.02 60 200 350 1.4
Int62 80.90 4.50 625 90 123 60 200 200 1.0
Int63 75.40 3.50 479 90 126 60 350 350 1.0
Inté4 76.30 450 223 170  1.02 60 200 200 1.0
Max 01 129.40 5.00 043 170  1.20 70 300 350 1.6

B.4 Detailed results of SLM experiments for nickel

The meaning of the titles as used in the tables in this section is as follow:

Exp. Name:

Sl
3

o

v:’j \Tq

e

[RH]y,,
Time
[Nil,
pH,
[Ni],
pH

VNaOH

Tank

A short descriptive name (same as in Table B.3) of the experiment.

: The final flux of nickel across the membrane (mg/m*s).

: The flow rate from the feed tank to the feed recycle tank (I/hr).

: The flow rate from the strip tank to the strip recycle tank (I/hr).

: The feed recycle flow rate (I/hr).

: The strip recycle flow rate (I/hr).

: The temperature setpoint for the controller (°C).

: The concentration of the extractant as D2ZEHPA monomer (mol/l).

: The time when samples were taken (min).

: The nickel concentration of the feed as measured in the recycle tank (mg/1).
: The pH of the feed as measured in the recycle tank.

: The nickel concentration of the strip as measured in the recycle tank (mg/1).
: The pH of the strip as measured in the recycle tank.

: The volume of a 1 mol/l NaOH solution titrated by the pH controller (ml).

: The concentration and pH in the feed and strip tanks.
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Exp. Name: Ctr 01 Exp. Name: Ctr 02
Ji,=0.571 mg/m?s Ji,=0.573 mg/m?s
Fr,=10.08 ’hr F=300 I/hr T,=50 °C F=9.54 Ilhr  F=300 I/hr T,=50°C
F¢=10.08 I/hr F=300 I/hr  [RH];,=1.2 mol/l F¢=10.06 Vhr F=300 I/hr  [RH];,=1.2 mol/l
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 0.50 4.06 0.60 3.67 0.00 0 0.10 3.83 0.30 3.61  0.00
20 2260 3.97 38.60 1.27 224 20 17.40 4.37 38.10 1.24  3.09
40 29.90 3.94 6230 1.11 536 40 24.00 4.13 62.90 1.07 7.02
60 31.80 4.12 7550 1.09 8.78 60 25.80 4.37 7520 1.02 11.32
80 33.00 4.09 83.20 1.05 12.16 80 26.90 4.16 82.30 0.99 15.69
100 28.90 3.99 8560 1.05 15.58 100 26.00 4.15 8570 0.99 20.18
117 28.90 4.09 86.10 1.08 18.32 140 2560 4.10 89.50 0.98 29.20
Tank 60.10 8.33 60.80 3.67 - Tank 58.29 5.64 59.50 0.99 -
Exp. Name: Ctr 03 Exp. Name: Ctr 04
J;,=0.594 mg/m?%s J;,=0.550 mg/m?s
Fr=10.63 lhr F=300 I/hr T,=50"C Fr=9.84 Ihr  F=300 I/hr T,=50"C
F¢;=1044 I/hr  F=300 /hr  [RHI];,=1.2 mol/l  F¢=10.23 /hr F=300 I/hr  [RH],,=1.2 molll
(i oy P ol PP ey may PH mg P
0 0.30 4.02 0.20 3.93 0.00 0 0.20 4.11 1.40 2.89 0.00
20 2090 3.85 38.00 1.25 224 20 17.40 3.82 38.60 1.27 1.58
40 27.30 3.80 60.70 1.12  6.28 40 23.90 3.90 63.50 1.13 568
60 27.90 4.01 73.20 1.06 10.94 60 2520 3.87 76.20 1.08 9.70
80 27.60 3.98 79.10 1.04 15.88 80 25.30 4.00 82.10 1.08 13.96
100 28.80 3.93 83.20 1.06 20.63 100 25.40 4.02 8570 1.06 18.34
120 28.30 3.77 85.00 1.05 25.55 120 25.50 3.99 88.50 1.10 22.74
Tank 58.50 4.00 60.80 1.03 - Tank 56.10 5.16 57.80 1.03 -
Exp. Name: Ctr 05 Exp. Name: Ctr 06
J;,=0.588 mg/m*s J;,=0.556 mg/m*-s
Fr=9.83 I/hr  F=300 I/hr T,=50 "C Fr=9.94 Ihr  F=300 I/hr T,=50"C
F¢;=9.83 Ihr  F=300l/hr  [RH];,=1.2 mol/l  Fg=10.00 /hr F=300 I/hr  [RH];,=1.2 mol/l
iy (mgn PR man P @b mim g PV g PP o
0 0.60 4.00 230 2.51 0.00 0 2.50  3.81 57.50 1.90 0.00
20 1830 3.76 35.70 1.26 2.21 20 1950 3.82 61.70 1.15 3.06
40  24.60 3.88 61.30 1.15 6.50 40  24.80 3.90 7230 1.08 7.16
60 2530 3.97 77.00 1.09 11.47 60 2520 3.99 79.00 1.02  11.81
80 2590 4.00 84.60 1.07  16.46 80 2490 4.00 83.00 1.03  16.39
100 25.60 3.99 89.60 1.07  21.08 100 2620 3.92 83.10 1.00  20.02
120 2450 4.00 89.60 1.05  25.80 120 2580 4.03 82.70 0.99  25.19

Tank 57.70  4.17  57.10 1.07 - Tank  56.20  5.25  56.53 1.00 -
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Exp. Name: Ctr 07 Exp. Name: Ctr 08
J;,=0.635 mg/m?s J;,=0.582 mg/m?s
Fr=9.78 Ihr  F=300 I/hr T,=50 "C Fr=9.78 Ihr  F=300 l/hr T,=50°C
F¢=10.26 /hr F=300 I/hr  [RH],=1.2 moll  Fg=9.77 Ihr  F=300 I/hr  [RH];,=1.2 mol/l
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 0.20 3.88 1.40 266 0.00 0 0.20 3.76 260 191 0.00
20 17.60 3.78 40.30 0.97 2.47 20 16.90 3.78 22.90 1.01  3.81
40 2240 3.89 6550 0.86 7.15 40 2290 3.92 70.60 0.98 8.99
60 2240 3.95 77.30 0.91 12.03 60 23.10 3.98 76.00 0.91 14.43
80 2250 3.99 83.20 0.99 17.22 80 20.90 4.02 81.10 0.92 19.87
100 21.60 3.98 8520 1.05 2252 100 22.30 4.01 80.80 0.97 24.96
120 21.90 4.06 88.50 1.1 27.82 120 22.20 4.03 80.90 0.97 30.14
Tank 57.03 5.38 56.17 0.97 - Tank 54.23 5.49 47.23 0.90 -
Exp. Name: Nif 01 Exp. Name: Nif 02
J;,=0.228 mg/m?%s J;,=0.266 mg/m?s
Fr=9.72 Ihr  F=300 l/hr T,=50 °C Fr=9.79 Ihr  F=300 l/hr T,=50 °C
Fs=9.45 /hr  F=300 I/hr  [RH],=1.2 moll F¢=9.75hr F=300I/hr  [RHI];,=1.2 mol/l
Time  [Ni] [Ni], VNaon Time  [Ni]; [Ni], VNaoH
(min) (mg/)) rman PHs o (m) min) mah) P many P mi)
0 1.00 5.00 0.50 4.22 0.00 0 0.30 4.11 0.60 3.30 0.00
20 6.30 3.92 3240 1.33 1.44 20 6.20 4.09 33.80 1.28 294
40 7.20 3.99 49.20 1.18 5.24 40 830 4.20 51.30 1.11  6.35
60 7.90 4.01 5840 1.13  8.62 60 8.30 4.22 61.20 1.10 9.92
80 7.80 4.01 64.30 1.08 1245 80 830 4.06 66.60 1.09 13.43
100 8.00 4.02 67.20 1.06 15.83 100 8.40 4.12 68.60 1.07 16.95
120 8.10 4.03 69.50 1.06 19.19 120 8.50 4.26 69.00 1.05 20.28
Tank 20.90 3.45 58.10 1.04 B Tank 23.30 3.66 54.90 1.05 B
Exp. Name: Nif 03 Exp. Name: Nif 04
J;,=0.365 mg/m*s J;,=0.378 mg/m*-s
Fr=9.89 Ilhr  F=300 I/hr T,=50 "C Fr=10.43 Ihr  F=300 I/hr T,=50"C
Fs=10.30 I/hr F=300 I/hr  [RH],,=1.2 mol/l Fg=11.74 Vhr F=300/hr  [RH];,=1.2 mol/l
;rr::]ne) (r[nNg;]/f) PH; (r[rl:l gI]]/T) PHs \??r??)H (Tr:?ne) (r[nNgI]/;) PH; (E:l glj]/T) PH \??r?IO)H
0 0.60 4.07 1.40 3.07 0.00 0 160 3.93 7.00 1.96 0.00
20 960 3.81 36.50 1.21 2.20 20 10.90 3.86 43.70 1.20 2.35
40 13.60 4.03 58.10 1.10 5.53 40 13.70 3.99 59.20 1.12 5.45
60 15.10 3.97 66.00 1.02 8.87 60 14.80 4.04 6590 1.07 8.76
80 15.10 4.02 69.30 1.00 12.30 80 14.90 3.91 68.30 1.07 12.03
100 15.10 4.05 70.00 1.01 15.91 100 14.90 4.05 69.40 1.09 15.05
120 15.50 4.06 71.30 1.02 19.37 106 15.20 4.06 68.70 1.07 16.20
lank 35.60 35.90 5/7.60 1.01 - lank 35.30 4.44  55.170 1.09 -
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Exp. Name: Nif 05 Exp. Name: Nif 06

Ji,=0.714 mg/m?s Ji,=0.749 mg/m?s

Fr=9.60 ’hr  F=300 I/hr T,=50 "C Fr=10.38 I/lhr F=300 l/hr T,=50°C

Fs=10.15 /hr F=300 I/hr  [RH],=1.2 mol/l  F¢=9.97 Ihr  F=300 I/hr  [RH]y,=1.2 mol/l
(min) gy P% (mgh PHe G (mim mgl) Y mgh PHe
0 0.40 398 210 261 0.00 0 190 3.73 9.80 2.23 0.00
20 3290 3.83 39.00 1.28 3.04 20 36.00 3.77 49.60 1.26 3.93
40 43.70 3.88 65.40 1.10  8.69 40 4450 3.89 69.90 1.15 9.54
60 48.80 3.92 84.60 1.05 14.80 60 50.60 3.96 86.00 1.06 15.64
80 50.80 3.83 92.20 1.06 20.06 80 49.80 3.97 8590 1.08 21.78
100 50.30 3.99 96.20 1.07 26.68 100 4560 4.01 91.90 1.05 28.01
120 49.30 3.94 94.10 1.05 32.89 120 48.40 4.01 91.90 1.05 34.18
Tank 91.20 3.76 59.90 1.00 - Tank 86.60 4.04 52.00 1.04 -

Exp. Name: Nif 07 Exp. Name: Nif 08

J;,=0.896 mg/m?%s J;,=0.809 mg/m?s

Fr=10.05 I/hr  F=300 l/hr T,=50 °C Fr=9.91 Ihr  F=300 l/hr T,=50 °C

F¢=10.35 /hr F=300 I/hr  [RH],=1.2 mol/l F¢=10.30 Vhr F=300 I/hr  [RHI;,=1.2 mol/l
(i o P ol PP e iy may PH mg P
0 0.10 4.06 0.90 3.11 0.00 0 0.70 3.97 1.40 299 0.00
20 63.10 3.67 39.80 1.27 3.57 20 6190 3.71 4260 1.22 3.07
40 93.60 3.84 67.30 1.07 11.30 60 103.70 4.00 88.40 1.09 16.85
60 98.80 3.94 84.70 1.03 19.54 80 106.20 4.06 98.80 1.03 24.38
80 102.20 4.02 89.30 1.04 27.61 100 109.20 4.04 102.30 1.04 31.48
100 102.80 4.04 93.30 1.06 35.94 120 111.40 4.04 103.00 1.04 38.71
120 101.00 4.03 93.10 1.06 44.56

Tank 150.80 3.46 54.30 1.04 - Tank 157.20 4.50 56.90 1.02 -

Exp. Name: Nif 09 Exp. Name: pHf 01

J;=0.870 mg/m*s J;=0.229 mg/m*-s

Fr=10.26 /hr F=300 I/hr T,=50"C Fr=9.73 Ihr  F=300 I/hr T,=50"C

F¢;=10.08 I/hr F=300 I/hr  [RH],=1.2 mol/l Fs=9.79 Ihr F=300I/hr  [RH];,=1.2 mol/l
(mim o P mghy PHe e mim mah PP mah P
0 120 3.86 4.50 2.28 0.00 0 0.30 3.98 220 264 0.00
20 61.80 3.69 4420 1.21 4.51 20 2150 3.55 37.80 1.21  0.00
40 84.50 3.87 78.20 1.18 11.30 40 34.30 3.37 61.20 1.08  0.00
60 90.60 3.96 93.70 1.09 18.76 60 4240 3.31 67.10 1.06 0.00
80 96.50 3.98 98.30 1.06 26.32 80 43.00 3.28 69.90 1.02 0.00
100 90.80 4.00 102.70 1.06 34.08 100 42.90 3.27 70.90 1.00 0.00
120 94.60 4.00 100.80 1.05 40.92 120 43.00 3.27 71.30 1.03  0.00
lank 140.00 s5.75 5/7.00 1.03 - lank 57.90 4.34 538.20 1.03 -
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Exp. Name: pHf 02 Exp. Name: pHf 03
J;,=0.180 mg/m?s J5,=0.320 mg/m?s
Fr=9.30 I’hr  F=300 I/hr T,=50 °C F=10.50 /hr F=300 I/hr T,=50°C
Fs=9.88 Ilhr F=300I/hr  [RH],=1.2 mol/l Fs=9.83 /hr  F=300I/hr  [RH]y,=1.2 mol/l
(min) gy P% (mgh PHe G (mim mgl) Y mgh PHe
0 0.70 3.72 3.70 2.30 0.00 0 0.20 3.79 240 243 0.00
20 26.80 3.03 3570 1.23  0.00 20 2570 3.39 38.80 1.20 1.35
40 41.80 3.00 52.60 1.09  3.11 40 37.50 3.47 58.60 1.08 8.50
60 47.20 3.00 58.30 1.06 5.89 60 40.70 3.48 68.30 1.05 15.15
80 44.20 3.00 62.20 1.02 8.69 80 42.30 3.47 7230 1.03 2252
100 44.30 3.00 63.20 1.00 11.62 100 42.30 3.50 74.80 1.02 30.07
120 48.80 3.00 62.80 1.00 14.46 120 4260 3.50 76.20 1.02 37.01
Tank 58.40 2.89 57.13 1.00 - Tank 59.43 2.94 58.65 1.02 -
Exp. Name: pHf 04 Exp. Name: pHf 05
J;;=0.301 mg/m?%s J;,=0.597 mg/m?s
Fr=9.81 hr  F=300 I/hr T,=50C Fr=9.75 Ihr  F=300 I/hr T,=50"C
F¢;=9.82 Ihr  F=300 l/hr  [RH];,=1.2 mol/l F¢=9.77 /lhr F=300I/hr  [RH],,=1.2 molll
iy oy P ol PP ey maly PM mg P e
0 0.30 3.73 3.30 235 0.00 0 1.00 3.80 11.80 2.12  0.00
20 24.00 3.37 36.50 1.22 2.18 20 15.30 3.95 47.70 1.26  3.91
40 34.10 3.47 5550 1.10 7.08 40 18.40 4.20 60.40 1.14  9.91
60 38.10 3.49 61.60 1.04 12.06 60 18.10 4.42 68.50 1.12 16.47
80 41.20 3.49 70.00 1.02 17.10 80 19.60 4.92 70.00 1.11 22.93
100 42.00 3.28 72.10 1.02 20.00 100 20.20 4.53 74.60 1.12 29.04
120 40.10 3.59 74.90 1.01 27.63 120 20.00 4.51 76.40 1.10 35.26
Tank 58.50 3.10 55.85 1.01 - Tank 53.10 3.79 44.20 1.09 -
Exp. Name: pHf 06 Exp. Name: pHf 07
J;=0.675 mg/m*s J;,=0.0.618 mg/m*s
Fr=9.84 Ihr  F=300 I/hr T,=50"C Fr=10.07 /hr F=300 I/hr T,=50 "C
F¢;=10.00 I/hr F=300 /hr  [RH];,=1.2 mol/l  F¢=9.49 /hr F=300 I/hr  [RH];,=1.2 molll
(mimy mghy P mgh) P oy (mim mah) PN gl Py
0 0.50 3.79 3.00 2.33 0.00 0 0.40 3.90 7.30 227 0.00
20 14.80 3.94 40.30 1.30 5.03 20 18.80 3.98 43.40 1.31  3.69
40 17.10 4.20 67.00 1.21 12.07 40 2170 4.20 65.40 1.17  9.07
60 17.20 4.60 8150 1.16 19.25 60 2150 4.38 76.90 1.15 14.95
80 17.80 4.56 87.80 1.13 25.84 80 19.90 4.34 80.70 1.12 20.75
100 16.70 4.54 87.90 1.10 32.52 100 20.80 4.51 82.00 1.10 26.71
120 17.70 4.72 80.40 1.06 39.02 120 20.20 4.51 81.90 1.09 32.61
lank 955.00 4.22  55.00 1.05 - lank 55.10 4.37  50.00 71.08 -
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Exp. Name: pHf 08 Exp. Name: pHf 09

J;,=0.706 mg/m?s J;,=0.761 mg/m?s

Fr=9.94 I/hr  FF300 I/hr T4,=50°C Fe=10.11 I/hr  F=300 I/hr T,=50"°C

Fs=10.00 I/hr F=300 I/hr [RH];,=1.2 mol/l Fg=9.71 I/hr  F;=300 I/hr [RH1~1.2 mol/l

min)_mah _PY mgh PP b mim ma "M mgh P (i
0 0.20 3.90 2.50 2.51 0.00 0 0.20 3.79 2.50 2.61 0.00
20 14.20 4.09 38.10 1.27 4.48 20 15.20 4.01 40.00 1.25 4.64
40 16.30 4.35 64.70 1.16  10.57 40 17.80 4.27 68.60 1.08 11.27
60 16.70 4.69 78.80 1.18 17.11 60 17.10 4.82 86.00 1.06 18.93
80 16.70 4.93 85.70 1.14  23.81 80 17.00 5.00 89.70 1.03 25.99
100 16.60 5.32 87.60 1.17 30.33 100 16.40 5.21 88.70 1.02 33.23
120 16.20 5.12 87.00 1.10 36.80 120 16.40 5.37 90.00 1.01 40.00

Tank 55.00 5.62 55.00 1.05 - Tank 57.07 3.99 53.76 1.01 -

Exp. Name: FIf 01 Exp. Name: FIf 02

J;,=0.316 mg/m?s J;,=0.301 mg/m?s

Fr=10.01 l/hr FF100 I/hr T5,=50 °C F-=10.07 /hr F=100 l/hr T=50"C

Fs=9.88 lhr  F=300 I/hr  [RH],=1.2 moll  Fg=9.78 Uhr  F=300 lhr  [RH],,=1.2 mol/l

T T o T A R W o W
0 0.10 3.89 1.00 2.87 0.00 0 0.50 3.82 0.10 2.38 0.00
20 21.20 3.91 37.10 125 1.92 20 18.50 3.90 31.10 1.26 2.22
40 31.70 3.94 5590 1.15 4.32 40 3210 3.96 58.80 1.13  4.99
60 35.40 3.99 62.00 1.07 7.10 60 36.60 3.99 6530 1.10 8.08
80 36.50 4.00 64.50 1.02 9.86 80 34.80 4.00 65.00 1.09 11.16
100 35.90 4.01 70.90 1.05 12.66 100 36.10 4.00 68.60 1.09 14.13
120 37.10 4.00 70.00 1.01 15.32 120 35.50 4.02 70.40 1.09 17.37
Tank 54.50 4.1/ 55.60 1.08 - Tank 52.70 3.93 53.60 1.04 -
Exp. Name: FIf 03 Exp. Name: FIf 04
Jp=0.400 mg/m*s J;,=0.369 mg/m*s
Fr=10.06 /hr F=200 I/hr T,=50"C Fr=9.91 /hr  F=200 I/hr T,=50"C
F¢;=9.87 Ihr  F=300l/hr  [RH];,=1.2 mol/l  Fg=9.76 /hr F=300 I/hr  [RH];,=1.2 molll
(mimy (mghy P mgh) P oy (mim mah) P (g Py
0 0.00 3.84 160 271 0.00 0 0.40 4.02 1.70 2.63  0.00
20 18.80 3.85 35.30 1.31 1.64 20 19.80 3.84 3490 1.24 1.62
40 26.40 3.94 51.80 1.19  4.37 40 28.90 3.94 5580 1.09 4.23
60 30.80 3.96 60.40 1.12  7.40 60 30.50 3.99 63.90 1.06 7.10
80 30.70 3.98 63.00 1.09 10.52 80 32.40 3.98 67.00 1.09 9.78
100 33.90 4.00 68.20 1.13 13.71 100 30.40 4.01 64.70 1.12 12.91
120 33.00 3.99 68.00 1.14 16.77 120 33.20 4.01 65.20 1.07 15.72
lank 55.90 4.26 53.00 1.0/ - lank 49./70 4.16 43.9/ 1.02 -
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Exp. Name: FIf 05 Exp. Name: FIf 06
J;,=0.480 mg/m?s Ji,=0.725 mg/m?s
Fr=9.93 I'hr  FF400 I/hr T4,=50°C Fe=9.96 Ilhr  F=400 I/hr T,=50°C
Fs=9.87 Ilhr  F=300 I/hr [RH];,~=1.2 mol/l F¢=10.02 I/hr F;=300 I/hr [RH1~1.2 mol/l
min)_mah_PY mgh PP b mim o "M mgh P (i
0 0.20 4.02 1.90 2.58 0.00 0 0.30 3.82 250 2.88 0.00
20 17.00 3.85 37.10 1.24 2.10 20 18.60 3.76 40.70 1.13 3.05
40 18.00 3.91 54.00 1.13 5.57 40 21.70 3.87 66.20 1.04 8.06
60 2540 3.97 60.10 1.12 9.40 60 19.70 3.93 86.10 0.98 13.96
80 24.40 3.99 61.00 1.13 13.30 80 20.00 3.99 87.70 0.95 19.95
100 22.30 4.01 61.40 1.11 17.06 100 19.40 4.00 90.40 0.94 25.95
120 21.10 3.98 60.80 1.12 21.35 120 19.60 4.03 90.40 0.94 31.92
Tank 48.70 4.22 46.63 1.04 - Tank 57.30 5.70 56.77 0.95 -
Exp. Name: FIf 07 Exp. Name: FIf 08
J;,=0.610 mg/m?%s J;,;=0.415 mg/m?s
F-=10.25 I/hr FF400 I/hr T,=50"C Fe=9.78 lhr  F=200 I/hr T5,=50 °C
Fs=9.63 Ilhr  F=300 I/hr [RH],=1.2 mol/l  Fg=9.65I/hr  F=300 I/hr [RH1~1.2 mol/l
(i o P ol PP e iy may PH mg P
0 0.70 3.74 6.70 1.89 0.00 0 4.30 3.85 27.90 2.31 0.00
20 18.70 3.79 43.20 0.98 2.73 20 18.80 3.88 48.10 1.32 0.68
40 24.20 3.90 67.30 0.93 7.14 40 23,90 3.93 57.60 1.19 4.75
60 2460 3.96 79.30 0.92 12.20 60 27.40 3.98 64.10 1.15 9.66
80 23.60 3.99 85.20 0.92 17.54 80 28.00 3.99 67.40 1.14 15.18
100 24.30 3.96 84.90 0.91 22.23 100 27.50 3.99 67.10 1.12 20.00
120 23.00 4.04 89.60 0.90 27.53 120 28.40 4.00 65.50 1.11 23.09
Tank 56.60 5.63 56.60 0.91 - Tank 51.87 2.96 53.33 1.09 -
Exp. Name: Tmp 01 Exp. Name: Tmp 02
Jpp=0.319 mg/m*s J;,=0.374 mg/m*s
Fe=9.851/hr  FF300 l/hr T4=30"C Fr=10.24 I/hr F=300 I/hr T4,=30°C
F<=10.59 I'hr F=300 I/hr [RH];,=1.2 mol/l Fg=9.95 I/hr  F=300 I/hr [RH1,~1.2 mol/l
(mimy (g PP (mgh PMe oy (mim mah P mah P (wp
0 0.60 3.93 2.00 292 0.00 0 0.90 5.38 390 2.24 0.00
20 21.10 3.81 3540 1.22 1.86 20 19.40 4.29 38.40 1.27 2.47
40 30.50 4.01 56.90 1.08 5.32 40 29.40 4.46 57.60 1.08 6.00
60 3440 4.06 66.40 1.08 8.68 60 33.50 4.57 66.50 1.04 9.65
80 37.20 4.00 68.80 1.01 12.00 80 34.60 4.55 68.50 1.05 13.25
100 36.90 4.08 70.20 1.08 15.37 100 36.20 4.23 69.20 1.03 16.78
117 36.50 4.03 70.30 1.05 18.07 120 36.90 3.58 71.60 1.02 20.23
lank 595.90 4.0/  54.40 1.03 - lank 57.30 4.12  54.60 1.03 -
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Exp. Name: Tmp 03 Exp. Name: Tmp 04
Ji,=0.417 mg/m?s Jp,=0.419 mg/m?s
F=9.86 Ilhr  F=300 I/hr T,=40°C Fg=10.15 l/hr F=300 I/hr Ty,=40°C
Fs=9.97 I/hr  F =300 l/hr [RH1,71.2 mol/l  Fg=9.90 /hr  F=300 I/hr [RH]7~1.2 mol/l
min)_mgh P _mghy "Moo (mim moh PP gl P e
0 0.30 4.04 3.00 245 0.00 0 0.30 5.07 240 2.49 0.00
20 19.00 3.93 35.10 1.22 1.97 20 19.80 3.93 34.80 1.24 1.55
40 26.50 3.98 54.00 1.09 4.90 40 27.80 4.04 53.50 1.16 4.37
60 28.40 4.01 61.60 1.03 8.12 60 30.70 4.07 63.00 1.05 7.43
80 28.20 4.04 66.20 1.02 11.36 80 33.10 4.00 64.30 1.04 10.63
100 31.50 3.98 67.90 1.04 14.61 100 33.70 4.11 64.20 1.04 13.64
120 31.30 4.05 67.10 1.04 17.79 120 34.00 4.13 69.30 1.04 16.81
Tank 54.40 3.77 51.00 1.04 - Tank 57.00 4.16 48.90 1.04 -
Exp. Name: Tmp 05 Exp. Name: Tmp 06
J;,=0.636 mg/m?s J;,=0.654 mg/m?s
Fr=9.69 I/hr  F=300 I/hr T,=60°C Fr=9.951/hr  F~300 I/hr T,,=60 °C
Fs=9.82 I/hr  F=300 l/hr [RH]75=1.2 mol/l  F¢=9.75l/hr  F=300 I/hr [RH]/~1.2 mol/l
ey ol P g PP e o g P e PR e
0 0.60 3.89 2.10 2.67 0.00 0 0.20 3.93 3.30 2.47 0.00
20 16.90 3.84 39.60 1.25 3.24 20 16.80 3.83 43.00 1.27 2.95
40 20.00 3.91 64.80 1.18 8.10 40 20.50 3.95 66.10 1.17 8.01
60 20.30 4.08 83.80 1.16 14.09 60 20.20 4.06 82.80 1.08 13.91
80 20.30 4.10 91.10 1.10 19.76 80 20.40 4.06 87.80 1.06 19.72
100 19.50 4.09 93.10 1.07 25.45 100 19.90 4.06 91.90 1.08 25.65
120 19.90 3.98 93.60 1.12 31.52 120 19.70 4.05 92.10 1.09 31.56
Tank 55.40 3.56 54.60 1.06 - Tank 55.40 3.67 52.80 1.08 -
Exp. Name: Tmp 07 Exp. Name: Tmp 08
J;,=0.726 mg/m*s J;,=0.768 mg/m*s
Fe=9.86 Ilhr  F=300 I/hr T,=70°C Fe=9.92 I/hr  FF300 I/hr T,=70°C
Fs=9.81 I/hr  F;=300 l/hr [RH1F1.2 mol/l  Fg=9.92 /hr  F=300 I/hr [RH]7,~=1.2 mol/l
(TnITne) (rEnNgI]/f) PH; (r[r':jglllsl) PH ‘fr'ﬁ?)H (TrLTne) (r[nNg;]/f) PH; (r[lr':l gl,]ﬁ) PH, \ZE:?)H
0 0.10 3.95 1.10 2.91 0.00 0 0.20 3.79 4.00 2.36 0.00
20 15.10 3.85 42.20 1.25 4.20 20 15.10 3.73 46.20 1.30 3.42
40 15.90 4.00 68.90 1.13 10.58 40 15.00 3.83 68.30 1.14 9.29
60 14.80 4.04 85.30 1.07 17.67 60 13.50 3.94 82.50 1.07 16.12
80 14.40 4.09 91.50 1.07 24.58 80 13.50 4.00 82.60 1.05 23.13
100 13.90 4.08 92.70 1.08 31.63 100 14.30 4.04 89.60 1.09 29.93
120 14.20 4.04 90.60 1.08 38.30 120 14.80 4.00 85.50 1.06 36.61
lank 53.60 4.25 38.20 1.01 - lank 560.00 3.95  50.00 1.06 -
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- Appendix B: Supported liquid membrane results -

Exp. Name: Fls 01 Exp. Name: Fls 02
J5,=0.590 mg/m?s J;,=0.606 mg/m?s
Fr=9.79 Ihr  F=300 /hr  T,,=50 °C Fe=10.14 Vhr F=300 I/hr  T,=50°C
Fs;=9.64 lhr F=100 /hr  [RH];,=1.2 mol/l  Fg=9.53 /hr  F=100 I/hr  [RH];,=1.2 mol/l
min)_mah _PY mgh PP b mim ma "M mgh P (i
0 1.30 3.70 4.60 1.91 0.00 0 1.20 3.84 24.00 1.55 0.00
20 17.40 3.83 41.00 1.36 3.72 20 19.60 3.77 48.70 1.11 2.94
40 23.40 3.91 6590 1.06 8.55 40 2510 3.88 69.20 1.07 7.74
60 24.80 3.98 77.20 1.03 13.76 60 2590 3.97 79.30 1.06 12.64
80 23.60 3.98 8290 1.02 18.76 80 26.00 4.00 83.60 0.99 17.74
100 25.40 4.03 83.30 1.01 23.90 100 27.30 3.98 86.70 0.98 22.45
120 24.10 4.06 86.30 1.01 29.08 120 26.30 4.02 89.00 0.98 27.80
Tank 5&7.53 4.07 55.73 1.00 - Tank 59.16 3.90 57.03 1.02 -
Exp. Name: Fls 03 Exp. Name: Fls 04
J;,=0.475 mg/m?%s J;,=0.457 mg/m?s
Fr=9.45 lhr  F=300 /hr  T,=50°C Fr=10.37 Uhr F=300 lhr  T,=50 °C
Fs;=9.54 lhr  F=200 /hr  [RH];,=1.2 mol/l  Fg=9.88 /hr  F=200 I/hr  [RH];,=1.2 mol/l
(i oy P ol PP ey may PH mg P
0 0.40 3.74 10.10 1.93 0.00 0 0.20 3.83 9.10 1.94 0.00
20 17.70 3.82 41.20 1.14 2.85 20 19.60 3.79 39.60 1.18 2.23
40 23.40 3.91 62.40 1.02 6.97 40 27.40 3.91 57.50 1.05 6.18
60 26.00 397 71.60 0.98 11.21 60 30.00 3.97 67.70 0.98 10.48
80 26.20 3.99 76.30 0.97 15.99 80 30.00 4.00 73.00 0.97 14.74
100 26.70 3.98 80.00 0.96 20.18 100 30.70 4.01 72.40 0.98 19.09
120 26.10 4.00 78.40 0.95 24.71 120 28.90 4.06 74.60 0.97 23.13
Tank 54.23 4.22 5297 0.93 - Tank 53.86 4.07 49.66 0.95 -
Exp. Name: Fls 05 Exp. Name: Fis 06
J;=0.558 mg/m*s J;,=0.405 mg/m*s
Fe=9.90 I’/hr  FF300 I/hr T5,=50"C Fr=9.52 /hr  F=300 I/hr T4,=50°C
Fs=9.70 Ilhr  F;=200 I/hr [RH];,=1.2 mol/l Fs=10.05 I/hr F=400 I/hr [RH]=1.2 mol/l
(mimy mgh) P mg "M ey (mim (moh) P mgh) PMe
0 0.40 3.82 7.50 212 0.00 0 290 358 9.70 1.86 0.00
20 18.10 3.84 40.10 1.20 2.48 20 19.30 3.90 39.60 1.20 3.20
40 2440 3.89 63.50 1.06 6.39 40 26.30 3.96 57.40 1.07 6.39
60 25.10 3.97 77.00 1.00 10.99 60 29.30 3.99 66.20 1.06 9.79
80 24.30 4.00 84.00 0.99 15.67 80 3140 4.00 69.50 1.06 13.15
100 25.40 4.03 8540 1.01 20.08 100 32.40 3.99 69.90 1.06 16.40
120 24.10 4.01 85.10 0.98 24 .51 120 32.00 3.99 69.60 1.05 19.60
lank 9595.20 5.63 954.60 0.9/ - lank 953.95 4.11T  51.65 1.05 -
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Exp. Name: Fils 07 Exp. Name: Fls 08

J;,=0.589 mg/m?s J;,=0.561 mg/m?s

Fr=9.98 Ilhr  F=300 I/hr T,=50°C F=10.33 I’/hr F=300 I/hr T,=50°C

Fs=10.38 Ilhr F=400 I/hr [RH],~1.2 mol/l  Fg=9.83 I/hr  F =400 I/hr [RH]7,=1.2 mol/l

miny g "M mahy P (mim may P g PMe
0 0.40 3.92 250 2.48 0.00 0 0.20 3.88 1.20 2.95 0.00
20 20.60 3.83 38.80 1.16 2.23 20 19.20 3.78 38.30 1.18 2.35
40 26.40 3.88 63.40 1.04 6.23 40 25.80 3.90 63.80 1.02 6.49
60 26.10 3.96 74.80 1.00 10.82 60 27.30 3.97 76.40 0.99 11.15
80 2540 3.99 82.60 0.99 15.62 80 27.80 3.99 82.00 0.97 15.97
100 26.30 3.99 85.25 1.01 19.89 100 27.30 3.98 84.70 0.97 20.09
120 25.30 4.04 87.70 1.00 24.85 120 25.90 4.00 85.70 0.97 24.56

Tank 57.33 6.51 58.60 1.00 - Tank 56.17 4.72 53.20 0.95 -

Exp. Name: Nis 01 Exp. Name: Nis 02

J;,=0.599 mg/m?%s J;;=0.551 mg/m?s

Fr=10.25 I/hr  F=300 I/hr T4,=50 °C Fe=10.31 I’hr  F=300 I/hr T,=50°C

F¢;=10.01 I/hr F=300 /hr  [RHI];,=1.2 mol/l  F¢=10.01 /hr F=300 I/hr  [RH],,=1.2 molll
(i oy P ol PP ey may PH mg P
0 0.40 3.94 0.60 3.59 0.00 0 0.40 3.95 0.40 3.79 0.00
20 19.30 3.79 3.90 1.08 1.46 20 18.90 3.78 3.30 1.02 2.02
40 25.70 3.90 9.30 1.08 5.48 40 24.10 3.90 7.10 1.02 598
60 28.20 3.98 14.00 1.06 10.07 60 25.60 3.97 10.90 1.03 10.61
80 27.40 4.00 18.20 1.03 14.65 80 25.70 4.00 13.50 1.02 15.01
100 29.00 4.00 22.90 1.03 19.19 100 27.10 4.03 16.70 1.02 19.39
120 28.20 4.01 26.50 1.02 23.56 120 29.20 3.98 19.20 1.02 22.80
Tank 60.43 5.59 0.00 1.02 - Tank 57.10 5.39 0.00 1.02 -

Exp. Name: Nis 03 Exp. Name: Nis 04

J;=0.532 mg/m*s J;=0.570 mg/m*-s

Fr=9.62 I/hr  F=300 I/hr T,=50 °C F-,=10.08 /hr F=300 I/hr T,=50°C

F¢;=9.62 Ihr  F=300l/hr  [RH];,=1.2 mol/l  Fg=10.07 /hr F=300 I/hr  [RH];,=1.2 molll
(mimy mghy P mgh) Py (mim mah) P (g Py
0 1.70  3.94 0.80 3.59  0.00 0 0.50 4.10 0.30 3.65 0.00
20 18.00 3.79 3.20 1.08 1.80 20 17.00 3.80 2.80 1.04 242
40 24.00 3.90 6.20 1.08 5.59 40 2210 3.88 6.90 1.03 6.88
60 2560 3.98 9.60 1.06 9.57 60 24.40 3.97 14.30 1.02 11.81
80 26.90 4.00 12.90 1.03 13.59 80 25.20 3.98 18.50 1.02 16.42
100 26.20 4.00 15.90 1.03 17.70 100 27.20 3.89 2250 1.02 20.00
120 25.70 4.01 19.10 1.02 21.83 120 26.50 4.00 26.20 1.02 25.02
lank 90.6/7 5.99Y 0.00 1.02 - lank 57.63 95.31 0.00 1.03 -
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Exp. Name: Nis 05 Exp. Name: Nis 06
J5,=0.541 mg/m?s J;,=0.585 mg/m?s
Fr=9.67 Ihr  F=300 I/hr  T,,=50 °C Fe=9.93 Ihr  F=300 I/hr  T,,=50°C
Fs;=9.73 lhr  F=300 /hr  [RH];,=1.2 mol/l  Fg=10.01 /hr F=300 I/hr  [RH];,=1.2 mol/l
min)_mgh P _mghy PMe (e (mim mgh PP o) PMe e
0 0.70 3.90 4.80 2.37 0.00 0 0.50 4.14 1.50 2.91 0.00
20 18.50 3.80 12.50 1.16 2.28 20 16.90 3.77 12.70 1.24 1.20
40 23.90 3.91 22.00 1.02 6.17 40 22,50 3.90 23.50 1.10 4.28
60 2590 3.96 29.00 0.96 10.55 60 2440 3.95 30.80 1.05 7.80
80 26.20 4.01 32.40 0.95 14.99 80 24.70 3.99 34.20 1.04 11.50
100 25.60 4.01 34.20 0.95 19.48 100 24.00 3.99 35.50 1.02 15.21
120 25.30 4.02 34.60 0.94 23.61 120 2490 3.99 36.00 1.01 19.05
Tank 56.23 6.01 6.47 0.94 - Tank 57.00 5.81 5.81 0.97 -
Exp. Name: Nis 07 Exp. Name: Nis 08
J;,=0.485 mg/m?s J;,=0.495 mg/m?s
Fr=9.87 lhr  F=300 /hr  T,=50°C Fr=9.68 lhr  F=300 lhr  T,=50C
Fs;=9.86 lhr  F=300 /hr  [RH];,=1.2 mol/l Fg=9.88 /hr  F=300 I/hr  [RH];,=1.2 mol/l
iy gl P g PP e (o g P mahy PP e
0 0.60 4.13 29 3.17 0.00 0 0.50 4.14 7.80 2.91 0.00
20 20.60 3.74 332 1.21 1.16 20 18.90 3.77 312 1.24 1.20
40 26.90 3.89 464 1.08 4.76 40 26.80 3.90 454 1.10 4.28
60 30.20 3.99 524 1.03 8.36 60 28.70 3.95 527 1.05 7.80
80 29.10 4.00 566 1.05 12.15 80 28.30 3.99 558 1.04 11.50
100 28.20 4.00 545 1.01 15.78 100 28.20 3.99 577 1.02 15.21
120 28.40 4.01 575 1.00 19.46 120 28.50 3.99 581 1.01 19.05
Tank 55.20 5.92 554 1.00 - Tank 56.53 4.99 563 1.00 -
Exp. Name: Nis 09 Exp. Name: Nis 10
J;,=0.488 mg/m*s J;p=0.481 mg/m*s
Fe=10.09 Vhr F=300 I/hr  T,=50 °C Fe=10.00 Vhr F=300 /hr  T,=50°C
Fs=9.97 I/hr  F;=300 l/hr [RH]=1.2 mol/l Fs=9.98 I’lhr  F;=300 I/hr [RH];,=1.2 mol/l
(TnITne) (rEnNgI]/f) PH; (r[r':j gI]/SI) PH ‘fr'ﬁ?)H (TrLTne) (r[nNg;]/f) PH; (r[lr':l gl,]ﬁ) PH, \ZE:?)H
0 0.20 3.90 0.50 3.33 0.00 0 0.50 3.92 1.00 3.98 0.00
20 19.30 3.79 3020 1.27 2.25 20 20.40 3.82 3030 1.29 1.84
40 2470 3.91 4330 1.12 6.23 40 27.30 3.91 4430 1.14 5.31
60 25.70 3.99 5010 1.08 10.64 60 26.80 3.98 5060 1.11 9.11
80 27.10 3.99 5230 1.04 14.53 80 28.30 3.99 5560 1.10 12.94
100 26.90 4.00 5330 1.03 18.70 100 29.10 4.01 5700 1.08 16.70
120 28.20 4.01 5610 1.02 22.55 120 30.20 3.95 5690 1.06 20.39
lank 954.00 5.24 5420 1.02 - lank 955.70 5.70 5090 1.06 -
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Exp. Name: pHs 01 Exp. Name: pHs 02
J;,=0.018 mg/m?s Ji,=0.499 mg/m?s
Fr=10.29 I/hr  F=300 I/hr T4,=50°C Fe=10.29 /hr  F=300 I/hr T,=50"°C
Fs=10.04 I/hr F=300 I/hr [RH];,~=1.2 mol/l  Fs=10.09 I/hr F;=300 I/hr [RH1~1.2 mol/l
min)_mah _PY mgh PP b mim ma "M mgh P (i
0 0.60 3.83 5.00 2.59 0.00 0 2.30 391 230 3.87 0.00
20 21.10 3.86 37.90 2.99 2.14 20 2190 3.80 39.80 2.11 1.63
40 33.90 3.98 53.60 3.48 4.90 40 28.60 3.86 61.10 1.99 5.03
60 39.80 4.09 55.10 3.78 7.28 60 27.90 3.94 7270 1.93 9.41
80 46.30 4.13 57.00 3.93 8.71 80 27.80 3.98 79.10 1.92 13.94
100 50.50 4.06 56.20 4.00 9.23 100 26.80 3.99 80.80 1.90 18.29
120 54.20 4.03 56.60 3.99 9.51 120 30.90 4.00 75.80 1.90 22.49
Tank 56.03 5.23 55.77 5.18 - Tank 55.07 5.16 55.40 1.87 -
Exp. Name: pHs 03 Exp. Name: pHs 04
J;,=0.550 mg/m?s J;,=0.482 mg/m?s
Fe=10.11 Vhr F=300 l/hr T=50"C Fr=10.45 I/hr F~300 I/hr T5,=50°C
Fs=10.12 I'hr F=300 I/hr [RH],=1.2 mol/l  Fg=10.51 I/hr F=300 I/hr [RH1,~1.2 mol/l
iy gl P g PP e o g P mahy PP e
0 0.90 3,92 9.70 2.03 0.00 0 0.60 3.89 1.40 3.64 0.00
20 20.20 3.79 46.60 1.33 1.86 20 19.90 3.82 41.40 1.46 2.12
40 26.60 3.88 65.60 1.25 5.64 40 27.70 3.91 62.50 1.33 5.74
60 27.90 3.96 77.00 1.23 9.91 60 28.90 3.97 71.80 1.29 9.68
80 28.00 3.97 82.40 1.21 14.23 80 28.20 4.00 75.20 1.27 13.81
100 27.70 4.00 84.10 1.21 18.90 100 30.10 4.02 78.20 1.25 17.92
120 27.70 3.99 83.30 1.20 21.83 117 30.90 4.01 77.50 1.24 21.83
Tank 57.33 5.25 56.77 1.19 - Tank 55.50 5.45 53.65 1.22 -
Exp. Name: pHs 05 Exp. Name: pHs 06
J;,=0.607 mg/m*s J;p=0.577 mg/m*s
Fr=9.88 lhr  F=300 I/hr T4,=50°C Fe=10.14 /hr FF300 l/hr T5,=50"C
F<s7=9.96 Ilhr  F =300 I/hr [RH];,=1.2 mol/l.  F4=10.08 I/hr F=300 I/hr [RH];,=1.2 mol/l
(i mahy PP g PMe b (mim mah PM (mgh PMe  (uy
0 0.80 4.01 4.80 1.90 0.00 0 0.40 3.80 4.60 2.33 0.00
20 18.30 3.74 39.30 1.21 1.51 20 1890 3.81 43.80 1.09 2.54
40 23.80 3.86 65.90 1.06 5.91 40 25.00 3.90 65.50 1.03 6.62
60 2490 3.95 79.50 1.01 11.01 60 26.00 3.98 77.00 1.03 11.25
80 24.00 4.00 84.20 1.00 16.07 80 26.00 4.00 82.50 1.03 15.87
100 24.90 4.00 86.80 1.00 21.73 100 25.40 3.93 84.10 1.01 20.36
120 24.40 4.03 87.80 1.00 26.16 120 25.20 4.02 84.90 1.00 25.03
lank 57.97 4.91T 50.4/ 1.00 - lank 50.25 4.64 55.1/ 1.00 -
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Exp. Name: pHs 07

- Appendix B: Supported liquid membrane results -

Exp. Name: pHs 08

J;,=0.561 mg/m?s
Fe=10.32 I/hr F=300 I/hr

T,=50 °C

J;,;=0.600 mg/m?s
Fr=10.30 I/hr  F=300 I/hr

T,=50 °C

F=9.77 Vhr F.=300 lhr  [RH],=1.2 molll Fs=9.72 Vhr F=300 /hr  [RHIl;,=1.2 molll
min)_mah _PY mgh PP b mim ma "M mgh P (i
0 0.90 3.81 9.90 2.18 0.00 0 0.20 3.78 1.10 2.63 0.00
20 16.60 3.78 43.00 1.08 2.77 20 19.00 3.79 40.70 0.92 3.27
40 23.70 3.90 66.20 0.91 7.28 40 24,30 3.93 66.40 0.87 7.97
60 24.00 3.98 77.60 0.87 12.44 60 26.00 3.98 79.50 0.86 12.83
80 25.40 3.99 85.20 0.85 17.32 80 26.40 4.00 84.10 0.85 17.71
100 27.60 3.73 87.60 0.85 20.00 100 25.80 3.98 86.80 0.84 22.61
120 25.10 4.07 88.60 0.84 27.25 120 24.60 4.01 88.10 0.85 27.47
Tank 56.00 5.87 55.27 0.90 - Tank 56.93 4.97 55.17 0.83 -
Exp. Name: pHs 09 Exp. Name: pHs 10
J;,=0.626 mg/m?%s J;;=0.511 mg/m?s
Fe=10.28 Uhr F=300 ihr  T,,=50 °C Fe=9.96 Ihr  F=300 lhr  T,,=50°C
Fs=10.35 lhr F=300 lhr  [RHl,=1.2 molll  Fg=10.13 Uhr F=300 I/hr  [RHI,,=1.2 mol/l
(i o P ol PP e iy may PH mg P
0 0.60 3.87 11.60 1.82 0.00 0 0.30 3.83 6.40 2.00 0.00
20 20.50 3.76 50.60 0.70 2.50 20 19.30 3.80 42.30 0.92 2.19
40 26.10 3.89 68.80 0.69 6.72 40 25.80 3.90 62.70 0.80 6.10
60 27.40 3.95 78.00 0.80 11.47 60 27.40 3.97 72.00 0.78 10.52
80 25.90 3.98 81.40 0.82 16.28 80 27.40 4.00 80.00 0.74 15.00
100 25.50 3.98 82.40 0.85 21.01 100 26.10 4.00 81.70 0.73 19.55
120 25.60 4.00 83.00 0.89 25.46 120 26.10 4.01 82.50 0.72 23.97
Tank 58.37 5.80 57.40 0.68 - Tank 54.13 5.47 52.23 0.73 -
Exp. Name: pHs 11 Exp. Name: pHs 12
Jpp=0.573 mg/m*s J;,=0.620 mg/m*-s
Fe=9.93 Uhr  FF300 lhr  T,,=50 °C Fe=10.29 Uhr FE300 lhr  T,,=50 °C
Fs=10.24 I/hr F=300 I/hr [RH];,=1.2 mol/l Fs=9.88 Ilhr  F=300 I/hr [RH]=1.2 mol/l
(mimy mgh) P mg "M ep (mim mgh) P mgi) PMe  p
0 0.40 3.78 7.90 2.10 0.00 0 0.10 3.84 2.00 2.65 0.00
20 18.70 3.79 44.80 0.91 2.58 20 18.50 3.80 38.90 0.65 2.85
40 24.70 3.87 67.20 0.77 6.87 40 2460 3.90 62.50 0.51 7.31
60 2540 3.98 81.30 0.72 12.22 60 28.00 3.97 76.80 0.48 12.09
80 26.20 4.00 87.80 0.70 16.93 80 26.70 4.00 80.90 0.42 17.02
100 28.70 4.00 87.40 0.70 21.48 100 27.10 3.99 82.20 0.43 21.86
120 24.80 4.04 83.40 0.70 26.12 120 2590 4.01 84.10 0.43 26.84
lank 57.93 5.92 5/7.65 0.09 - lank 959.47 5.92 o/7./5 0.44 -
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Exp. Name: pHs 13 Exp. Name: Ext 01
J;,=0.631 mg/m?s J;,=0.000 mg/m?s
Fr=9.69 I’hr  F=300 I/hr T,=50 °C Fr=9.73 I/hr  F=300 I/hr T,=50°C
F¢;=10.17 I/hr F=300 /hr  [RH];,=1.2 mol/l  F¢=9.96 /hr F=300 I/hr  [RH];,=0.0 mol/l
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 0.60 3.79 7.30 2.04 0.00 0 0.60 4.45 280 1.80 0.00
20 1490 3.83 33.80 0.54 3.50 20 2550 4.60 33.30 1.06 0.00
40 18.90 3.93 63.50 0.41 8.07 40 40.70 4.80 46.40 0.96  0.00
60 21.10 3.98 77.60 0.39 13.31 60 46.10 5.12 50.60 0.96 0.00
80 20.50 4.00 81.70 0.39 18.42 80 50.40 5.29 50.90 0.96 0.00
100 21.00 4.01 79.60 0.39 2295 100 47.50 5.36 43.70 0.96 0.00
120 20.20 4.01 83.90 0.39 27.72 120 46.10 5.45 46.30 0.96  0.00
Tank 56.40 5.45 50.00 0.39 - Tank 48.10 5.56 44.37 0.96 -
Exp. Name: Ext 02 Exp. Name: Ext 03
J;,=0.016 mg/m?%s J;,;=0.448 mg/m?s
Fr=9.84 Ihr  F=300 I/hr T,=50"C Fr=9.90 hr  F=300 I/hr T,=50"C
F¢;=9.90 /hr  F=300 /hr  [RHI];,=0.0 mol/l  F¢=10.19 /hr F=300 I/hr  [RH];,=0.8 molll
(i o P ol PP e iy may PM mgl P
0 3.00 4.01 3.80 1.86 0.00 0 160 3.85 2.90 2.89 0.00
20 2440 4.02 3290 1.24 0.00 20 19.40 3.85 37.70 2.08 2.46
40 41.80 4.05 48.70 1.10  0.00 40 27.00 3.94 6190 1.13 593
60 48.30 4.05 52.60 1.05 0.00 60 28.90 3.96 70.20 1.11 9.62
80 52.20 4.06 5530 1.04 0.00 80 30.20 4.00 7520 1.09 13.39
100 55.00 4.07 60.00 1.04 0.00 100 31.10 4.00 77.70 1.09 17.40
120 48.70 4.07 57.10 1.03  0.00 120 31.60 3.99 78.00 1.09 20.34
Tank 54.93 4.00 51.90 0.98 - Tank 56.45 4.96 57.27 1.09 -
Exp. Name: Ext 04 Exp. Name: Ext 05
J;;=0.490 mg/m*s J;,=0.656 mg/m*-s
Fr=10.35 lhr F=300 I/hr T,=50 "C Fr=9.85 Ilhr  F=300 I/hr T,=50"C
F¢;=10.20 I/hr F=300 l/hr  [RH];,=0.8 mol/l  F¢=9.88 lhr F=300I/hr  [RH];,=1.0 mol/l
mimy gl P mgh P e mm mah PP mah P
0 1.00 3.82 7.90 2.00 0.00 0 0.60 3.88 580 217  0.00
20 2250 3.85 4590 1.10 1.68 20 17.40 3.79 4190 1.03 3.05
40 3190 3.91 61.10 1.07 4.60 40 22.00 3.91 64.90 0.91 7.40
60 33.90 3.96 68.10 1.08 8.00 60 22.80 4.00 76.70 0.84 12.11
80 35.10 4.03 71.40 1.07 11.40 80 23.80 4.00 81.30 0.85 16.71
100 37.00 4.05 72.40 1.10 14.63 100 24.00 3.98 83.80 0.85 20.96
120 31.50 5.24 77.20 1.10 20.74 120 23.20 3.99 8590 0.83 25.56
lank 99.60 5.590 0©60.40 1.06 - lank 99.60 4.00 60.37 0.60 -
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Exp. Name: Ext 06 Exp. Name: Ext 07
J;,=0.616 mg/m?s J;,=0.653 mg/m?s
Fr=9.88 lhr  F=300 /hr  T_=50°C Fr=9.87 hr  F=300 lhr  T_=50C
Fs;=10.09 Vhr F=300 /hr  [RH];,=1.0 mol/l  Fg=10.38 /hr F=300 I/hr  [RH];,=1.4 mol/l
min)_mah_PY mgh PP b mim o "M mgh P (i
0 0.70 3.87 540 2.23 0.00 0 0.50 3.84 4.30 2.30 0.00
20 15.60 3.81 36.90 1.09 1.59 20 16.00 3.78 41.00 1.15 3.17
40 23.50 3.88 61.60 0.92 4.84 40 19.70 3.91 6590 1.04 7.92
60 25.80 3.93 73.30 0.83 9.03 60 21.40 3.98 77.40 1.01 12.93
80 24.80 4.00 76.90 0.85 13.33 80 20.40 4.00 81.10 0.98 17.86
100 22.70 4.00 78.70 0.82 17.64 100 21.60 4.01 85.90 0.96 22.70
120 24.30 3.90 79.90 0.82 21.29 120 21.00 4.01 86.80 0.97 27.50
Tank 58.07 4.03 56.17 0.83 - Tank 57.30 6.70 56.87 0.96 -
Exp. Name: Ext 08 Exp. Name: Ext 09
J;,=0.604 mg/m?%s J;,=0.699 mg/m?s
Fr=9.93 lhr  F=300 /hr  T,=50°C Fr=10.01 Vhr F=300 /hr  T,=50°C
Fs;=9.77 lhr  F =300 /hr  [RH];,=1.4 mol/l Fg=9.68 /hr  F=300 I/hr  [RH];,=1.6 mol/l
(i oy P ol PP ey may PH mg P
0 0.20 3.86 4.10 2.32 0.00 0 290 3.90 18.50 1.82 0.00
20 17.00 3.80 40.00 1.39 217 20 15.90 3.77 48.10 1.13 3.36
40 22.50 3.90 65.10 1.26 6.11 40 17.70 3.90 71.40 0.99 8.45
60 22.30 3.96 76.60 1.21 10.48 60 16.30 3.99 82.50 0.96 13.97
80 23.60 3.99 8290 1.19 15.02 80 19.00 4.00 87.10 0.94 19.44
100 23.70 3.99 84.40 1.20 19.46 100 18.10 4.01 89.20 0.94 24.73
120 23.40 4.00 84.80 1.19 23.91 120 17.80 4.01 90.40 0.93 29.99
Tank 56.73 6.44 56.47 1.13 - Tank 56.00 5.82 55.97 0.92 -
Exp. Name: Ext 10 Exp. Name: Int 01
Jpp=0.619 mg/m*s J;p=0.214 mg/im*s
Fr=10.00 Vhr F=300 /hr  T,=50°C Fr=9.58 lhr  F=200 lhr  T,=40C
Fs=9.91 Ilhr  F;=300 I/hr [RH];,=1.6 mol/l Fs=9.34 I/hr  F=200 I/hr [RH];,=1.0 mol/l
(mimy mgh) P mg "M ey (mim moh) P mgh) PMe
0 0.20 3.80 1.80 2.70 0.00 0 0.10 3.86 1.20 3.22 0.00
20 15.60 3.78 41.40 1.19 2.83 20 30.50 3.58 7.50 1.30 0.00
40 20.60 3.88 70.50 1.04 7.32 40 47.80 3.44 11.60 1.15 0.53
60 20.50 3.95 8240 0.99 12.63 60 61.60 3.50 14.30 1.09 1.76
80 19.20 3.99 84.10 0.99 18.03 80 63.40 3.49 16.40 1.07 2.99
100 16.20 4.17 86.10 0.98 24.41 100 66.80 3.51 17.20 1.08 4.13
120 20.90 3.90 86.60 0.97 28.58 120 69.30 3.50 17.40 1.08 5.38
lank 52.40 ©6.0c6 50.70 0.90 - lank &3.00 5.50 0.710 1.0c -
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Exp. Name: Int 02 Exp. Name: Int 03
J;,=0.389 mg/m?s J;,=0.216 mg/m?s
Fr=9.95I/hr  F=200 I/hr T,=40°C F=9.80 I’lhr  F=350 I/hr T,=40°C
F¢;=9.95 lhr  F =200 I/hr [RH];»=1.0 mol/l  Fg=9.79 Ihr  F=350 I/hr [RH];,=1.0 molll
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 250 3.87 210 216  0.00 0 0.10 3.86 2.40 257 0.00
20 920 4.51 6.70 1.24 568 20 12.20 3.63 5.80 1.28 0.00
40 1130 4.52 12.70 1.10  9.61 40 19.60 3.50 8.80 1.13  0.00
60 11.80 4.54 16.10 1.08 13.16 60 21.70 3.47 10.00 1.08 0.43
80 13.00 4.49 18.50 1.04 17.11 80 21.70 3.50 11.00 1.05  0.99
100 12.90 4.52 19.20 1.07 20.91 100 2160 3.50 11.60 1.06 1.48
120 13.20 4.45 19.80 1.05 24.09 120 22.00 3.50 11.90 1.05 1.93
Tank 34.63 590 0.40 1.03 - Tank 34.30 5.80 0.40 1.05 -
Exp. Name: Int 04 Exp. Name: Int 05
J;,=0.252 mg/m?%s J;,;=0.298 mg/m?s
Fr=9.76 I/hr  F=200 I/hr T,=60 °C Fr=9.73 Ilhr  F=200 I/hr T,=40°C
F¢;=9.60 lhr  F =350 I/hr [RH];,=1.0 molll  Fg=9.45l/hr  F=350 I/hr [RH]1;,=1.0 mol/l
(i o P ol PP e iy may PM mgl P
0 1.10 3.80 5 2.99  0.00 0 1.80 3.52 61 1.67  0.00
20 11.40 3.59 271 1.35 0.00 20 36.20 3.36 360 1.25 1.20
40 18.20 3.50 365 0.88 0.00 40 4510 3.47 484 115 4.94
60 20.30 3.48 418 0.85 0.60 60 52.00 3.49 499 1.11 9.00
80 18.60 3.50 481 0.83 1.12 80 50.90 3.49 506 1.09 12.80
100 19.20 3.50 482 0.83 1.56 100 54.10 3.49 497 1.07 17.57
120 20.20 3.50 494 0.83 2.02 120 61.60 3.43 545 110 21.69
Tank 34.10 5.71 487 0.83 - Tank 74.90 5./70 519 1.07 -
Exp. Name: Int 06 Exp. Name: Int 07
J;=0.314 mg/m*s J;=0.413 mg/m*-s
Fr=9.97 I/hr  F=200 I/hr T,=40 °C F=10.01 /hr F=200 I/hr T,=60°C
F¢;=10.17 I/hr F=350 l/hr [RH];,=1.0 mol/l  Fs=9.92 IIhr F=350 I/hr [RH];,=1.0 mol/l
mmy g P mgh P e mm mah PP mah P
0 0.20 3.96 2 3.35  0.00 0 0.20 3.79 1 3.37  0.00
20 10.20 4.69 289 1.29 3.20 20 990 4.49 320 1.28 3.20
40 12.70 4.36 376 1.16  5.81 40 13.50 4.46 461 1.15  5.81
60 13.40 4.52 433 1.12 8.76 60 14.90 4.44 533 1.07 8.76
80 13.60 4.62 444 110 11.45 80 1530 5.22 553 1.07 11.45
100 14.00 4.56 445 1.09 14.12 100 1590 4.59 556 1.06 14.12
120 17.10 4.42 481 1.09 16.77 120 17.60 4.52 516 1.06 16.77
lank J32.60 4.34 404 1.05 - lank 39.50 5.00 490.00 1.06 -
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Exp. Name: Int 08 Exp. Name: Int 09
J;,=0.606 mg/m?s J;,=0.486 mg/m?s
Fr=9.80 I’hr  F=350 I/hr T,=60 °C F=9.70 Ilhr  F=350 I/hr T,=60°C
F¢;=10.02 l/hr F =350 I/hr [RH];»=1.0 mol/l  Fg=9.64 Ihr  F=350 I/hr [RH];,=1.0 molll
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 0.40 3.84 2170 245 0.00 0 0.90 3.68 7 1.91 0.00
20 32.50 3.44 18.40 1.07 0.14 20 390 4.39 273 135 6.42
40 46.30 3.45 21.70 0.94 2.86 40 470 450 430 1.19 11.79
60 4460 3.49 27.10 0.90 6.03 60 510 454 519 119 17.32
80 47.80 3.50 30.80 0.88 9.60 80 580 4.53 509 1.10 22.54
100 41.00 3.50 32.00 0.89 12.61 100 5.40 459 504 1.10 28.03
120 42.20 3.50 32.00 0.88 15.96 120 5.70 4.51 504 1.09 33.33
Tank 76.60 5.75 1.03 0.83 - Tank 33.30 5.45 489 1.07 -
Exp. Name: Int 10 Exp. Name: Int 11
J;,=0.326 mg/m?s J;,=0.292 mg/m?s
Fr=9.751/hr  F=200 I/hr T,=40°C Fr=9.68 I/hr  F=200 I/hr T,=40C
F¢;=10.05 I/hr F =350 l/hr [RH];,=1.0 mol/l  F4=9.78 /hr  F=350 I/hr [RH];,=1.0 mol/l
ey ol P g PP e i g P e PR e
0 0.40 3.82 18.40 2.40 0.00 0 290 3.80 6.30 1.62 0.00
20 38.20 3.32 12.30 0.98 0.85 20 970 4.37 930 099 7.10
40 51.90 3.42 1230 0.86 6.12 40 13.30 4.35 1440 0.87 15.13
60 55.70 3.46 14.50 0.82 12.94 60 13.90 4.82 16.10 0.84 2542
80 52.30 3.49 16.30 0.81 20.00 80 1460 4.53 18.50 0.82 35.23
100 53.70 3.51 17.10 0.82 27.61 100 15.80 4.45 17.80 0.81 47.38
120 57.80 3.49 17.90 0.81 35.76 120 18.40 3.85 18.20 0.81 59.40
Tank 77.80 5.96 067 0.79 - Tank 33.60 5.35 0.23 0.81 -
Exp. Name: Int12 Exp. Name: Int13
J;,=0.629 mg/m*s J;p=0.524 mg/m*s
F-=9.851/hr  F=350 I/hr T,=60°C Fr=9.46 I'hr  F=350 I/hr T,=60 °C
F$;=9.91 Ihr  F=350 I/hr [RH];»=1.0 mol/l F¢=10.00 /hr F=350 I/hr [RH];,=1.0 molll
mimy g P mgh PHe e (mim mah PP mah PP
0 0.10 3.70 2 2.10  0.00 0 0.80 3.68 16.50 2.50  0.00
20 34.80 3.39 411 1.20 3.92 20 4.40 4.44 18.80 1.02 8.32
40 4230 3.31 428 1.16  6.71 40 510 4.49 23.90 0.89 14.02
60 64.80 3.12 455 1.10 35.63 60 5.50 4.54 26.00 0.85 19.73
80 49.50 3.84 522 1.11 44.62 80 5.40 4.56 26.60 0.79 25.60
100 48.50 3.63 527 1.09 51.32 100 5.90 4.49 26.60 0.77 31.00
120 51.20 3.55 555 1.08 59.40 120 5.90 4.50 26.70 0.79 36.20
lank 80.50 4.938 009 1.04 - lank 30.40 5.01 0.13 0.70 -
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Exp. Name: Int 14 Exp. Name: Int 15
J;,=0.402 mg/m?s J;,=0.334 mg/m?s
Fr=9.73 I/hr  F=200 I/hr T,=40°C F=9.57 Ilhr  F=200 I/hr T,=40°C
F¢;=10.10 /hr F=200 I/hr  [RH];,=1.0 mol/l  Fg=10.15Vhr F=200 I/hr  [RH];,=1.0 mol/l
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 0.10 3.97 5 1.61 0.00 0 2.70 3.72 1 1.81 0.00
20 3750 3.56 357 0.97 0.00 20 1110 4.34 356 0.96 3.12
40 5950 3.47 506 0.82 0.75 40 1440 4.41 480 0.86 5.69
60 65.70 3.49 583 0.80 1.95 60 1510 4.45 550 0.81 8.70
80 68.20 3.52 581 0.75 3.22 80 15.20 4.51 522 0.77 11.49
100 66.70 3.51 568 0.75 4.69 100 15.30 4.50 561 0.77 14.48
120 69.80 3.50 582 0.75 5094 120 15.70 4.49 564 0.76 17.14
Tank 9240 4.70 598 0.76 - Tank 34.80 5.83 533 0.76 -
Exp. Name: Int16 Exp. Name: Int17
J;,=0.559 mg/m?s J;,=0.222 mg/m?s
Fr=9.98 lhr  F=350 I/hr T,=60"C Fr=9.78 Ihr  F=200 I/hr T,=60°C
F¢;=10.12 /lhr F=200 l/hr  [RH];,=1.0 mol/l  F¢=10.09 /hr F=350I/hr  [RH];,=1.0 moll/l
iy gl P g PP e o g P mahy PR e
0 0.20 3.82 13 227 0.00 0 0.30 3.68 10.00 2.38  0.00
20 32.00 3.42 350 1.03 0.20 20 13.10 3.39 8.00 1.18 0.32
40 4050 3.47 490 0.85 2.89 40 2060 3.44 840 105 3.95
60 53.60 3.49 521 0.84 573 60 2120 3.47 9.90 1.00 8.74
80 46.10 3.49 527 0.78 8.62 80 21.30 3.48 10.70 1.00 13.76
100 4950 3.50 521 0.80 11.57 100 2190 3.49 11.10 0.96 18.94
120 58.60 3.50 533 0.77 14.50 120 22.30 3.49 11.20 0.95 24.61
Tank 78.50 6.06 500 0.75 - Tank 34.60 5.91 0.47 0.94 -
Exp. Name: Int 18 Exp. Name: Int19
J;=0.529 mg/m*s J;p=0.552 mg/m*s
Fr=10.23 lhr F=350 I/hr T,=60°C Fr=9.63 lhr  F=200 I/hr T,=60C
F$;=9.67 Ihr  F=200l/hr  [RH];,=1.0 mol/l  F¢=9.91/hr F=200I/hr  [RH];,=1.0 molll
mimy g P mgh PHe e (mim mah PP mah P
0 0.20 3.81 0 3.05  0.00 0 0.40 390 7.60 2.51 0.00
20 490 4.48 339 105 6.87 20 2550 4.43 17.20 0.99 5.48
40 6.40 4.41 502 092 11.95 40 37.10 4.43 29.90 0.81 11.60
60 6.70 4.49 549 0.82 17.93 60 26.60 4.55 31.80 0.80 17.53
80 6.60 4.47 561 0.84 22.80 80 31.00 4.55 32.30 0.77 23.88
100 6.80 4.53 555 0.83 28.37 100 32.80 4.55 33.60 0.75 29.90
120 7.00 450 556 0.84 33.79 120 36.00 4.43 31.80 0.76 35.63

lank 59.20 6.01 022 0.76 - lank 69.70 9.21 0.907  0.75 -
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Exp. Name: Int 20 Exp. Name: Int 21
J;,=0.605 mg/m?s Ji,=0.245 mg/m?s
Fr=9.56 Ilhr  F=200 I/hr T,=60 °C F-=9.63 I’hr  F=200 I/hr T,=60°C
F¢;=10.31 I/hr F=350 /hr  [RHI];,=1.0 mol/l  F¢=10.05I/hr F=200 I/hr  [RH].,=1.0 mol/l
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 0.40 3.56 1.50 2.56 0.00 0 1.20 4.01 3 2.31 0.00
20 28.20 4.33 14.50 1.28 7.40 20 11.30 3.67 333 1.29 0.00
40 37.60 4.36 2510 1.15 18.10 40 17.50 3.50 491 1.17 0.34
60 42.00 4.55 31.20 1.09 30.30 60 19.70 3.46 527 1.13 1.14
80 49.40 3.79 33.20 1.07 41.60 80 19.60 3.52 543 1.09 1.55
100 47.40 4.59 34.30 1.06 54.50 100 19.60 3.49 504 1.10 2.04
120 47.70 4.66 34.60 1.06 66.79 120 21.50 3.50 502 1.11 2.04
Tank 84.00 6.10 1.37 1.03 - Tank 35.10 3.50 480 1.03 -
Exp. Name: Int 22 Exp. Name: Int 23
J;;=0.290 mg/m?%s J;,;=0.748 mg/m?s
Fr=10.35 lhr F=350 I/hr T,=40°C Fr=10.12 Ihr F=200 I/hr T,=60°C
F¢;=9.88 Ihr F=200l/hr  [RH];,=1.0 mol/l  F4=9.851/hr F=200I/hr  [RH];,=1.0 mol/l
iy o P ol PP ey mgy PM mg P
0 160 5.76 2.60 3.13  0.00 0 1.00 3.97 3 1.93  0.00
20 12.80 4.59 6.70 0.85 0.00 20 28.40 4.28 310 1.33 575
40 20.10 3.99 9.60 0.83 0.00 40 38.20 4.38 433 1.15 13.37
60 22.30 3.77 10.40 0.88 0.00 60 42.20 4.38 500 1.13 22.39
80 21.10 3.68 10.70 0.93  0.00 80 4570 4.53 535 1.12 32.26
100 18.90 3.64 10.40 0.93 0.00 100 4350 4.48 516 1.10 42.59
120 19.80 3.62 10.00 0.89  0.00 120 4510 4.42 521 1.11  51.57
Tank 34.90 6.70 0.27 0.91 - Tank 85.80 6.54 500 1.04 -
Exp. Name: Int 24 Exp. Name: Int 25
J;=0.086 mg/m*s J;,=0.608 mg/m*s
F=9.80 I’lhr  F=200 I/hr T,=60°C Fr=10.27 lhr F=350 I/hr T,=40°C
F¢;=9.87 Ihr  F=200 l/hr  [RH];,=1.0 mol/l  F4=9.64 /hr F=200I/hr  [RH]=1.0 mol/l
(mimy mghy P mgh) P ny (mim mah) P gl Py
0 1.40 3.71 21.00 2.37  0.00 0 1.10 4.02 0.60 2.59  0.00
20 15.90 3.50 11.70 1.08 2.43 20 31.70 4.01 7.50 1.02 3.39
40 25.30 3.47 8.00 0.92 12.75 40 4510 4.23 18.10 0.90 8.86
60 23.90 3.73 8.40 0.86 26.94 60 48.40 4.40 2590 0.86 14.27
80 29.30 3.26 5.70 0.86 36.47 80 49.10 4.53 30.70 0.83 19.90
100 28.60 3.46 550 0.83 51.95 100 53.70 4.76 32.60 0.81 25.59
120 24.60 3.34 550 0.82 65.17 120 52.10 4.64 32.20 0.79 30.59
lank 32./70  5.95 0.23 0.82 - lank 65.20 06.206 0.87 0.62 -
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Exp. Name: Int 26 Exp. Name: Int 27
Ji,=0.116 mg/m?s Ji=0.175 mg/m?s
F.=6.74 /hr  F=350 I/hr T,=40°C F:=10.33 /hr F=350 I/hr T,=40°C
F¢;=10.26 I/hr F=350 /hr  [RH];,=1.0 mol/l  F¢=9.75l/hr F=200 I/hr  [RH].,=1.0 mol/l
(min) gy P% (mgh PHe G (mim mgl) Y mgh PHe
0 3.70 3.49 7 2.58  0.00 0 0.20 3.97 11 2.39  0.00
20 890 3.52 331 1.04 0.82 20 13.30 3.74 350 1.28 0.00
40 13.40 3.50 476 0.86  1.21 40 18.90 3.63 496 1.14  0.00
60 16.40 3.50 534 0.84 1.71 60 22.60 3.58 571 1.07 0.00
80 18.50 3.50 568 0.82 2.29 80 24.70 3.56 601 1.05 0.00
100 19.10 3.50 578 0.84 2.78 100 24.30 3.55 577 1.08 0.00
120 22.30 3.53 551 0.80 3.18 120 25.00 3.54 580 1.05 0.00
Tank 32.43 6.09 467 0.79 - Tank 34.80 5.98 540 1.03 -
Exp. Name: Int 28 Exp. Name: Int 29
J;,=0.580 mg/m?%s J;,;=0.487 mg/m?s
Fr=8.91/hr  F=350 I/hr T,=40°C Fr=9.91 Ilhr  F=350 I/hr T,=60°C
F¢;=10.02 /hr F=350l/hr  [RH];,=1.0 mol/l  F4=10.04 I/hr F=200 I/hr  [RH];,=1.0 mol/l
(i o P ol PP ey may PM mg P
0 0.20 3.88 5.20 2.90 0.00 0 0.30 3.89 1.70 2.86 0.00
20 25.00 4.10 10.10 1.28 3.84 20 8.10 4.08 9.00 1.26 3.09
40 38.50 4.30 19.00 1.13  8.41 40 9.00 4.24 17.10 1.16  7.36
60 43.90 4.43 25.00 1.09 13.44 60 8.70 4.41 21.90 1.09 12.27
80 48.70 4.50 30.50 1.07 18.66 80 8.60 4.53 23.80 1.05 17.03
100 51.90 4.49 33.40 1.07 23.71 100 10.30 4.06 22.60 1.07 20.62
120 43.50 4.51 32.60 1.06 28.88 120 8.40 4.93 2430 1.08 26.83
Tank 85.10 6.19 0.37 1.05 - Tank 35.80 6.00 0.20 1.03 -
Exp. Name: Int 30 Exp. Name: Int 31
Jpp=0.752 mg/m*s J;,=0.549 mg/m*-s
Fr=10.68 lhr F=350 I/hr T,=60 °C F-=10.12 Ihr F=350 I/hr T,=40°C

Fs,;=9.58 Ihr F=200 I/hr  [RH],,=1.0 molll  F¢=9.84 Uhr F=350 /hr  [RH];,=1.0 mol/l
Time [Ni], PHANITPHVNa Time "N po Nil; PHsVna

(min) (o) i my ™M (mgl) H, (mgh) ()

0 020 399 1.20 256 000 0 020 4.10 1 286 000
20 37.10 3.56 820 1.29  0.00 20 27.30 4.10 294 1.03  6.32
40 48.90 3.45 1220 1.14  0.39 40 4450 4.03 367 0.89 9.65
60 58.40 3.51 1520 1.11  1.78 60 40.70 4.66 450 0.84 17.94
80 51.00 3.50 17.30 1.06 2.86 80 53.90 4.15 484 0.84 20.16
100 50.90 3.50 18.10 1.05  3.92 100 49.90 4.20 488 0.81 24.42
120 63.80 3.50 18.40 1.05  4.87 120 51.50 4.39 445 0.81 29.43
lank &4.050 0.7Y 0.935 1.0Z2 - lank &Z.70 0.7Y 429 1.0Z2 -
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Exp. Name: Int 32 Exp. Name: Int 33

J;,=0.377 mg/m?s Ji,=0.347 mg/m?s

Fr=10.26 hr F=200 I/hr  T,,=60 °C Fe=9.42 Ihr  F7200 I/hr  T,,=60°C

Fs;=10.35 /hr F=350I/lhr  [RH];,=1.4 molll Fg=10.69 Ihr F=200 I/hr  [RH];,=1.4 mol/l

min)_mah_PY mgh PP b mim o "M mgh P (i
0 0.30 4.01 2 2.60 0.00 0 0.90 3.91 15.20 2.65 0.00
20 11.10 4.20 358 1.35 2.09 20 9.40 4.44 10.30 1.39 3.43
40 14.60 4.38 430 1.75 5.33 40 12.20 4.53 12.20 1.26 6.18
60 14.70 4.46 493 1.19 8.01 60 13.90 4.56 15.20 1.22 9.22
80 15.50 4.50 522 1.20 11.12 80 13.80 4.52 14.40 1.23 12.13
100 15.10 4.51 526 1.20 14.08 100 14.70 4.45 1590 1.23 14.86
120 15.90 4.48 538 1.19 16.95 120 14.60 4.60 16.20 1.22 17.47
Tank 35.60 6.03 509 1.14 - Tank 35.10 6.12 0.53 1.19 -

Exp. Name: Int 34 Exp. Name: Int 35

J;,=0.340 mg/m?s J;,=0.490 mg/m?s

Fr=9.37 lhr  F=200 /hr  T,=60 °C Fr=8.33 lhr  F=350 lhr  T,=40°C

Fs;=10.24 Ihr F=350 lhr  [RH];,=1.4 mol/l  Fg=10.59 I/hr F=350 I/hr  [RH];,=1.4 mol/l
iy gl P g PP e (o g P mahy PP e
0 0.10 4.10 0.80 3.27 0.00 0 0.20 3.93 1 2.89 0.00
20 9.30 4.47 580 1.22 2.59 20 26.70 3.56 274 1.43 0.00
40 13.50 4.42 11.80 1.08 5.26 40 41.80 3.47 380 1.31 0.50
60 14.30 4.59 15.10 1.04 8.78 60 46.50 3.49 428 1.29 1.86
80 15.00 4.44 16.90 1.04 11.16 80 44.30 3.50 427 1.26 3.19
100 14.70 4.50 17.70 1.02 14.05 100 44.20 3.50 451 1.27 4.58
120 14.80 4.44 18.40 1.03 16.99 120 45.50 3.50 464 1.28 5.84
Tank 35.03 5.73 0.80 0.98 - Tank 78.30 5.71 449 1.26 -

Exp. Name: Int 36 Exp. Name: Int 37

J;,=0.360 mg/m*s J;,=0.209 mg/m*-s

Fe=9.18 IInr  F=350 I/hr T,,=40 °C Fe=8.44 I/t F=200 I/hr T,=40°C

Fs;=10.45 /hr F=350 I/hr  [RH];,=1.4 molll Fg=10.48 Ihr F=200 I/hr  [RH];,=1.4 mol/l
;rr::]ne) (r[nNg;]/f) PH; (r[nNgl]]/T) PHs \??r??)H (Tr:?ne) (r[nNgI]/;) PH; (Er':lé]ﬁ) PH, \??r?IO)H
0 1.20 3.88 25 2.39 0.00 0 0.30 4.03 9 2.84 0.00
20 8.60 4.11 356 1.38 2.38 20 10.50 3.77 335 1.42 0.00
40 11.00 4.30 498 1.27 5.91 40 18.20 3.60 468 1.29 0.00
60 11.00 4.46 540 1.23 9.76 60 20.20 3.55 513 1.26 0.00
80 12.20 4.52 531 1.23 13.29 80 2290 3.52 538 1.22 0.00
100 12.00 4.55 503 1.21 16.83 100 23.10 3.51 552 1.25 0.00
118 12.70 4.59 510 1.22 19.92 120 23.20 3.51 544 1.23 0.00
lank 34.20 ©0.13 404 1.20 - lank 386.20 5.80 o514 1.1 -
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Exp. Name: Int 38 Exp. Name: Int 38
Ji,=0.217 mg/m?s Ji,=0.349 mg/m?s
Fr,=10.68 lhr F=200 I/hr T,=40°C F=9.00 I’hr  F=350 I/hr T,=40°C
Fs=9.75 lhr  F =200 I/hr [RH];»=1.4 mol/l F4=8.56 Ihr F=350 I/hr [RH];,=1.4 molll
(min) gy PM (mgh PHe G (mim mgl) Y gy PHe e
0 410 3.99 3.40 1.58 0.00 0 0.30 4.01 0.90 223 0.00
20 1460 3.80 5.80 1.18 0.00 20 3260 3.58 6.70 1.11 0.00
40 2060 3.67 890 1.10  0.00 40 50.80 3.43 11.80 0.96 0.45
60 23.10 3.61 10.50 1.04 0.00 60 5410 3.50 15.70 0.92 2.56
80 23.90 3.58 10.90 1.04  0.00 80 57.50 3.50 19.00 0.90 3.92
100 24.40 359 11.20 1.05 0.00 100 55.60 3.49 20.60 0.90 5.35
120 25.10 3.56 11.80 1.04  0.00 120 55.60 3.50 21.00 0.88 6.71
Tank 36.40 6.00 0.37 1.01 - Tank 78.40 5.87 0.67 0.86 -
Exp. Name: Int 40 Exp. Name: Int 41
J;,=0.535 mg/m?%s J;,=0.254 mg/m?s
Fr=7.351hr  F=350 I/hr T,=40°C F-=8.91 I/hr  F=200 I/hr T,=40°C
F¢;=7.33 lhr  F =350 I/hr [RH];,=1.4 molll  Fg=9.92 /hr  F=200 I/hr [RH];,=1.4 molll
(i o P ol PP ey may PM mgh P e
0 420 4.87 430 1.75 0.00 0 0.30 4.00 2.10 2.78  0.00
20 13.60 3.90 11.80 1.07  3.00 20 11.10 4.20 4.70 1.07 2.40
40 41.00 4.12 2520 0.97 8.89 40 14.80 4.36 990 093 4.383
60 42.30 4.40 34.40 0.93 15.54 60 16.70 4.48 13.20 0.89 7.53
80 43.00 4.49 39.30 0.93 22.20 80 18.00 4.51 14.70 0.88 10.17
100 43.00 4.48 42.00 0.90 28.62 100 18.20 4.55 15.40 0.87 12.78
120 44.20 4.49 43.00 0.89 35.60 120 20.20 4.65 1510 0.86 15.48
Tank 86.20 6.20 0.90 0.81 - Tank 35.50 6.34 0.47 0.77 -
Exp. Name: Int42 Exp. Name: Int 43
Jpp=0.219 mg/m*s J;,=0.425 mg/m*-s
Fr=10.42 lhr F=200 I/hr T,=40 °C Fr=9.62 I/hr  F=350 I/hr T,=40°C
F¢;=9.60 lhr  F=350 l/hr [RH];»=1.4 mol/l Fg=9.74 Ihr  F=200 I/hr [RH];,=1.4 mol/l
mmy g P mgh P e mm mah PP mah P
0 0.30 4.22 1 2.05  0.00 0 0.60 4.03 20 2.15 0.00
20 12.90 3.80 342 1.04 0.00 20 9.30 4.08 343 1.03 2.84
40 19.90 3.63 481 0.92 0.00 40 10.90 4.28 506 0.89 6.93
60 22.00 3.57 530 0.86 0.00 60 10.60 4.45 568 0.85 11.50
80 24.30 3.53 524 0.82 0.00 80 10.80 4.54 592 0.84 15.61
100 24.30 3.53 500 0.82 0.00 100 10.60 4.57 581 0.83 19.95
120 24.10 3.52 514 0.83  0.00 120 11.10 4.51 572 0.84 23.82
lank 30.43 06.03 437 0.82 - lank 34.90 5.60 022 0.82 -
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Exp. Name: Int 44 Exp. Name: Int 45
J;,=0.641 mg/m?s J;,=0.236 mg/m?s
Fr=9.98 Ilhr  F=200 l/hr T,=40°C Fe=7.36 Ilhr  F=350 I/hr T,=60°C
Fs=9.63 Ilhr  F=350 I/hr [RH],~1.4 mol/l  Fg=8.73 I/hr F=350 I/hr [RH]7,=1.4 mol/l
min)_mah_PY mgh PP b mim o "M mgh P (i
0 0.30 4.07 8 2.56 0.00 0 0.20 3.84 5.60 2.75 0.00
20 3290 4.09 331 1.06 2.73 20 12.00 3.58 7.50 1.31 0.00
40 50.40 4.21 478  0.91 6.81 40 18.30 3.47 9.70 1.19 0.11
60 54.70 4.38 343 0.87 11.48 60 20.30 3.50 11.30 1.16 1.01
80 43.20 4.39 375 0.83 17.06 80 19.60 3.50 12.10 1.14 1.76
100 44.10 4.45 377 0.85 22.00 100 15.80 3.47 10.50 1.12 2.83
120 43.90 4.47 384 0.85 27.42 120 18.70 3.51 15.10 1.14 4.12
Tank 76.43 562 354 0.82 - Tank 3490 593 0.65 1.10 -
Exp. Name: Int 46 Exp. Name: Int 47
J;,=0.430 mg/m?%s J;,=1.149 mg/m?s
Fr=10.44 I/hr F=350 I/hr T,=40 °C Fe=10.09 'hr  F=350 I/hr T,=60°C
Fs=10.32 Ilhr F;=200 I/hr [RH];,=1.4 mol/ll  F4=10.08 I/hr F =350 I/hr [RH]7,=1.4 mol/l
(i o P ol PP ey may PM mg P
0 0.40 4.87 1.00 3.06 0.00 0 0.50 3.82 0.30 1.56 0.00
20 12.50 4.60 5.30 0.96 1.21 20 26.50 3.84 14.20 1.33 4.16
40 13.50 4.13 10.20 0.97 4.45 40 32.20 4.02 31.70 1.20 11.80
60 13.40 4.31 11.50 1.14 8.79 60 36.40 4.02 38.40 1.17 19.07
80 12.10 4.46 17.20 1.34 13.74 80 2790 4.61 5040 1.17 30.30
100 11.70 4.57 18.50 1.49 18.50 100 26.00 4.70 54.80 1.16 40.32
120 10.70 4.54 22.00 1.54 22.59 120 25.80 4.68 57.90 1.16 50.33
Tank 32.90 5.71 0.40 1.55 - Tank 87.60 5.84 1.03 1.17 -
Exp. Name: Int 48 Exp. Name: Int 49
J;,=0.314 mg/m*s J;=0.520 mg/m*s
Fe=10.28 I/hr  F=350 I/hr T,=60°C Fr=10.48 I/hr F~200 I/hr Ts,=40 °C
Fs=10.32 I’lhr F ;=200 l/hr [RH1,~1.4 mol/l  Fg=10.39 I/hr F=200 I/hr [RH]/~1.4 mol/l
(i mahy PP mgh PMe b mim moh PN (mgh PMe  (ny
0 0.70 4.32 3 3.08 0.00 0 0.10 3.83 1 3.55 0.00
20 13.50 3.71 363 1.36 0.00 20 31.20 4.06 333 1.34 3.37
40 21.30 3.50 514 1.22 0.00 40 48.10 4.32 481 1.21 7.88
60 22.20 3.48 564 1.17 0.83 60 53.50 4.50 543 1.16 12.31
80 20.00 3.50 562 1.17 1.55 80 52.70 4.49 566 1.16 16.68
100 20.60 3.50 533 1.16 2.23 100 52.50 4.48 566 1.17  20.89
120 19.20 3.50 561 1.16 2.84 120 54.50 4.53 570 1.14  25.21

lank 36.00 95.83 48/ 1T.13 - lank &1.30 5.68 o435 T.15 -
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Exp. Name: Int 50 Exp. Name: Int 51

Ji,=0.971 mg/m?s J;,=0.285 mg/m?s

Fr,=10.48 lhr F=350 I/hr T,=60 °C F=10.29 /hr F=350 I/hr T,=60°C

F¢;=10.43 Ilhr F=200 /hr  [RHI];,=1.4 mol/l  F¢=10.39 /hr F=200 I/hr  [RH].,=1.4 molll
(min) gy P% (mgh PHe G (mim mgl) Y mgh PHe
0 5.20 3.86 8 4.21 0.00 0 0.30 3.71 1.80 3.41 0.00
20 3340 3.84 369 155 5.16 20 10.80 3.54 6.90 1.33  0.00
40 35.80 4.01 514 1.44 13.90 40 15.00 3.48 9.00 1.26 0.43
60 30.00 4.18 550 1.41 24.18 60 17.60 3.49 10.50 1.24 1.22
80 29.50 4.45 564 1.41 34.88 80 17.00 3.49 1150 1.22  2.02
100 27.50 4.45 549 1.41 4562 100 17.30 3.50 11.80 1.22  2.89
120 27.60 4.66 528 1.44 5465 120 16.30 3.50 12.80 1.22  3.61
Tank 77.00 6.21 471 1.41 - Tank 32.10 5.73 0.73 1.22 -

Exp. Name: Int 52 Exp. Name: Int 53

J;,;=0.378 mg/m?%s J;,=0.188 mg/m?s

Fr=10.29 lhr F=200 I/hr T,,=60 °C F=10.29 /hr F=200 I/hr T,=40°C

F¢;=10.01 I/hr F=200l/hr  [RH];,=1.4 molll  F4=10.01Vhr F=350I/hr  [RH];,=1.4 mol/l
(i o P ol PP ey may PM mg P
0 1.10 3.91 2 1.89  0.00 0 0.10 3.87 1.50 3.16  0.00
20 11.80 3.92 322 123 0.25 20 12.20 3.66 4.50 1.45 0.00
40 13.20 4.11 468 1.18 3.95 40 17.10 3.54 6.50 1.37 0.00
60 1290 4.38 501 1.20 8.19 60 20.30 3.47 7.70 1.34 0.06
80 12.70 4.58 526 1.15 12.26 80 22,60 3.50 9.80 1.32 0.84
100 12.90 4.63 514 1.13 16.05 100 23.30 3.50 10.00 1.29 1.02
120 12.90 4.52 532 1.13 19.53 120 21.70 3.49 9.60 1.32 1.13
Tank 32.50 5.81 520 1.16 - Tank 33.15 5.44 0.43 1.34 -

Exp. Name: Int 54 Exp. Name: Int 55

Jp=0.918 mg/m*s J;,=0.276 mg/m*s

Fr=9.97 Ilhr  F=350 I/hr T,=60 °C F-=9.53 I/hr  F=350 I/hr T,=60°C

F¢;=10.03 I/hr F=200 l/hr  [RH];,=1.4 molll  Fx=10.33 /hr F=350 I/hr  [RH]=1.4 mol/l
(mimy mghy P mgh) P oy (mim mah) P (g Py
0 1.00 3.94 1.90 2.41 0.03 0 0.30 3.78 1 3.26  0.00
20 13.00 3.77 27.60 1.25 4.00 20 10.00 3.55 299 1.29 0.00
40 34.30 3.98 27.00 1.14 11.29 40 15.00 3.45 413 1.14 0.38
60 33.10 4.15 39.00 1.17 20.20 60 16.70 3.49 455 1.14 1.46
80 38.80 5.38 38.80 1.16 29.45 80 16.60 3.50 465 1.13  2.45
100 37.90 28.00 1.18 37.49 100 17.00 3.50 468 1.08 3.43
120 34.20 4.28 42.00 1.13 44.57 120 14.40 3.50 497 1.09  4.40
lank &7.00 5.42 0.62 1.10 - lank 31.60 5.27 431 1.14 -
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Exp. Name: Int 56 Exp. Name: Int 57

J5,=0.523 mg/m?s Ji,=0.499 mg/m?s

Fr=10.25 lhr F=200 I/hr T,=40°C Fr=11.47 Ihr F=350 I/hr T,=40°C

F¢;=10.36 /hr F =350 I/hr [RH];»=1.4 mol/l Fg=11.67 Ilhr F=200 l/hr [RH];,=1.4 molll
(min) gy P% (mgh PHe G (mim mgl) Y mgh PHe
0 1.40 3.98 64.10 1.82  0.00 0 0.10 3.90 23.30 1.51 0.00
20 34.80 4.09 28.20 1.39 273 20 46.10 3.52 6.50 1.41 0.00
40 50.80 4.27 2160 1.29 6.55 40 59.10 3.46 8.70 1.34 1.36
60 56.60 4.42 21.30 1.28 10.74 60 63.40 3.50 11.10 1.32  3.13
80 57.50 4.38 21.40 1.27 14.96 80 59.30 3.50 13.00 1.32  4.87
100 56.30 4.47 2220 1.26 19.29 100 59.40 3.50 14.20 1.31 6.63
120 52.60 4.46 23.90 1.29 23.73 108 58.00 3.50 14.80 1.31 7.22
Tank 82.10 5.09 0.07 1.27 - Tank 83.30 4.96 0.77 1.26 -

Exp. Name: Int 58 Exp. Name: Int 59

J;,;=0.947 mg/m?%s J;;=0.501 mg/m?s

Fr=9.44 I/hr  F=350 I/hr T,=60 °C Fr=9.65 Ilhr  F=200 I/hr T,=60°C

F¢;=10.38 l/hr F =350 I/hr [RH];,=1.4 molll  Fg=9.75l/hr  F=200 I/hr [RH];,=1.4 mol/l
(i o P ol PP ey may PH mg P
0 360 540 17 2.10 0.00 0 0.60 3.85 4.10 2.97 0.00
20 1850 3.95 285 1.07 6.73 20 30.00 3.49 890 1.45 0.00
40 26.70 3.90 290 1.01 12.80 40 53.50 3.47 13.90 1.31 1.60
60 29.50 4.30 475 1.04 21.80 60 63.70 3.50 17.41 1.23 3.68
80 25.60 4.35 537 1.09 30.71 80 64.90 3.50 19.00 1.23  5.72
100 24.60 4.49 581 1.23 39.70 100 64.80 3.42 20.00 1.20 6.92
120 24.90 4.58 592 1.24 48.69 120 63.70 3.58 18.90 1.22  9.89
Tank 80.20 3./5 500 1.24 - Tank 95.70 4.95 0.97 1.18 -

Exp. Name: Int 60 Exp. Name: Int 61

Jpp=0.453 mg/m*s J;,=0.453 mg/m*s

Fr=10.50 lhr F=350 I/hr T,=40°C F-=9.82 I/hr  F=200 I/hr T,=60°C

F¢;=10.50 I/hr F=200 I/hr [RH];»=1.4 mol/l F4=9.69 Ihr  F=350 I/hr [RH];,=1.4 mol/l
(mimy ol P gy PHe e (mim mah PP mah P
0 3.20 3.78 53 1.89  0.00 0 6.50 3.62 10.20 2.09  0.00
20 42.90 3.43 474 112  0.92 20 42.30 3.37 1450 1.21 0.68
40 58.60 3.48 590 1.05  3.31 40 56.10 3.44 2140 1.10 4.75
60 64.00 3.49 642 1.02 579 60 62.60 3.47 2540 1.05 9.66
80 67.30 3.51 573 1.00 8.21 80 70.10 3.49 23.00 1.03 15.18
100 62.10 3.49 551 1.00 10.59 100 68.10 3.45 24.40 1.02 20.00
120 60.90 3.50 538 1.01 13.08 120 79.80 3.30 19.20 1.02 23.09

lank ©9.96 4.30 090 0.9¢6 - lfank 94.10 5.6/ 0.97 1.00 -
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Exp. Name: Int 62 Exp. Name: Int 63

J;,=0.628 mg/m?s Ji,=0.333 mg/m?s

Fr=9.83 Ilhr  F=200 I/hr T,=60 "C Fr=10.20 I/hr F=350 I/hr T,=60°C

Fs=10.16 I/hr F=200 I/hr  [RH];,=1.0 mol/l F¢=10.00 Vhr F=350I/hr  [RH];,=1.0 mol/l
(min) gy P% (mgh PHe G (mim mgl) Y mgh PHe
0 5.00 4.17 10 2.33  0.00 0 710 453 25 1.84  0.00
20 3050 4.02 79 194 0.68 20 30.30 3.44 280 1.38 0.68
40 47.30 4.01 452 1.33  4.75 40 46.00 3.44 417 1.30 4.75
60 48.00 4.20 622 1.28 9.66 60 53.30 3.48 456 1.28 9.66
80 51.00 4.00 573 1.24 15.18 80 53.60 3.49 465 1.27 15.18
100 58.30 4.32 599 1.24  20.00 100 55.60 3.49 477 1.26 20.00
120 4460 5.76 683 1.23 23.09 120 56.10 3.40 496 1.26 23.09
Tank 80.90 3.11 625.00 1.19 - Tank 75.40 2.74 479 1.19 -

Exp. Name: Int 64 Exp. Name: Max 01

J;,=0.653 mg/m?s J;;=1.368 mg/m?%s

Fe=10.15 lhr  F=200 l/hr T,=60°C Fr=9.98 lhr  F=300 l/hr T,=70°C

F$=9.90 I/hr  F=200l/hr  [RH],,=1.0 mol/l F¢=9.88 /hr F=3501/hr  [RH];,=1.6 mol/l
iy gl P g PP e (o g P mahy PP e
0 6.70 4.18 42.20 2.19  0.00 0 6.00 3.72 14.60 2.02  0.00
20 3150 3.92 29.00 1.20 0.68 20 3560 4.15 40.30 1.31 11.67
40 38.50 4.10 26.30 1.11  4.75 40 53.00 3.64 63.00 1.21 40.00
60 41.00 4.36 28.90 1.04 9.66 60 4460 594 8190 1.21 77.55
80 43.30 3.97 29.00 1.03 15.18 80 51.40 5.08 83.40 1.21 109.47
100 48.20 4.74 24.10 1.03 20.00 100 52.60 4.41 81.60 1.20 146.80
120 31.50 6.25 31.70 1.02 23.09 120 57.00 6.44 8290 1.20 180.00
Tank 76.30 3.24 2.23 1.00 - Tank 129.40 4.57 0.13 1.09 -

B.5 Experimental conditions for zinc experiments

The meaning of the titles as used in Table B.4 is the following:

Name

[Zn],

pHﬁSP
[Zn];
VH,S

pH

s

: A short descriptive name is given to each experiment to keep track of the data.

: The zinc concentration in the feed tank as measured. The solutions was prepared

to approximate concentrations and then the exact value was measured (mg/1).

: The setpoint for the feed pH controller.

: The zinc concentration in the strip tank as measured (mg/1).

: The amount of pure sulphuric acid used to make up strip solution (ml in a 211 tank).

: The pH of the strip tank as measured.
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T, : The temperature setpoint for the controller (°C).

F, : The feed recycle flow rate (I/hr)

F, : The strip recycle flow rate (I/hr)

[RH],, : The concentration of the extractant as D2EHPA monomer (mol/l).

Table B.4: Summary of experimental conditions for the SLM extraction of zinc

Name (Lf S/]() Hiso ([rig}f) (m\|//'331 y PHs (Tép) (|/ifr) (I;:hsr) [(Egll/rl)t
ZCto1 4816 2.30 249 100  0.92 50 200 200 1.2
ZCt02 50.54 2.30 0.14 100  0.99 50 200 200 1.2
ZCt03 51.70 2.30 026 100  1.10 50 200 200 1.2
ZCt0o4 5071 2.30 020 100  1.05 50 200 200 1.2
ZpHO1 50.74 2.00 0419 100  1.05 50 200 200 1.2
ZpHO02 4498 290 0.30 100 1.06 50 200 200 1.2
ZpHO03 5022 2.60 0.4 100  1.01 50 200 200 1.2
ZpHO04 50.77 170 0.30 100  0.98 50 200 200 1.2
ZTp01 51.87 230 030 100 1.05 70 200 200 1.2
ZTp02 50.54 2.30 0.57 100  1.06 60 200 200 1.2
ZTp03 51.52 2.30 0.37 100  1.09 40 200 200 1.2
ZTp04 52.35 230 0.30 100  1.21 30 200 200 1.2

B.6 Detailed results of SLM experiments for zinc

The meaning of the titles as used in the tables in this section is as follow:

Exp. Name : A short descriptive name (same as in Table B.4) of the experiment.
i : The final flux of zinc across the membrane (mg/m*s).

Fr : The flow rate from the feed tank to the feed recycle tank (I/hr).

Fo : The flow rate from the strip tank to the strip recycle tank (I/hr).

F; : The feed recycle flow rate (I/hr).

F, : The strip recycle flow rate (I/hr).

T, : The temperature setpoint for the controller (°C).

[RH];,, : The concentration of the extractant as D2EHPA monomer (mol/l).



Time
[Zn],
pH,

[Zn];
pH

VNaOH

Tank
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: The time when samples were taken (min).

: The nickel concentration of the feed as measured in the recycle tank (mg/1).
: The pH of the feed as measured in the recycle tank.

: The nickel concentration of the strip as measured in the recycle tank (mg/1).
: The pH of the strip as measured in the recycle tank.

: The volume of a 1 mol/l NaOH solution titrated by the pH controller (ml).

: The concentration and pH in the feed and strip tanks.
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Exp. Name: ZCt 01 Exp. Name: ZCt 02
J;,=0.488 mg/m?%s J;,;=0.458 mg/m?s
Fe=9.87 lhr  FF200 I/hr T,=45°C Fe=10.17 /hr  F=200 I/hr Ts,=45°C
F<=9.89 Ilhr  F_=200 I/hr [RH],~1.2 mol/l  Fg=10.18 I/hr F=200 I/hr [RH1,~1.2 mol/l
Time [Zn]; pH, [Zn]; pH VNaok Time [Zn]; pH, [Nil, VNaoH
(min) (mg/l) (mg/l) N (m1) (min) (mg/l) (mgl/l) s (ml)
0 2.2 2.29 5.3 1.68 0.00 0 26 234 538 1.64 0.00
20 124 237 5.9 1.19 6.90 20 13.8 2.30 8.7 1.21 0.87
40 149 228 159 1.02 10.17 40 19.5 229 171  1.07 3.60
60 191 230 19.7 0.98 15.27 60 18.8 2.35 204 1.05 8.40
80 18.7 229 226 0.95 22.00 80 19.5 229 224 1.00 11.81
100 20.3 2.30 246 0.91 28.92 100 20.5 230 249 1.01 15.11
120 212 230 245 0.92 34.16 120 21.8 229 275 0.99 17.81
Tank 48.16 2.09 2.49 0.94 - Tank 50.54 2.24 0.14 0.99 -
Exp. Name: ZCt 03 Exp. Name: ZCt 04
J;,=0.513 mg/m*s Ji,=0.531 mg/m*s
Fe=10.11 /hr FF200 l/hr T,=49 °C Fe=10.24 I/hr  F~=200 I/hr T,=49 °C
Fs=9.95 Ilhr  F=200 I/hr [RH],~1.2 mol/l  Fg=10.44 I/hr F=200 l/hr [RH1,~1.2 mol/l
z—r:lr?ni (Ef S/]G PH; ([nfg}f) PH, \{Frf?)H z-r:?ne; (Ef g/]lf) PH; ([rﬁg}f) PH, \{?‘nIO)H
0 1.4 3.25 5.0 0.95 0.00 0 8.2 218 137 1.58 0.00
20 16.2 2.56 7.4 1.03 0.00 20 16.6 2.35 150 1.23 11.72
40 223 243 16.8 1.07 0.00 40 226 235 213 1.14 1172
60 229 238 209 1.09 0.00 60 224 237 243 1.11 11.72
80 226 241 252 1.08 0.00 80 239 235 267 1.06 11.72
100 243 2.34 28.1 1.09 0.00 100 224 236 276 1.056 11.72
120 240 235 285 1.10 0.00 120 21.2 2.32 264 1.05 11.72
Tank 51.70 2.40 0.26 1.10 - Tank 50.71 2.41 0.20 1.04 -
Exp. Name: ZpH 01 Exp. Name: ZpH 02
J5,=0.488 mg/m*s J5,=0.492 mg/m*s
Fr=9.87 Ilhr  F~200 I/hr Ts,=49 °C Fr=10.28 I'hr F~200 I/hr T,=49°C
F<=10.23 I'hr F=200 I/hr [RH],=1.2 mol/l  Fg=9.82 I/hr  F =200 I/hr [RH];,~1.2 mol/l
(Tr:?ne) (E 3/]() PH; <[r§;}|3 PH, \(?lnlo)H (Tr:?ne) (Z 3/]6 PH; ([rﬁg}f) PHs \{:‘n(I))H
0 3.2 2.42 6.8 1.89 0.00 0 0.4 3.27 105 1.14 0.00
20 174 211 101 1.30 0.00 20 1.6 294 108 1.09 0.00
40 246 200 154 1.13 0.26 40 159 2.81 13.7 1.06 0.00
60 26.0 199 19.8 1.10 4.73 60 16.2 3.32 178 1.06 12.29
80 26.1 1.99 208 1.07 11.18 80 18.7 290 221 1.05 12.36
100 252 2.03 241 1.06 20.00 100 179 290 245 1.07 14.20
120 26.4 2.03 284 1.05 27.66 120 19.0 290 314 1.06 16.35
Tank 50.74  2.00 0.19 1.14 - Tank 44.96 2.99 0.30 1.06 -
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Exp. Name: ZpH 03

Exp. Name: ZpH 04

B39

J;,=0.567 mg/m?%s
Fr=10.29 /hr  F=200 l/hr
Fs;=10.06 I/hr F=200 I/hr

T,=49 °C

[RH];,=1.2 mol/l

J;,=0.156 mg/m?s
Fr=10.03 I/hr F~=200 l/hr
Fs=10.60 I/hr F=200 l/hr

T,,=49 °C
[RH],,=1.2 mol/l

Time  [Zn] [Zn]; pH VNaok Time  [Zn]; [Zn], VNaon
(min) (mg/l) T (mgl) N (m1) (min) (mg/l) ' (mgll) s (ml)
0 0.9 3.79 71 1.11 0.00 0 1.3 3.56 14.7 1.09 0.00
20 15.0 2.54 7.7 1.08 0.42 20 36.7 1.89 18.8 1.05 0.00
40 18.3 257 139 1.05 16.81 40 450 1.70 253 1.05 1.49
60 205 261 184 1.03 24.67 60 450 1.71 269 1.01 2.34
80 200 2.61 23.2 1.03 35.00 80 426 169 264 1.02 8.79
100 19.6 2.62 231 1.02 45.59 100 36.7 1.72 243 1.03 25.35
120 204 2.60 27.0 1.01 54.83 120 37.2 1.70 246 0.98 35.63
Tank 50.22 2.41 0.14 1.04 - Tank 50.77 1.64 0.30 1.04 -
Exp. Name: ZTp 01 Exp. Name: ZTp 02
J;,=0.630 mg/m*s J;,=0.587 mg/m*s
Fr=10.28 I/hr F~200 I/hr T,,=68 °C Fe=10.27 /hr  F=200 I/hr T,=58°C

Fs=10.05 I/hr F=200 I/hr

[RH];,=1.2 mol/l

Fs;=10.09 /hr F,=200 l/hr

[RH];,=1.2 mol/l

min)_(mgh) PP mgh PHe Gl (im) mgh P g PMs e
0 12 299 54 121  0.00 0 1.1 362 7.5 1.20 0.00
20 66 249 7.6 113  0.00 20 133 255 93 119  0.00
40 110 238 133 1.11  0.00 40 169 2.33 16.4 1.15 6.18
60 142 235 191 1.08 0.00 60 195 2.38 199 1.11  9.92
80 16.0 224 246 1.06 3.76 80 197 235 247 1.10 14.39
100 158 2.36 274 1.06 4.71 100 172 229 27.0 1.12 16.91
120 196 2.30 320 1.05 6.61 120 201 2.36 291 1.06 29.22

Tank 51.87 2.43 0.30 1.0/ ZIpO01 Tank 50.54 2.6 0.5/ 1.08 ZIpO02

Exp. Name: ZTp 03 Exp. Name: ZTp 04

J;,=0.478 mg/m=s J;n=0.420 mg/m~s

Fr=10.21 Vhr F=200 lhr  T,=39 °C Fe=9.91Uhr  F=200 I/hr  T,=30°C

Fs;=10.02 Vhr F=200 /hr  [RH];,=1.2 mol/l  Fg=9.76 /hr  F=200 I/hr  [RH];,=1.2 mol/l

(Tr:?ne) (E 3/]() PH; <[r§;}|3 PH \(?lnlo)H (Tr:?ne) (Z 3/]6 PH; ([rﬁg}f) PHs \{:‘n(I))H
0 12 357 89 121  0.00 0 1.3 3.51 11.7 1.26  0.00
20 193 248 95 1.18  0.00 20 200 260 113 1.23 0.00
40 249 230 143 1.15  0.00 40 257 242 148 1.23  0.00
60 261 230 18.0 1.12 4.45 60 285 2.38 188 1.22  0.00
80 245 225 206 1.10 20.00 80 289 235 217 1.22  0.00
100 262 231 259 1.10 20.09 100 295 2.36 222 121 0.00
120 267 2.30 250 1.09 24.51 120 287 248 249 1.21 1820

Tank  51.52  2.26  0.37 1.10 - Tank 52.35 0.07  0.30  1.20 -
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C.1 Introduction

A comprehensive list of the equilibrium experiments done and the raw results are given in Table C.1.
The processed results of each experiment is given in Table C.2. The raw pressure drop results are

given in Table C.3 and the processed results are given in Table C.4.

C.2 Raw equilibrium results

The meaning of the titles as used in Table C.1 are the following:

Name : A name is given to each experiment to keep track of the data.

Rep. : The number of reproducibility test.

Vea : Volume aqueous solution (ml).

v, : Volume organic solution (ml).

[Ni], : Nickel concentration of feed solution.

[Ni], : Nickel concentration of raffinate solution.

[RH];,, : D2EHPA concentration in organic solution as D2ZEHPA monomer (mol/l).
pH, : pH of raffinate solution.

[H,SO,] : Concentration of sulphuric acid added to aqueous solution (mol/m?).

[NaOH] : Concentration of sodium hydroxide added to aqueous solution (mol/m’).
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Table C.1: Raw equilibrium results

V., V, [N, [Ni, [RHI, [H,S0,] [NaOH]
Name Rep. "% ) (mall) (mgh) moll) P (molim?) (molim?)

S01 1 30 30 114.0 30.97 1.20 2.48 0.00 0.00

S01 2 30 30 109.4 3442 1.20 2.51 0.00 0.00
S01 3 30 30 109.9 34.10 1.20 2.51 0.00 0.00
S01 4 30 30 110.4 28.55 1.20 2.51 0.00 0.00

S02 1 30 30 1104 37.07 1.20 2.51 0.00 0.00

S02 2 30 30 108.0 32.84 1.20 2.51 0.00 0.00
S02 3 30 30 109.9 3565 1.20 2.50 0.00 0.00
S02 4 30 30 1104 33.34 1.20 2.51 0.00 0.00

S03 1 30 30 106.1 37.23 1.20 2.51 0.00 0.00
S03 2 30 30 107.5 33.24 1.20 2.51 0.00 0.00
S03 3 30 30 108.0 35.02 1.20 2.51 0.00 0.00
S03 4 30 30 107.0 34.48 1.20 2.51 0.00 0.00
S04 1 30 30 109.0 34.95 1.20 2.52 0.00 0.00
S04 2 30 30 1104 31.56 1.20 2.51 0.00 0.00
S04 3 30 30 107.5 3459 1.20 2.50 0.00 0.00
S04 4 30 30 109.9 32.84 1.20 2.51 0.00 0.00
S05 1 30 30 1125 3597 1.20 2.51 0.00 0.00
S05 2 30 30 102.0 34.93 1.20 2.50 0.00 0.00
S05 3 30 30 111.7 29.28 1.20 2.48 0.00 0.00
S05 4 30 30 108.3 28.81 1.20 2.50 0.00 0.00
NO1 1 20 40 116.2 14.31 1.20 2.66 0.00 0.00
NO1 2 20 40 118.8 14.31 1.20 2.65 0.00 0.00
NO1 3 20 40 115.7 1564 1.20 2.62 0.00 0.00
NO1 4 20 40 1147 1553 1.20 2.64 0.00 0.00
NO02 1 20 40 1143 1436 1.20 2.62 0.00 0.00
NO02 2 20 40 1128 14.19 1.20 2.63 0.00 0.00
NO2 3 20 40 1143 13.43 1.20 2.62 0.00 0.00
NO02 4 20 40 1143 13.22 1.20 2.62 0.00 0.00
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Table C.1: Raw equilibrium results (continue)

V., V, [N, [Ni, [RHI, [H,S0,] [NaOH]
Name Rep. "% ) (mal) (mah) moll) P (molim?) (molim?)

T01 1 30 30 1115 2206 1.20 2.63 0.00 0.00
TO1 2 30 30 1115 2420 1.20 2.62 0.00 0.00
TO1 3 30 30 1115 29.38 1.20 2.62 0.00 0.00
T01 4 30 30 1115 2136 1.20 2.61 0.00 0.00

T02 1 30 30 1115 29.19 1.20 2.66 0.00 0.00
T02 2 30 30 1115 20.32 1.20 2.66 0.00 0.00
T02 3 30 30 1115 26.75 1.20 2.66 0.00 0.00
T02 4 30 30 1115 21.89 1.20 2.66 0.00 0.00
TO03 1 30 30 111.5 19.57 1.20 2.71 0.00 0.00

TO3 2 30 30 1115 2574 1.20 2.66 0.00 0.00
TO3 3 30 30 1115 2286 1.20 2.60 0.00 0.00
TO03 4 30 30 1115 19.74 1.20 2.64 0.00 0.00
T04 1 30 30 1054 20.87 1.20 2.68 0.00 0.00
T04 2 30 30 102.7 2228 1.20 2.69 0.00 0.00
T04 3 30 30 105.8 22.81 1.20 2.61 0.00 0.00
T04 4 30 30 106.8 18.79 1.20 2.69 0.00 0.00
T05 1 30 30 1054 2296 1.20 2.74 0.00 0.00
T05 2 30 30 104.3 2225 1.20 2.61 0.00 0.00
T05 3 30 30 103.8 21.71 1.20 2.70 0.00 0.00
T05 4 30 30 103.2 22,60 1.20 2.70 0.00 0.00
RO1 1 20 40 113.7 99.41 0.30 2.42 0.00 0.00
RO1 2 20 40 114.2 100.80 0.30 2.46 0.00 0.00
RO1 3 20 40 1111 98.50 0.30 2.43 0.00 0.00
RO1 4 20 40 1151 97.13 0.30 2.46 0.00 0.00
R0O2 1 20 40 1171 63.43 0.60 2.50 0.00 0.00
R0O2 2 20 40 1171 62.01 0.60 2.47 0.00 0.00
R0O2 3 20 40 1142 60.54 0.60 2.45 0.00 0.00

R0O2 4 20 40 1152 58.63 0.60 2.45 0.00 0.00
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Table C.1: Raw equilibrium results (continue)

V., V, [N, [N, [RHI, [H,SO,] [NaOH]
Name Rep. '8 (1) (mg/) (mafl) (moll) P (molim?) (molim?)

R03 1 20 40 1116 40.15 0.80 2.54 0.00 0.00
R03 2 20 40 113.0 34.47 0.80 2.55 0.00 0.00
R03 3 20 40 109.7 37.63 0.80 2.54 0.00 0.00
R03 4 20 40 111.7 34.85 0.80 2.55 0.00 0.00
R04 1 20 40 114.0 20.49 1.00 2.60 0.00 0.00
R04 2 20 40 109.2 24.09 1.00 2.61 0.00 0.00
R04 3 20 40 109.7 24.31 1.00 2.60 0.00 0.00
R04 4 20 40 109.2 20.61 1.00 2.60 0.00 0.00
RO5 1 20 40 116.8 9.94 1.40 2.68 0.00 0.00
R05 2 20 40 1121 9.20 1.40 2.67 0.00 0.00
R05 3 20 40 1085 9.34 1.40 2.68 0.00 0.00
R0O5 4 20 40 107.0 9.02 1.40 2.68 0.00 0.00
RO6 1 20 40 1148 6.30 1.60 2.71 0.00 0.00
RO6 2 20 40 1127 6.22 1.60 2.7 0.00 0.00
RO6 3 20 40 1116 6.28 1.60 2.69 0.00 0.00
RO6 4 20 40 11041 6.12 1.60 2.7 0.00 0.00
FO1 1 30 30 89.7 28.94 1.20 2.51 0.00 0.00
FO1 2 30 30 88.5 28.94 1.20 2.51 0.00 0.00
FO1 3 30 30 87.5 2474 1.20 2.50 0.00 0.00
FO1 4 30 30 87.1 26.68 1.20 2.49 0.00 0.00
F02 1 30 30 64.8 16.87 1.20 2.56 0.00 0.00
F02 2 30 30 65.2 16.74 1.20 2.56 0.00 0.00
F02 3 30 30 67.8 19.13 1.20 2.55 0.00 0.00
F02 4 30 30 64.2 19.67 1.20 2.56 0.00 0.00
FO03 1 30 30 42.3 10.55 1.20 2.65 0.00 0.00
FO03 2 30 30 43.5 10.55 1.20 2.65 0.00 0.00
FO3 3 30 30 42.0 8.97 1.20 2.69 0.00 0.00
FO3 4 30 30 41.7 8.97 1.20 2.68 0.00 0.00
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Table C.1: Raw equilibrium results (continue)

V., V, [N, [N, [RHI, [H,SO,] [NaOH]
Name Rep. '8 (1) (mg/) (mafl) (moll) P (molim?) (molim?)

Fo4 1 30 30 20.4 442 1.20 2.67 0.00 0.00
Fo4 2 30 30 19.4 432 1.20 2.68 0.00 0.00
Fo4 3 30 30 19.4 3.36 1.20 2.68 0.00 0.00
Fo4 4 30 30 19.7 3.26 1.20 2.66 0.00 0.00
V01 1 24 36 1204 21.40 1.20 2.59 0.00 0.00
V01 2 24 36 1145 24.69 1.20 2.59 0.00 0.00
V01 3 24 36 1209 25.01 1.20 2.23 0.00 0.00
V01 4 24 36 1152 30.50 1.20 2.23 0.00 0.00
V02 1 30 30 1179 33.69 1.20 2.53 0.00 0.00
V02 2 30 30 118.3 33.35 1.20 2.52 0.00 0.00
V02 3 30 30 1041 32.63 1.20 2.54 0.00 0.00
V02 4 30 30 105.0 38.95 1.20 2.54 0.00 0.00
V03 1 40 20 104.7 34.59 1.20 2.57 0.00 0.00
V03 2 40 20 979 28.81 1.20 2.56 0.00 0.00
V03 3 40 20 106.9 33.63 1.20 2.56 0.00 0.00
V03 4 40 20 100.8 29.69 1.20 2.57 0.00 0.00
V04 1 50 10 104.8 37.12 1.20 2.65 0.00 0.00
V04 2 50 10 102.7 49.83 1.20 2.64 0.00 0.00
V04 3 50 10 103.1 60.89 1.20 2.64 0.00 0.00
V04 4 50 10 90.5 49.29 1.20 2.63 0.00 0.00
P01 1 30 30 1126 25.52 1.20 2.71 0.00 0.67
P01 2 30 30 1126 23.22 1.20 2.71 0.00 0.67
P01 3 30 30 108.9 2552 1.20 2.75 0.00 0.67
P01 4 30 30 1053 25.16 1.20 2.72 0.00 0.67
P02 1 30 30 99.6 10.056 1.20 2.96 0.00 0.67
P02 2 30 30 1046 9.96 1.20 2.94 0.00 0.67
P02 3 30 30 100.8 9.70 1.20 2.91 0.00 0.67

P02 4 30 30 1021 9.87 1.20 2.91 0.00 0.67
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Table C.1: Raw equilibrium results (continue)

V., V, [N, [N, [RHI, [H,SO,] [NaOH]
Name Rep. '8 (1) (mg/) (mafl) (moll) P (molim?) (molim?)

P03 1 30 30 107.7 27.10 1.20 2.57 0.57 0.00
P03 2 30 30 106.3 28.83 1.20 2.56 0.57 0.00
P03 3 30 30 103.2 17.03 1.20 2.55 0.57 0.00
P03 4 30 30 104.0 35.36 1.20 2.55 0.57 0.00
P04 1 30 30 107.6 45.89 1.20 2.43 2.18 0.00
P04 2 30 30 109.0 46.49 1.20 25 2.18 0.00
P04 3 30 30 103.6 45.01 1.20 2.44 2.18 0.00
P04 4 30 30 109.5 48.28 1.20 2.44 2.18 0.00
P05 1 30 30 108.2 64.88 1.20 2.32 3.90 0.00
P05 2 30 30 1101 62.53 1.20 1.98 3.90 0.00
P05 3 30 30 1129 61.54 1.20 2.29 3.90 0.00
P05 4 30 30 106.4 64.55 1.20 2.31 3.90 0.00
P06 1 30 30 101.7 84.27 1.20 2.14 6.00 0.00
P06 2 30 30 102.2 76.04 1.20 2.13 6.00 0.00
P06 3 30 30 106.8 88.63 1.20 2.14 6.00 0.00
P06 4 30 30 106.3 88.63 1.20 2.14 6.00 0.00
P07 1 30 30 99.5 83.54 1.20 2.03 8.00 0.00
P07 2 30 30 99.0 90.06 1.20 2.03 8.00 0.00
P07 3 30 30 101.1 88.00 1.20 2.04 8.00 0.00
P07 4 30 30 99.8 88.39 1.20 2.04 8.00 0.00
P08 1 30 30 109.3 23.02 1.20 2.69 0.00 0.67
P08 2 30 30 109.3 23.14 1.20 2.69 0.00 0.67
P08 3 30 30 108.0 2140 1.20 2.7 0.00 0.67
P08 4 30 30 108.0 20.61 1.20 2.69 0.00 0.67
P09 1 30 30 1116 24.50 1.20 2.76 0.00 1.00
P09 2 30 30 107.0 23.65 1.20 2.71 0.00 1.00
P09 3 30 30 106.1 21.07 1.20 2.7 0.00 1.00
P09 4 30 30 107.0 22.70 1.20 2.7 0.00 1.00
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Table C.1: Raw equilibrium results (continue)

V., V, [N, [N, [RHI, [H,SO,] [NaOH]
Name Rep. '8 (1) (mg/) (mafl) (moll) P (molim?) (molim?)

P10 1 30 30 119.2 9.10 1.20 2.82 0.00 3.33
P10 2 30 30 1134 16.62 1.20 2.81 0.00 3.33
P10 3 30 30 1189 15.72 1.20 2.8 0.00 3.33
P10 4 30 30 1134 16.42 1.20 2.8 0.00 3.33
K01 1 30 30 36.5 593 1.00 2.73 0.00 0.00
K01 2 30 30 33.3 6.83 1.00 2.72 0.00 0.00
K01 3 30 30 35.8 6.60 1.00 2.71 0.00 0.00
K01 4 30 30 40.2 6.26 1.00 2.71 0.00 0.00
K02 1 30 30 47.7 6.40 1.40 2.73 0.00 0.00
K02 2 30 30 52.0 561 1.40 2.71 0.00 0.00
K02 3 30 30 50.7 6.08 1.40 2.71 0.00 0.00
K02 4 30 30 51.6 553 1.40 2.70 0.00 0.00
K03 1 30 30 33.9 29.83 1.00 2.30 4.00 0.00
K03 2 30 30 33.1 32.68 1.00 2.29 4.00 0.00
K03 3 30 30 37.5 2557 1.00 2.29 4.00 0.00
K03 4 30 30 296 38.44 1.00 2.29 4.00 0.00
K04 1 30 30 409 19.66 1.40 2.35 4.00 0.00
K04 2 30 30 56.7 16.94 1.40 2.35 4.00 0.00
K04 3 30 30 40.2 16.25 1.40 2.35 4.00 0.00
K04 4 30 30 58.1 16.88 1.40 2.36 4.00 0.00
K05 1 30 30 106.5 27.34 1.00 2.61 0.00 0.00
K05 2 30 30 104.7 25.93 1.00 2.59 0.00 0.00
K05 3 30 30 106.5 29.77 1.00 2.58 0.00 0.00
K05 4 30 30 104.3 30.52 1.00 2.58 0.00 0.00
K06 1 30 30 102.2 13.81 1.40 2.62 0.00 0.00
K06 2 30 30 103.1 12.89 1.40 2.62 0.00 0.00
K06 3 30 30 103.9 14.37 1.40 2.62 0.00 0.00

K06 4 30 30 94 .4 15.61 1.40 2.62 0.00 0.00
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Table C.1: Raw equilibrium results (continue)

V., V, [N, [N, [RHI, [H,SO,] [NaOH]
Name Rep. '8 (1) (mg/) (mafl) (moll) P (molim?) (molim?)

K07 1 30 30 108.2 81.04 1.00 2.29 4.00 0.00
K07 2 30 30 106.8 77.66 1.00 2.28 4.00 0.00
K07 3 30 30 955 64.34 1.00 2.29 4.00 0.00
K07 4 30 30 955 64.01 1.00 2.29 4.00 0.00
K08 5 30 30 1044 55.23 1.40 2.29 4.00 0.00
K08 6 30 30 102.7 50.80 1.40 2.27 4.00 0.00
K08 7 30 30 101.0 50.07 1.40 2.27 4.00 0.00
K08 8 30 30 91.2 50.25 1.40 2.27 4.00 0.00
K09 1 30 30 84.7 28.97 1.20 2.47 2.00 0.00
K09 2 30 30 84.3 33.38 1.20 2.49 2.00 0.00
K09 3 30 30 845 31.41 1.20 2.49 2.00 0.00
K09 4 30 30 842 3411 1.20 2.49 2.00 0.00
K10 1 30 30 50.1 18.73 1.20 2.48 2.00 0.00
K10 2 30 30 55.0 13.91 1.20 2.48 2.00 0.00
K10 3 30 30 59.9 17.85 1.20 2.48 2.00 0.00
K10 4 30 30 47.0 17.35 1.20 2.48 2.00 0.00

C.3 Processed equilibrium results

The meaning of the titles as used inTable C.2 is as follow:

Name
Vr

[Ni] E
o([Ni]f)
[Ni],
o([Ni],)
pH,
o(pH,)
a(H,)

: A short name of the experiment

: Volume ratio=V,/V,

: Concentration of the nickel in the feed solution (mol/m?).

: Standard deviation of [Ni],

: Concentration of the nickel in the raffinate solution (mol/m?*).
: Standard deviation of [Ni]..

: Average pH of raffinate solution.

: Standard deviation of pH,.

: Activity of hydronium ions in raffinate solution (mol/m’).

C9



C10

Y(Ni,)

a(SO4)

%E
o(%E)
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: Activity coefficient of the nickel in the raffinate solution.

: Activity of the Sulphate ions in raffinate solution (mol/m’).

: % extraction of nickel ions as calculated with Equation 4.13.

: Standard deviation of %E.

Table C.2: Processed equilibrium results

[Nl

o([Nid)

Nl,

o([Ni],)

a(H,)

a(SO4,r)

Name | Vr | oim?) [(motm?)| molm?) | molim?)| PH7 | OPH A1 (moim?) [ YN | (moiyms) | 2E | O(%#E)
s01 [1.00| 1.889 | 0.036 | 0.545 | 0.047 |2.50| 0.02 | 3.144 |0.702| 1.370 |71.1| 2.6
s02 [1.00| 1.869 | 0.020 | 0.591 | 0.034 [2.51| 0.00 | 3.108 |0.702| 1.372 |68.3| 1.8
s03 |1.00| 1.825 | 0.014 | 0.596 | 0.028 |2.51| 0.00 | 3.000 [0.701| 1.374 |67.3] 1.6
S04 |1.00| 1.860 | 0.022 | 0.570 | 0.027 |2.51] 0.01 | 3.090 [0.703| 1.363 |69.3| 1.5
s05 [1.00| 1.850 | 0.081 | 0.604 | 0.013 [2.50| 0.01 | 3.181 |0.699| 1.396 |67.4| 1.6
Stot [1.00| 1.859 | 0.043 | 0.579 | 0.037 [2.51| 0.01 | 3.123 |0.702| 1.375 [68.9] 2.1
No1 [0.50| 1.982 | 0.030 | 0.255 | 0.013 |2.64| 0.02 | 2.278 |0.747| 0.996 |87.2| 0.7
No2 [0.50| 1.940 | 0.013 | 0.235 | 0.010 |2.62| 0.00 | 2.385 |0.745| 1.018 [87.9]| 05
Ntot |0.50| 1.961 | 0.031 | 0.245 | 0.015 |2.63| 0.02 | 2.331 |0.746| 1.007 |87.5| 0.8
To1 |1.00| 1.899 | 0.000 | 0.413 | 0.062 [2.62| 0.01 | 2.399 |0.731| 1.088 |78.2| 3.3
To2 |1.00| 1.899 | 0.000 | 0.392 | 0.057 [2.66| 0.00 | 2.188 [0.735| 0.994 |79.4| 3.0
T03 |1.00| 1.899 | 0.000 | 0.374 | 0.050 |2.65| 0.05 | 2.226 |0.734| 0.940 [80.3| 2.6
To4 |1.00 1.791 | 0.030 | 0.361 | 0.031 [2.67| 0.04 | 2.150 |0.737| 0.857 |79.9| 1.7
T05 |[1.00| 1.774 | 0.016 | 0.381 | 0.009 [2.67| 0.05 | 2.138 [0.743| 1.015 |78.5| 05
Ttot |1.00| 1.852 | 0.052 | 0.384 | 0.044 [2.65| 0.04 | 2.220 |0.736| 0.979 |79.3| 2.4
RO1 [0.50| 1.934 | 0.029 | 1.686 | 0.026 |2.44| 0.02 | 3.610 |0.644| 1.922 [12.8] 1.9
RO2 |0.50| 1.974 | 0.025 | 1.056 | 0.025 |2.49| 0.02 | 3.273 |0.676| 1.600 |46.5| 1.4
RO3 |0.50| 1.899 | 0.023 | 0.626 | 0.045 |2.55| 0.01 | 2.851 [0.707| 1.317 |67.0| 2.4
Ro4 [0.50| 1.883 | 0.040 | 0.381 | 0.036 |2.60| 0.01 | 2.497 [0.731| 1.122 |79.8] 2.0
RO5 [0.50| 1.892 | 0.074 | 0.160 | 0.007 |2.68| 0.01 | 2.101 |0.762| 0.886 |91.6]| 0.5
Ro6 [0.50| 1.913 | 0.034 | 0.106 | 0.001 |2.70| 0.01 | 1.984 |0.771| 0.827 [94.5| 0.1
Fo1 [1.00| 1.502 | 0.019 | 0.465 | 0.035 |2.50| 0.01 | 3.144 |0.707| 1.335 [69.0| 2.3
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Table C.2: Processed equilibrium results (continue)
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Name | Vr (m[g:/iamfﬁ) (f;(c[,m)s) (m[c,:lvia%% (rc:l(([)rl\jril{%) PH, |o(pH ) (m"é:?#ﬂs) v(Ni) (c:ugil(/)ni’g) %E |0(%E)
Fo2 [1.00| 1.116 | 0.027 | 0.308 | 0.026 |2.56| 0.00 | 2.770 |0.728| 1.154 |72.4| 2.4
Fo3 [1.00| 0.722 | 0.014 | 0.166 | 0.016 |2.67| 0.02 | 2.150 |0.760| 0.904 |77.0| 2.2
Fo4 |1.00| 0.336 | 0.008 | 0.065 | 0.010 |2.67| 0.01 | 2.126 |0.769| 0.849 |80.5| 3.2
Vo1 [0.67| 2.006 | 0.057 | 0.404 | 0.034 |2.59| 0.00 | 2.570 [0.727| 1.149 [79.9| 1.8
vo2 |1.00| 1.932 | 0.138 | 0.566 | 0.009 [2.53| 0.01 | 2.934 |0.707| 1.325 |70.7| 2.1
vo3 |2.00| 1.747 | 0.068 | 0.556 | 0.044 |2.57| 0.01 | 2.723 |0.714| 1.253 |68.2| 2.8
vo4 |5.00] 1.708 | 0.113 | 0.938 | 0.140 |2.64| 0.01 | 2.291 [0.703| 1.319 [45.1| 8.9
Po1 [1.00| 1.871 | 0.060 | 0.423 | 0.019 |2.71]| 0.01 | 1.935 |0.725| 1.179 |77.4| 1.2
Po2 |1.00| 1.733 | 0.037 | 0.169 | 0.003 |2.93| 0.02 | 1.175 |0.773| 0.818 |90.3| 0.3
P03 |1.00| 1.793 | 0.035 | 0.476 | 0.021 |2.56| 0.01 | 2.770 |0.717| 1.233 |73.4| 1.3
P04 |1.00| 1.830 | 0.046 | 0.780 | 0.013 |2.44| 0.01 | 3.631 |0.626| 2.202 |57.4| 1.3
P05 |1.00| 1.864 | 0.047 | 1.079 | 0.027 |2.31| 0.02 | 4.936 |0.644| 1.970 [42.1| 2.1
P06 [1.00| 1.776 | 0.046 | 1.437 | 0.101 |2.14| 0.00 | 7.286 |0.582| 2.801 [19.1] 6.1
Po7 |1.00| 1.701 | 0.015 | 1.490 | 0.047 |2.04| 0.01 | 9.226 |0.555| 3.207 |12.4| 2.9
Pos |1.00| 1.851 | 0.014 | 0.375 | 0.021 |2.69| 0.01 | 2.030 |0.726| 1.182 |79.7| 1.2
P09 [1.00| 1.838 | 0.042 | 0.391 | 0.025 |2.70| 0.01 | 1.980 |0.717| 1.273 |78.7| 1.4
P10 |1.00| 1.979 | 0.056 | 0.246 | 0.061 |2.81| 0.01 | 1.558 |0.681| 1.739 |87.6| 3.1
ko1 |1.00| 0.621 | 0.049 | 0.100 | 0.007 |2.72| 0.01 | 1.916 |0.775| 0.800 |82.4| 1.8
Ko2 |1.00| 0.860 | 0.034 | 0.101 | 0.007 |2.71| 0.01 | 1.939 |0.774| 0.810 |88.3| 0.9
K03 |1.00| 0.638 - 0.436 - |2.29| 0.00 | 5.009 |0.664| 1.788 [31.7] -
Ko4 [1.00| 0.690 | 0.008 | 0.284 | 0.007 |2.35| 0.01 | 4.441 |0.646| 2.074 [58.8| 1.1
Ko5 [1.00| 1.797 | 0.019 | 0.498 | 0.028 |2.59| 0.01 | 2.570 |0.721| 1.193 |72.3| 1.6
ko6 |1.00| 1.719 | 0.075 | 0.241 | 0.019 |2.62| 0.00 | 2.399 |0.744| 1.020 |86.0| 1.3
ko7 |1.00| 1.729 | 0.118 | 1.222 | 0.151 |2.29| 0.00 | 5.158 [0.621| 2.276 |29.3| 10.0
Kos [1.00| 1.700 | 0.101 | 0.879 | 0.042 |2.28| 0.01 | 5.300 |0.631| 2.171 |48.3] 3.9
K09 [1.00| 1.438 | 0.004 | 0.544 | 0.039 |2.49| 0.01 | 3.273 |0.701| 1.388 |62.1] 2.7
K10 |1.00| 0.903 | 0.096 | 0.306 | 0.012 |2.48| 0.00 | 3.311 |0.712| 1.303 [66.1| 3.8
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C.4 Raw pressure drop results

The meaning of the titles used in Table C.3 are the following:

Temp.
Flow rate
Pin

P out

: Temperature ("C)

: Measured flow rate through reactor (I/hr)
: Inlet pressure (kPa)

: Outlet pressure (kPa)

Table C.3: Raw pressure drop results

Temp. Flow rate Pin P out Temp. Flow rate Pin P out
(°C) (I/hr) (kPa) (kPa) ("C) (I/hr) (kPa) (kPa)
30 100 12 0 35 250 54 0
30 150 20 0 35 300 84 2
30 200 33 0 35 350 103 4
30 250 52 1 40 100 13 0
30 300 82 3 40 150 25 0
40 100 12 0 40 200 35 0
40 150 19 0 40 250 51 0
40 200 28 0 40 300 80 2
40 250 50 0 40 340 103 5
40 300 73 1 50 100 13 0
50 100 13 0 50 150 25 0
50 150 19 0 50 200 34 0
50 200 25 0 50 250 47 1
50 250 42 0 50 300 77 3
50 300 68 0 50 350 107 5
60 100 11 0 60 100 12 0
60 150 16 0 60 150 18 0
60 200 26 0 60 200 29 0
60 250 44 1 60 250 44 1
60 300 71 2 60 300 78 2
60 330 96 4 60 330 102 5




Table C.3: Raw pressure drop results (continue)
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Temp. Flow rate Pin P out Temp. Flow rate P in P out
(°C) (I/hr) (kPa) (kPa) ("C) (I/hr) (kPa) (kPa)
70 100 9 0 70 100 12 0
70 150 16 0 70 150 18 0
70 200 27 1 70 200 28 1
70 250 42 3 70 250 48 2
70 300 72 4 70 300 75 3
70 330 101 6 70 350 100 5
35 100 14 0 30 100 19 0
35 150 23 0 30 150 26 0
35 200 36 0 30 200 39 0
30 250 58 1 30 200 38 0
30 300 85 2 30 250 57 1
30 365 111 5 30 300 85 2
40 100 14 0 30 365 110 3
40 150 23 0 40 100 14 0
40 200 37 0 40 150 25 0
40 250 53 1 40 200 37 0
40 300 83 2 40 250 55 0
40 365 108 5 40 300 82 2
50 100 12 0 40 370 109 3
50 150 21 0 50 100 13 0
50 200 32 0 50 150 23 0
50 250 47 1 50 200 33 0
50 300 75 2 50 250 48 1
50 360 108 4 50 300 77 2
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Table C.3: Raw pressure drop results (continue)

Temp. Flow rate Pin P out Temp. Flow rate P in P out
(°C) (I/hr) (kPa) (kPa) ("C) (I/hr) (kPa) (kPa)
60 100 13 0 50 365 108 25
60 150 19 0 60 100 13 0
60 200 29 0 60 150 22.5 0
60 250 42 0.5 60 200 30.5 0.5
60 300 76.5 2 60 250 45 1.5
60 355 108 4.5 60 300 76 2.5
70 100 11.5 0 60 365 106 4
70 150 19 0 70 100 12.5 0
70 200 27 0 70 150 22 0
70 250 44 0.5 70 200 29 1.5
70 300 77 2 70 250 45 2
70 355 105 4 70 300 77.5 3
30 100 17 0 70 360 102 2
30 150 27 0

C.5 Processed pressure drop results

The meaning of the titles used in Table C.4 are the following:

Temp

AP

theo

f;hez)

: Temperature (K)

: Density of water (kg/m’)

: Viscosity of water

: Flow rate (I/hr)

: Flow velocity (m/s)

: Reynolds number

: Pressure drop (kPa)

: Theoretical pressure drop (kPa)
: Fanning friction factor

: Theoretical Fanning friction factor
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: Shear stress at wall (N/m?)

: Theoretical shear stress at wall (N/m?)

Table C.4: Processed pressure drop results

Temp p 5 y F v Re AP APy, r foroo rW2 rw_,heg
(K) | (kg/m®)| (mPa-s) | (I/hr) | (m/s) (kPa) | (kPa) : sine (N/m=) [ (N/m*)
303 996 0.812 92 |0.565| 416 | 12.0 12.2 ]0.0377|0.0384( 6.0 6.1
303 996 0.812 | 137 | 0.848| 624 | 20.0 18.4 ]0.0279|0.0256| 10.0 9.2
303 996 0.812 | 183 [1.131| 832 | 33.0 245 [0.0259(0.0192| 16.5 12.2
303 996 0.812 | 229 |1.414|1041| 51.5 30.6 |0.0259|0.0154( 25.8 15.3
303 996 0.812 | 275 | 1.696|1249| 79.0 36.7 |0.0276(0.0128| 39.5 18.4
303 996 0.812 92 |0.565| 416 | 19.0 12.2 [0.0597|0.0384( 9.5 6.1
303 996 0.812 | 137 (0.848| 624 | 25.5 18.4 |[0.0356|0.0256| 12.8 9.2
303 996 0.812 | 183 (1.131| 832 | 38.5 245 |0.0302(0.0192| 19.3 12.2
303 996 0.812 | 229 | 1.414|1041| 56.5 30.6 [0.0284]|0.0154| 28.3 15.3
303 996 0.812 | 275 [ 1.696|1249| 83.0 36.7 |0.0290(0.0128| 41.5 18.4
303 996 0.812 | 334 | 2.064|1519[ 106.0( 44.7 |0.0250|0.0105( 53.0 22.3
303 996 0.812 92 (0.565| 416 | 17.0 12.2 | 0.0534|0.0384 8.5 6.1
303 996 0.812 | 137 | 0.848( 624 27.0 18.4 |0.0377]0.0256| 13.5 9.2
303 996 0.812 | 183 [ 1.131| 832 | 38.0 245 |[0.0298(0.0192] 19.0 12.2
303 996 0.812 | 229 | 1.414|1041| 56.0 30.6 [0.0281]|0.0154| 28.0 15.3
303 996 0.812 | 275 | 1.696(1249| 82.5 36.7 |[0.0288]|0.0128| 41.3 18.4
303 996 0.812 | 334 | 2.064(1519| 107.5| 44.7 | 0.0253|0.0105| 53.8 22.3
308 994 0.736 91 | 0.565| 457 | 14.0 11.1 [ 0.0442(0.0350; 7.0 5.5
308 994 0.736 | 137 | 0.847| 686 | 23.0 16.6 | 0.0322|0.0233( 11.5 8.3
308 994 0.736 | 183 | 1.130| 915| 36.0 22.2 | 0.0284(0.0175| 18.0 11.1
308 994 0.736 | 229 | 1.412| 1144| 54.0 27.7 |0.0273(0.0140] 27.0 13.9
308 994 0.736 | 274 | 1.694|1372| 82.0 33.3 | 0.0287(0.0117] 41.0 16.6
308 994 0.736 | 320 |1.977|1601| 99.0 38.8 | 0.0255/0.0100] 49.5 19.4

C15



C16

- Appendix C: Physical and chemical data - detailed results -

Table C.4: Processed pressure drop results (continue)

F

Temp p M v AP APy, Ty Ty theo
(K) | (kg/m?3) [ (mPa-s) | (I/hr) | (m/s) Re (kPa)| (kPa) S Jineo (N/m?) | (N/m?)
313 | 991 0.669 | 91 [0.564|501 | 12.0 [ 10.1 |0.0380|0.0319| 6.0 5.0
313 | 991 0.669 | 137 [0.846( 752 185 | 151 |0.0261[0.0213| 9.3 7.6
313 | 991 0.669 | 183 [1.128(1002( 28.0 | 20.1 |0.0222|0.0160| 14.0 | 10.1
313 | 991 0.669 | 228 [1.410(1253| 50.0 | 25.2 [0.0254|0.0128| 25.0 | 12.6
313 | 991 0.669 | 274 [1.692|1504| 72.0 | 30.2 [0.0254(0.0106| 36.0 | 15.1
313 | 991 0.669 | 91 [0.564| 501 | 13.0 | 10.1 |0.0412(0.0319| 6.5 5.0
313 | 991 0.669 | 137 [0.846| 752 | 25.0 | 15.1 [0.0352(0.0213| 125 | 7.6
313 | 991 0.669 | 183 [1.128|1002| 35.0 | 20.1 |0.0277(0.0160| 17.5 | 10.1
313 | 991 0.669 | 228 [1.410|1253| 51.0 | 25.2 [0.0259(0.0128| 255 | 12.6
313 | 991 0.669 | 274 |1.692(1504| 78.0 | 30.2 |0.0275(0.0106| 39.0 | 15.1
313 | 991 0.669 | 310 |1.918|1704| 98.5 | 34.2 |[0.0270(0.0094| 49.3 | 17.1
313 | 991 0.669 | 91 |0.564| 501 | 14.0 | 10.1 |0.0444(0.0319| 7.0 5.0
313 | 991 0.669 | 137 |0.846| 752 | 23.0 | 15.1 |0.0324|0.0213| 115 | 7.6
313 | 991 0.669 | 183 |1.128(1002| 36.5 | 20.1 |0.0289(0.0160| 18.3 | 10.1
313 | 991 0.669 | 228 |1.410|1253| 52.5 | 25.2 |0.0266/0.0128| 26.3 | 12.6
313 | 991 0.669 | 274 | 1.692|1504| 80.5 | 30.2 |0.0284|0.0106| 40.3 | 15.1
313 | 991 0.669 | 333 |2.059(1829|103.0( 36.8 |0.0245/0.0087 51.5 | 18.4
313 | 991 0.669 | 91 |0.564| 501 | 14.0 [ 10.1 |0.0444|0.0319| 7.0 5.0
313 | 991 0.669 | 137 |0.846| 752 | 25.0 | 15.1 |0.0352|0.0213| 125 | 7.6
313 | 991 0.669 | 183 |1.128[1002| 37.0 | 20.1 |0.0293|0.0160| 18.5 | 10.1
313 | 991 0.669 | 228 | 1.410[1253| 54.5 | 25.2 |0.0276/0.0128| 27.3 | 12.6
313 | 991 0.669 | 274 | 1.692|1504| 80.0 | 30.2 |[0.0282|0.0106| 40.0 | 15.1
313 | 991 0.669 | 338 | 2.087|1854|106.0| 37.3 |0.0245|0.0086| 53.0 | 18.6
323 | 986 | 0.559 | 91 |0.563| 596 | 12.5| 8.4 |0.0400/0.0268| 6.3 4.2
323 | 986 | 0.559 | 137 |0.844| 894 | 19.0 | 12.6 |0.0270/0.0179| 9.5 6.3
323 | 986 | 0.559 | 182 |1.126[1192| 25.0 | 16.8 |0.0200/0.0134| 12.5 | 8.4
323 | 986 | 0.559 | 228 |1.407|1490| 42.0 | 21.0 |0.0215/0.0107| 21.0 [ 105
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Table C.4: Processed pressure drop results (continue)
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Temp p M F v AP APy, Ty Ty theo
(K) | (kg/m?3) [ (mPa-s) | (I/hr) | (m/s) Re (kPa)| (kPa) S Jineo (N/m?) | (N/m?)
323 | 986 | 0.559 | 273 [1.688(1789| 68.0 | 25.2 [0.0242|0.0089| 34.0 | 12.6
323 | 986 | 0.559 | 91 |0.563|596 | 13.0 | 8.4 |0.0416[0.0268| 6.5 4.2
323 | 986 | 0.559 | 137 [0.844( 894 | 250 | 12.6 |0.0356(0.0179| 12,5 | 6.3
323 | 986 | 0.559 | 182 |1.126(1192| 34.0 | 16.8 |0.0272|0.0134| 17.0 | 8.4
323 | 986 | 0.559 | 228 |1.407(1490| 46.5 | 21.0 |0.0238|0.0107| 23.3 | 10.5
323 | 986 | 0.559 | 273 [1.688(1789| 74.5 | 25.2 |0.0265|0.0089| 37.3 | 12.6
323 | 986 | 0.559 | 319 [1.970(2087[102.5| 29.3 |0.0268|0.0077| 51.3 | 14.7
323 | 986 | 0.559 | 91 [0.563| 596 | 11.5 | 8.4 [0.0368(0.0268| 5.8 4.2
323 | 986 | 0.559 | 137 |0.844(894 | 21.0 | 12.6 |0.0299(0.0179| 10.5 | 6.3
323 | 986 | 0.559 | 182 |1.126(1192| 32.0 | 16.8 |0.0256|0.0134| 16.0 | 8.4
323 | 986 | 0.559 | 228 [1.407|1490| 46.5 | 21.0 [0.0238(0.0107| 23.3 | 10.5
323 | 986 | 0.559 | 273 [1.688(|1789| 73.0 | 25.2 [0.0260(0.0089| 36.5 | 12.6
323 | 986 0.559 | 328 |2.026(2146|104.0| 30.2 |[0.0257(0.0075| 52.0 | 15.1
323 | 986 | 0.559 | 91 [0.563| 596 | 13.0 8.4 |0.0416/0.0268| 6.5 4.2
323 | 986 | 0.559 | 137 |0.844| 894 | 23.0 | 12.6 |0.0327/0.0179| 115 | 6.3
323 | 986 | 0.559 | 182 |1.126|1192| 33.0 | 16.8 |0.0264/0.0134| 16.5 | 8.4
323 | 986 | 0.559 | 228 |1.407|1490| 47.5 | 21.0 |0.0243|0.0107| 23.8 | 10.5
323 | 986 | 0.559 | 273 |1.688|1789| 75.0 | 25.2 |0.0267(0.0089| 37.5 | 12.6
323 | 986 | 0.559 | 332 |2.054|2176|105.5| 30.6 |0.0253(0.0074| 52.8 | 15.3
333 | 982 | 0.471 | 91 |0.561| 701 | 11.0 7.1 |0.0356|0.0228| 5.5 3.5
333 | 982 0.471 | 136 |0.842(1052| 16.0 | 10.6 |0.0230/0.0152 8.0 5.3
333 | 982 | 0.471 | 182 |1.123|1403| 26.0 | 14.1 |0.0210/0.0114| 13.0 | 7.1
333 | 982 0.471 | 227 | 1.403[1753| 43.5| 17.6 |0.0225/0.0091| 21.8 | 8.8
333 | 982 | 0.471 | 273 | 1.684|2104| 69.0 | 21.2 |0.0248(0.0076| 34.5 | 10.6
333 | 982 0.471 | 300 | 1.852[2314| 92.0 | 23.3 |0.0273|0.0069| 46.0 | 11.6
333 | 982 | 0.471 | 91 |0.561| 701 | 12.0 | 7.1 |0.0388|0.0228| 6.0 3.5
333 | 982 | 0.471 | 136 |0.842|1052| 18.0 | 10.6 |[0.0259|0.0152| 9.0 5.3
333 | 982 | 0.471 | 182 |1.123(1403| 29.0 | 14.1 |0.0234|0.0114| 145 | 7.1
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Table C.4: Processed pressure drop results (continue)

Temp p M F v AP APy, Ty Ty theo
(K) | (kg/m?3) [ (mPa-s) | (I/hr) | (m/s) Re (kPa)| (kPa) S Jineo (N/m?) | (N/m?)
333 | 982 | 0.471 | 227 |1.403(1753| 43.0 | 17.6 |0.0222|0.0091| 21.5 | 8.8
333 | 982 | 0.471 | 273 [1.684(2104| 76.5 | 21.2 |0.0275|0.0076| 38.3 | 10.6
333 | 982 | 0.471 | 300 [1.852(2314| 97.0 | 23.3 |0.0288(0.0069| 48.5 | 11.6
333 | 982 | 0.471 | 91 [0.561| 701 | 13.0 7.1 |0.0420/0.0228| 6.5 3.5
333 | 982 0.471 | 136 [0.842|1052| 19.0 | 10.6 [0.0273(0.0152| 9.5 5.3
333 | 982 | 0.471 | 182 [1.123(1403| 29.0 | 14.1 |0.0234|0.0114| 145 | 7.1
333 | 982 0.471 | 227 [1.403|1753| 415 | 17.6 [0.0215(0.0091| 20.8 | 8.8
333 | 982 | 0.471 | 273 [1.684(2104| 74.5 | 21.2 |0.0268|0.0076| 37.3 | 10.6
333 | 982 0.471 | 323 [1.993(2490/103.5| 25.1 |0.0266(0.0064| 51.8 | 12.5
333 | 982 | 0.471 | 91 |0.561|701| 13.0 | 7.1 |0.0420/0.0228| 6.5 3.5
333 | 982 | 0.471 | 136 [0.842|1052| 22.5 | 10.6 [0.0323|0.0152| 11.3 | 5.3
333 | 982 | 0.471 | 182 [1.123|1403| 30.0 | 14.1 |0.0242(0.0114| 15.0 | 7.1
333 | 982 | 0.471 | 227 [1.403|1753| 43.5 | 17.6 [0.0225(0.0091| 21.8 | 8.8
333 | 982 | 0.471 | 273 [1.684|2104| 73.5 | 21.2 |0.0264(0.0076| 36.8 | 10.6
333 | 982 | 0.471 | 332 |2.049(2560|102.0 25.8 |0.0248/0.0063| 51.0 | 12.9
343 | 976 | 0.402 | 91 |0.560| 817 | 9.0 6.0 |0.0294/0.0196| 4.5 3.0
343 | 976 0.402 | 136 |0.840|1225| 16.0 9.0 |0.0232/0.0131| 8.0 4.5
343 | 976 | 0.402 | 181 [1.120|1633| 26.0 | 12.0 [0.0212|0.0098| 13.0 | 6.0
343 | 976 0.402 | 227 |1.400{2042| 39.5 | 15.0 |0.0206/0.0078| 19.8 | 7.5
343 | 976 | 0.402 | 272 [1.680(|2450| 68.0 | 18.0 [0.0247|0.0065| 34.0 | 9.0
343 | 976 0.402 | 299 |1.848(2695| 95.0 | 19.8 |[0.0285(0.0059| 47.5 | 9.9
343 | 976 | 0.402 | 91 |0.560(817| 115 | 6.0 |0.0376(0.0196| 5.8 3.0
343 | 976 0.402 | 136 |0.840|1225| 18.0 9.0 |0.0261/0.0131| 9.0 4.5
343 | 976 | 0.402 | 181 [1.120|1633| 27.5 | 12.0 [0.0225(0.0098| 13.8 | 6.0
343 | 976 0.402 | 227 |1.400|2042| 46.5 | 15.0 |0.0243|0.0078| 233 | 7.5
343 | 976 | 0.402 | 272 [1.680(|2450( 72.5 | 18.0 [0.0263|0.0065| 36.3 | 9.0
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Table C.4: Processed pressure drop results (continue)
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Temp p M F v AP APy, Ty Ty theo
(K) | (kg/m?3) [ (mPa-s) | (I/hr) | (m/s) Re (kPa)| (kPa) S Jineo (N/m?) | (N/m?)
343 | 976 | 0.402 | 317 [1.960(2858| 95.0 | 21.0 |0.0253|0.0056| 47.5 | 10.5
343 | 976 | 0.402 | 91 |0.560( 817|115 | 6.0 |0.0376[0.0196| 5.8 3.0
343 | 976 | 0.402 | 136 [0.840(1225) 19.0 | 9.0 |0.0276(0.0131| 9.5 4.5
343 | 976 | 0.402 | 181 |1.120(1633| 27.0 | 12.0 |0.0221|0.0098| 13.5 | 6.0
343 | 976 | 0.402 | 227 |1.400(2042| 43.5 | 15.0 |0.0227|0.0078| 21.8 | 7.5
343 | 976 | 0.402 | 272 |1.680(2450| 75.0 | 18.0 |0.0272|0.0065| 37.5 | 9.0
343 | 976 | 0.402 | 322 [1.988(2899(101.0| 21.3 |0.0262|0.0055| 50.5 | 10.6
343 | 976 | 0.402 | 91 |0.560( 817 | 12.5 | 6.0 |0.0408|0.0196| 6.3 3.0
343 | 976 0.402 | 136 |0.840(1225| 22.0 9.0 [0.0319(0.0131| 11.0 | 45
343 | 976 | 0.402 | 181 |1.120(1633| 27.5 | 12.0 |0.0225|0.0098| 13.8 | 6.0
343 | 976 0.402 | 227 [1.400|2042| 43.0 | 15.0 |[0.0225(0.0078| 215 | 7.5
343 | 976 | 0.402 | 272 |1.680(2450| 74.5 | 18.0 |0.0270|0.0065| 37.3 | 9.0
343 | 976 0.402 | 326 [2.016|2940(100.0| 21.6 [0.0252(0.0054| 50.0 | 10.8

C.6 Pressure drop regressions

The regression results of Equation 4.47 for each of the experimental temperatures are shown in this

section. The value of a, is the theoretical value for laminar flow and was calculated. The value of

a, were calculated with the Levenberg-Marquart nonlinear regression method. The meaning of the

titles as used in Table C.5 are the following:

Temp

: Temperature (K)

: Theoretical value of @, (N/m?) in Equation 4.47.

: Regressed value of a, calculated from experimental data (N/m?).

: Standard error of @, (N/m?).

: Correlation coefficient for regression.
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Table C.5: Regression results for shear stress coefficients

SE(ay) 2

Temp ay ay
(K) (N/m?) (N/m?) (N/m?)

303 | 0.01471 | 9.81x10° | 0.37x10° | 0.949
308 | 0.01212 | 8.04x10° | 0.43x10° | 0.965
313 | 0.01005 | 6.17x10° | 0.19x10° | 0.952
323 0.0070 | 3.90x10° | 0.08x10° | 0.977

333 0.0050 | 2.62x10° | 0.06x10° | 0.971

343 0.0037 | 1.71x10° | 0.04x10° | 0.973
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D.1 Introduction

The code of all the computer programs that were specifically written for this investigation are given
in this appendix. The general philosophy of each program together with a flow diagram are given,

as well as the Delphy (Visual Pascal) code.

D.2 Simplex method

D.2.1 Background
There is many non-linear regression programs available on the market today, but they all have some

shortcomings and is usually not suitable for specialised applications. Some of the shortcomings are:

. They cannot solve systems of equations
. The input function must be in a certain form
. They cannot solve equations with differentials or integrals

The simplex method was developed by Nelder and Mead (1965) and is based on the comparison of
the objective function values at the (n + 1) vertices of a general simplex (in » dimensions) and
moving the simplex towards the optimum point (Jacoby et al., 1972:79). This movement is achieved

by three basic operations:

1. Reflection: x" is replaced by
x" =2 -x" (D.1)
2. Contraction: The simplex is contracted:
x® =05-x" +05-x" (D.2)
3. Expansion: x"is expanded in the direction along which a further improvement of the function

value may be expected:

2 =2-x" - %" (D.3)
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The following notation is used in the equations:

xh

The first step is to estimate a minimum x’ = (x,, X, ...,

: This is the vertex corresponding to the highest value of the objective function:

Mix® = max(x' |, i=12,.. n+1

1
1

: This is the vertex with the second highest value of M.
: This is the vertex with the lowest value of M.

: This is the centroid of all x' except i = A, given by

simplex, using two auxiliary values p, and ¢,

M—Hﬂ
Pfﬁ-g
N TR
T = w42 -

D3

(D.4)

(D.5)

x,). The next step is to form an initial

(D.6)

where S'is a scaling factor (the estimate for x' is usually used) . The n+1 vertices of a regular simplex

with edge of length S are given by:

xT = (g, Xy e xn)T

x2 = (pn+x1’ qn+x2’ qn+x3’ ’qn+xn)T
3 = (q,* X Pyt X G+ Xay oo oG, F xn)T
x* = (qn"'xp q,*t Xy Pyt X35 e ’qn+xn)T

n+l _ T
X = (qn+ X, G, Xy G, Xgs e Dt xn)

(D.7)

The construction of the initial simplex assures that its vertices span the full n-dimensional space.
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To test for convergence, the standard deviation of the function at the (n +1) vertices of the current

simplex is compared with some preselected tolerance ¢ > 0:

ml Mixt - Mix" I]g :

e

i=1 b

<& (D.8)

The process is terminated if Equation D.8 is satisfied.
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D.2.2 Flow diagram

Initialise

(Eq.DE& D.7) ; = M x2 AM

Mo

: :

Perform reflection Ve Replace
(Eg.D1) 2 wnith s
Mo v I
¥
Perfarm contraction
0 Mix iz Mz (Eq.D.2)
Yes
¥
Perform expansion s
(Eq. 0.3 VIS "
R eglace Replacs Feplace x with
B nith " with x W (x+aall 7
Mo Yes
Feplace A ¥,
" wdth il -
¥
Tes
~ for convergencs Y ES Stop

(Eq. D.8)

Fig. D.1: Flow diagram of the Simplex method
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D.2.3 Code

In the code that follows the value of the M function is minimised.

procedure Simplex;

Var
i,j: Integer;
h, s, | : Integer;
High, Sec, low, sum, tsi: Double;
Mx : Array[0..n+1] of Double;
Mxr, Mxe, Mxc : Double;

begin

Repeat
Fori:=0ton+1do
Mx[i] == M(x[i]);

High := 0;
Sec :=0;
low := Mx[0];
l:=0;
h:=0;
s:=0;
i:=0;
Repeat
If Mx[i] > high then
Begin
high := Mx[i];
h:=1i;
i=-1;
End
Else
If (Mx[i] > sec) and (Mx[i] < high) then
Begin
sec = Mx]i];
S:=i;
i=-1;
end
Else
If Mx[i] < low then
Begin
low := Mx[il;
| =1
i=-1;
end;
i:=i+1;
Untili > n+1;
{Calculate centerpoint without h}

fori:=0tondo
Begin



sum = 0;
forj:=0to (n+1)do
If j <> h then

sum :=sum + X[j,il;
x0[i] := sum/(n+1);
end;

{Perform reflection}
fori:=0tondo
xrli] := 2*x0[i] - x[h,i];
Mxr := M(xr);
If Mxr < Mx[l] then
Begin {yes}
{Expansion}
Fori:=0tondo
xeli] := 2*xr[i] - xO[i];

Mxe := M(xe);
If Mxe < Mx[l] then
Begin
fori:=0tondo
x[h,i] := xe[i];
End
Else
Begin
fori=0tondo
x[h,i] := xr[i];
end;
End
Else {no}
Begin
If Mx[s] >= Mxr then
Begin
fori:=0tondo
x[h,i] := xr[i];
end
Else
Begin

If Mxr < Mx[h] then
Begin {no no. 2}
fori:=0tondo
x[h,i] := xr[i];
End;
{Contraction}
fori=0tondo
xc[i] := 0.5*x[h,i] + 0.5*x0[i];
Mxc := M(xc);
If Mxc < Mx[h] then
Begin
fori:=0tondo
x[h,i] := xc[il;
End
Else
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D7



D8 - Appendix D: Computer programs -

Begin
forj:=0to (n+1)do
fori:=0tondo
X[j,i] := 0.5*(x[j,i]+x[1,i]);
End;
End;
End;
tsi:=0;
fori:=0to (n+1) do
tsi := tsi + sqr (Mx[i]-Mx[0]);
tsi := sqrt (tsi/(n+1));

Until tsi < con;

end;

D.3 The Quasi-Newton method

D.3.1 Background

The Quasi-Newton method is part of a larger group of optimisation methods known as steepest
decent techniques (Jacoby et al., 1972:117). The method usually reach the optimum value faster
than the simplex method, but the method tends to be more unstable. The method is a second-order
gradient technique and uses the Hessian matrix, Hess(x), in computing the local steepest decent

direction. The Hessian matrix for the objective function (M (x)) is defined as follow:

;311 ;31;«
Hezzixl=
"Eg?el "Ezme (D9)
2 1 1
with J, = & Mix)
dx; dx;

The direction of steepest decent (s) is then calculated with the following equation:

5= —[HESSIXI]_I-‘?MI;{I (D.10)
Once the direction of steepest decent has been determined, the next step is to calculate the decent
steplength (1). The decent steplength is defined as the distance in the direction of steepest decent
(x + A-s), at which point M(1), assumes its minimum. This minimum is reached if the first order

differential of M in the direction of s is equal to O:
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d MA) =["Mix+ s ] s
dd
D.3.2 Flow diagram
[nitialise Mormalise s, so that
Guessvalue forx |H|=1
Calculate: Guess value
M(x), VA (x) for A
Calculate
Hessian matrix Calculate
(Eq. D.9) AMIA A fae——
l dA A
Mo
Calculate s l
(Eq. D1

i=

o dm(a) d* A1)
4 / a4

Fig. D.2: Flow diagram for the Quasi-Newton method

D9

(D.11)
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D.3.3 Code

In the code that follows the value of the M function is minimised.

procedure QuasiNewton;

Var
dM, xc1, xc2, xc3, xs : Array [0..n] of double;
Hes, Hcalc, Hesinv : array[0..n,0..n] of double;
dM2, fgj, abss, absM, absdx, xhold, delk, tau, lamb, lamb0, dMI,
d2Ml, Mc1, Mc2, Mc3, MOhold, MI0O, MIOhold, dlamb : double;
i, j, k : integer;
Begin

tau := TSS*convqn;

{initilase}
fori:=0tondo
forj:=0tondo
Begin
Hesli,j] := 0;
If (i=)) then Hesinv]i,j] := 1
Else Hesinv]i,j] := 0;
end;

MO := M(x0);
telregr := 0;
Repeat
telregr := telregr + 1;
{calculate dMdx and Hessian}
fori:=0tondo
Begin
Forj:=0tondo
Begin
xc2[j] := x0[j1;
if (i =j) then
Begin
xc1[j] := x0[j]*(1-1e-5);
xc3[j] := x0[j]*(1+1e-5);
end
Else
begin
xc1[j] := x0[j];
xc3[j] := x0[j];
end;
end;
Mc1 := M(xc1);
Mc2 := M(xc2);
Mc3 := M(xc3);
dM[i] := (Mc3-Mc2)/(x0[i]*1e-5);
HesJi,i] := (Mc1 -2*Mc2 + Mc3)/(sqr(x0[i]*1e-5));
end;
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fori:=0to (n-1) do
Begin
Forj:= (i+1) to n do
Begin
Fork:=0tondo
Begin
If (k =i) then
xc1[k] := x0[k]*(1+1e-5)
Else
xc1[k] := x0[k];
If (k =j) then
xc2[k] := xc1[k]*(1+1e-5)
Else
xc2[k] := xc1[Kk];
end;
Mc1 := M(xc1);
Mc2 := M(xc2);
dM2 := (Mc2-Mc1)/(x0[j]*1e-5);
Hes [i,j] := (dM2-dM[j])/(x0[i]*1e-5);
Hes [j,i] := Hesli,jl;
end;
end;

{calculate inverse Hessian}
fori:=0tondo
forj:=0tondo
Hcalc [i,j] := Hesli,j];

{Guass Jordan elimination}
fori:=0to (n-1) do
forj := (i+1) to (n) do
Begin
fgj := Hcalc]j,il/Hcalcl]i,il;
fork:=0tondo
Begin
Hcalc [j,k] := Hcalc[j,k] - fgj*Hcalcl[i,k];
Hesinv [j,k] := Hesinv[j,k] - fgj*Hesinv[ik];
end;
end;
fori:=0tondo
Begin
fgj := 1/Hcalcli,i];
fork:=0tondo
Begin
Hcalc [i,k] := fgj*Hcalc [i k];
Hesinv [i k] := fgj*Hesinv[i k];
end;
end;

fori:=0to (n-1) do
forj = (i+1) ton do
Begin
fgj := Hcalc[(n-j),(n-i)]/Hcalc[(n-i),(n-i)];
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fork:=0tondo
Begin
Hcalc [(n-j),k] := Hcalc[(n-j),k] - fgj*Hcalc[(n-i),k];
Hesinv [(n-}),k] := Hesinv[(n-j),k] - fgj*Hesinv[(n-i),k];
end;
end;

{calculate xs}
abss := 0;
fori:=0tondo
Begin
xs[i] := 0;
forj:=0tondo
xs[i] := xsl[i] + HesinVI[i,j1*dM[j];

abss := abss + sqr(xsli]);
end;
abss := sqrt(abss);
fori=0tondo
xsli] := xsJ[i]/abss;

{calculate normalised derivative in decent direction}
xhold := 0;
Fori:=0tondo
xhold := xhold + xs[i]*dM[i];

absM := 0;
fori:=0tondo

absM :=absM + sqr(dM[i]);
absM := sqrt(absM);

delk := abs (xhold)/absM;

If xhold >= 0 then
Fori:=0tondo
xsl[i] := -1*xs][il;

{Find minimum in direction of xs}
lamb := abss;
MIO = 0;
Repeat
dlamb := 1e-5*lamb;
Fori:=0tondo
Begin
xc1[i] := x0[i]+(lamb-dlamb)*xs[il;
xc2[i] := x0[i]+ lamb*xs[i];
xc3[i] := x0[i]+ (lamb+dlamb)*xs][i];

end;
Mc1 := M(xc1);
Mc2 := M(xc2);
Mc3 := M(xc3);

MIOhold := MIO;
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MIO = Mc2;
dMI := (Mc3 - Mc2)/(dlamb);
d2Ml := (Mc1 - 2*Mc2 + Mc3)/( sqr(dlamb));
If d2MI = 0 then
lamb := lamb + dlamb
else
lamb :=lamb - (dMI/d2Ml);

Until (abs(MI0-MIOhold) < tau) ;

Fori:=0tondo
x0[i] := xO[i]+(lamb*xs[i]);

MOhold := MO;
MO := M(x0);

Until (abs(MO - MOhold) < tau);

end;

D.4 Bootstrap method

D.4.1 Background

The bootstrap method is one of a larger class of statistical methods that resample from the original
data set and thus are called resampling procedures (Chernick, 1999:1). In this investigation the
bootstrap method is used to calculate the standard error and confidence intervals of the results
obtained from the non-linear regression methods (see Section D.2 & D.3). There are a lot of
variations on the bootstrap method. In this investigation Efron's version is used in combination with
the Monte Carlo approximation (Chernick, 1999:8) and can be sumarised as follow:

1. Generate a bootsrap sample of size n (wheren is the origenal sample size) with replacement

from the empirical distribution. The detail of this step is duscussed below.
2. Compute the values of interest by using the bootstrap sample in place of the origenal sample.

3. Repeat steps 1 and 2, k times.

The procedure for bootstrapping the residuals of a regressing is as follow (Chernick, 1999:72):

Take a general regression model:

ye = glx.e )+ 5 (D.12)
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The functions g(x, ¢,) are of known form and may depend on a fixed vector of covariates c¢,. The
vector x is a px1 vector of unknown parameters and ¢; are the errors of each data point. The value
of x is usually calculated by minimising the distance measure with the least squares method (see

Section D.2 & D.3):

" 2
Ml}r’:lx,cl:E_ly!.—glxjgl.ll (D13)
il
Now by taking x” = {x such that M is minimised} we have our parameter estimate of x. The residuals

are obtained as:

g.=y-glxel (D.14)

1

We then bootstrap the residuals e,” fori=1,2...,n where ¢, are obtained by sampling independently

(randomly) from €,”. We can then generate a bootstrap sample data set:

L

y; =glx',c, 1+ E‘: fori=1,2,....n (D.15)

For each such bootstrap data set y* we obtainx™ = {x such that M is minimised} (step 2 of the Monte
Carlo approximation). The procedure is repeated & times (step 3 of the Monte Carlo approximation)
and the variance and confidence intervals of x is approximately the same as the variance and

confidence interval of x”.
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D.4.2 Flow diagram

x = simplex i
k=0

g=¥-glxag)
=0, 1, ..., xdeat

l

J=randoem (rdaf)

SN e

=01, ..., ndaf

l

k=k+1
xhoof, = simplex (M {p*n

I = nhoof

-

Fig. D.3: Flow diagram for the Bootstrap method

D.4.3 Code

In the code that follows a bootstrap is performed on the variable E.

Procedure TForm1.BootstrapClick(Sender: TObject);

Var

i,j, k, I, km, kp,kO, tel1 : Integer;

change : Boolean;

khold, Dpred : double;

datfile2 : Textfile;

begin
Boot := true;

D15
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km :=round (0.025*(nboot));
kp := round (0.975*(nboot));
kO :=round (0.5*(nboot));

Fori:= 0 tondat do

Begin
Es[i] := Eobs]i];
Dsli] := DIil;

E[i] := Eobsl[i]-Epred]i];
If W[i] <> 0 then WJi] := 1;
end;

x0r := x0;
Randomize;

For k := 0 to nboot do
Begin

{Bootstrap residuals}
Fori:= 0 to ndat do
Begin
j:= Random (ndat);
Dpred := F (xO0r,i);
Epred[i] := (Dpred*100/ (Dpred + Vr[i]));
Eobsli] := Epred][i] + E[j];
If Eobsl[i] > 99 then EobsJi] := 99;
If Eobs[i] < 1 then Eobs]i] := 1;
DIi]:= (Vr[i]*Eobs[i])/(100-EobsJi]);
end; {i}

x[0,0] := x0r[0];
x[0,1] := xO0r[1];
p := (sqrt (n+2) - 1 + (n+1))/((n+1)*sqrt(2))*Sf;
g := (sqrt (n+2) - 1)/((n+1)*sqrt(2))*Sf;
Fori:=1ton+1do
Forj:=0tondo
Begin
Ifi = (j+1) then
X[i,j] := p*x[0,j]+x[0,j]
Else
x[i,j] := a*x[0,j]+x[0.,j];
end; {j}
Simplex;
Fori:=0tondo
xboot[i,k] := x0[i];
end; {k}

{calculate standard deviation and sort xboot in order to calculate 95% confidence interval}
Fori:=0tondo
Begin
SEJi] := StdDev (xboot][i]);

If xboot[i,0] < xboot[i,1] then
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Begin
xbsJi,0] := xboot]i,0];
xbs[i,1] := xboot][i,1];
end
Else
Begin
xbs[i,0] := xboot[i,1];
xbsli,1] := xboot[i,0];
end;
For k := 2 to nboot do
Begin
=1
change := false;
Repeat
j=ir
If xboot[i,k] <= xbsJi,j] then
Begin
For 1:=0 to (k-j) do
xbs[i,k-1] := xbs[i,k-I-1];
xbsl[i,j] := xboot[i,k];
change := true;
End;
Until ((change) or (j>(k-2)) );
If (not (change)) then
xbs[i,k] := xboot[i,k];
end;{k}
end; {i}

{replace origenal values}

fori:=0tondat do

Begin
Eobs(i] := EsJi];
D[i] := Dsli];
end;

end;

D.S Equilibrium regression

D.5.1 Background

simultaneously. The Newton method (Kreyszig, 1988:952) was used to solve the equations.

D17

The regression of the equilibrium constants is a typical example where off-the-shelf regression

programs cannot be used, as the system consist of three equations that have to be solved



D18

- Appendix D: Computer programs -

D.5.2 Flow diagram
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Fig. D.4: Flow diagram for equilibrium regression program
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D.5.3 Code

Function F (xm : Array of Double; i: integer) : Double;
Var
hold, aRHs1, aRHs2, f1, f2, fd, K1, K2 : double;

Begin

{Initialise}
aRHs1 := sqrt (CRT[i]/(2*Kd));
aRHs2 := 0.9*aRHs1;

K1 := xm[0];
K2 := xm[1];
Repeat

aRH2[i] := Kd*sqr(aRHs1);

CNiR2[i] := (K1* ( (aRH2[i]*GamNi[i]) / (Sqr(aH[i])*(1+KSO4*aS O4[i]*GamNi[i])) ))*CNil[i];
CNiR®8[i] := (K2* ( (power(aRH2[i],3)*GamNi[i]) / (Sqr(aH[i])*(1+KS0O4*aS 04[i1*GamNil[i])) ))*CNil[i];
f1 := CRT[i]-2*aRH2[i]-2*CNiR2]i]-6*CNiR6[i] - aRHs1;

aRH2[i] := Kd*sqr(aRHs2);

CNiR2[i] := (K1* ( (aRHZ2[i]*GamNi[i]) / (Sqr(aH[i])*(1+KSO4*aS O4[i]*GamNi[i])) ))*CNi[i];

CNiRG6[i] := (K2* ( (power(aRH2[i],3)*GamNi[i]) / (Sqr(aH[i])*(1+KSO4*aS 04[i]*GamNi[i])) ))*CNi[i];
f2 := CRT[i]-2*aRH2J[i]-2*CNiR2[i]-6*CNiR6[i] - aRHs2;

fd := (f1-f2)/(aRHs1-aRHs2);

aRHs1 := aRHs2;
aRHs2 := aRHs2 - f2/fd;

Until (abs(aRHs1 - aRHs2) < 0.0001);

aRH]Ji] := aRHs2;

aRH2[i] := Kd*sqr(aRH[i]);

CNiR2[i] := (K1* ( (aRHZ2[i]*GamNi[i]) / (Sqr(aH[i])*(1+KSO4*aS O4[i]*GamNi[i])) ))*CNi[il;

CNiRG6Ji] := (K2* ( (power(aRH2[i],3)*GamNi[i]) / (Sqr(aH[i])*(1+KSO4*aS04[i]*GamNi[i])) ))*CNi[i];
hold := (CNiR2[i]+CNiR6[i])/CNil[i];
F := hold;

end;

D.6 SLiMsim simulation program

D.6.1 background
The simulation of the SLM-process was one of the main objectives of this project. The general

approached that was followed to do this was discussed in detail in Chapter 5.
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D.6.2 Flow diagram
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D.6.3 Code

Function FluxNi (xm : Array of double; i, j : Integer; JNi : double) : Double;

Var
hold, alfa2,alfa6, bet, DNiR2, DNiR6, JH, JNi1, JNi2, f1c, f2c, fdc, f1j, f2], fdj, GamNifi, GamNisi, aSO 4fi,
aS04si, aRH1, aRHs1, JNiR2, JNiR6, Dc, JNic, Isfi, Issi, GamHfi, GamHsi, Jmax, dr, ri : Double;
telitc, telitj, telr, rk : Integer;

Begin
alfa2 := alf1*1e-15;
alfa6 := alf3*1e-15;
DNiR2 := (alfa2*T/(muor));
DNiR6 := (alfa6*T/(muor));

telitj := 0;

JMax := 2*nt*PI*Lt*DNiR2*( (CRHt/2)/(In(r2/r1)));

If (2*nt*PI*Lt*DNiR6*( (CRHt/6)/(In(r2/r1)))) > JMax then
JMax := 2*nt*PI*Lt*DNiR6*( (CRHt/6)/(In(r2/r1)));

If (kf*Amem1*CNif) < Jmax then
Jmax = kf*fAmem 1*CNif;

If (ks*Amem*CHs*0.5) < Jmax then
Jmax := ks*Amem*CHs*0.5;

JNi1 := JNi;
While JNi1 > JMax do
JNi1 = JNi1/1.1;

JH := 2*JNi1;

CNifi := (kf*fAmem 1*CNif - JNi1)/(kf*Amem1);
CNisi := (JNi1 + ks*Amem*CNis)/(ks*Amem);
CHfi := (JH + kf*Amem 1*CHf)/(kf*Amem1);
CHsi := (ks*Amem*CHs - JH)/(ks*Amem);

{*** calculate with OLI ***}
Isfi := (0.0004783*CHfi+0.001243*CNifi+0.001224*CNaS0O4)*EXP(286.13/T);
If Isfi <0 then Isfi:= 0;

Issi := (0.5*CHsi+CNisi)*0.001*EXP (251/T);
If Issi <0 then Issi = 0;

GamNifi := EXP(-5.115*SQRT (Isfi)/(1+1.663*SQRT (Isfi))):
GamNisi := EXP(-5.594*SQRT (Issi)/(1+1.741*(power(CHsi,0.05))*SQRT (Issi) ));

GamHfi := EXP(-1.308*SQRT(Isfi)/(1+1.854*SQRT (Isfi))):
GamHsi := EXP(-1.462*SQRT (Issi)/(1+1.686*(power(CHsi,0.1))*SQRT (Issi)));

aHfi := GamHfi*CHfi; aHsi:= GamHsi*CHsi;
aSO4fi := (0.5*Chfi+CNifi+CNaS04)/(1+263.05*EXP(-2349/T)*aHfi+2.284*EXP(-474.4/T)*
Gam Nifi*power(10,(0.15*CNifi)));
aSO04si := (0.5*CHsi+CNisi)/(1+845.7*EXP(-2776/T)*aHsi + 2.286*EXP(-643.73/R2)*Gam Nisi*CNisi);

{*** ***}
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{calculate organic concentrations on strip side}

{initialise}

aRHs1 := sqrt (CRHT/(2*Kd));

aRH2s := Kd*sqr(aRHs1);

Dc := (K1*GamNisi*sqr(aRHs1)*(1+KNiR6*sqr(aRH2s)))/ (Sqr(aHsi)*(1+KNiSO4*aS0O4si*Gam Nisi));
CNiR2s := (Dc*CNisi)/(1+KNiR6*sqr(aRH2s));

CNiR6s := KNiR6* CNiR2s*sqr(aRH2s);

f1c := CRHT-2*aRH2s-2*CNiR2s-6*CNiR6s - aRHs1;

aRHs2 := 0.99*aRHs1;

{Newton method}
Repeat
aRH2s := Kd*sqr(aRHs2);
Dc := (K1*GamNisi*sqr(aRHs2)*(1+KNiR6*sqr(aRH2s)))/(Sqr(aHsi)*(1+KNiSO4*aS0O4si*Gam Nisi));
CNiR2s := (Dc*CNisi)/(1+KNiR6*sqr(aRH2s));
CNiR6s := KNiR6* CNiR2s*sqr(aRH2s);
f2c ;= CRHT-2*aRH2s-2*CNiR2s-6*CNiR6s - aRHs2;

fdc := (f1c-f2c)/(aRHs1-aRHs2);

aRHs1 := aRHs2;
aRHs2 := aRHs2 - f2c/fdc;
f1c := f2c;

Until (abs(aRHs1 - aRHs2)+ abs(f2c) < convc);

{Calculate flux through membrane}
dr := (r2-r1)/nr;

CNiR2[0] := CNiR2s;

CNiR6[0] := CNiR®6s;

aRH[0] := aRHs2;

aRH2[0] := aRH2s;

For telr := 0 to (nr-1) do
Begin
ri :==r2 - telr*dr;
rk = telr+1;
aRH[rk] := aRH[rk-1];

{solve equations}

aRH2[rk] := Kd*sqr(aRH[rk]);

CNiR2[rk] := (CRHT -2*aRH2[rk] - aRHI[rk])/ (2 + 6*KNiR6*(sqr(aRH2[rk])));
CNiR6[rk] := KNiR6*(CNiR2[rk])*(sqr(aRH2[rk]));

JNIR2 := 2*nt*PI*ri*Lt*DNiR2*((CNiR2[rk]-CNiR2[rk-1])/dr);
JNIR6 := 2*nt*PI*ri*Lt*DNiR6*((CNiR6 [rk]-CNiR6[rk-1])/dr);
f1c := JNi1 - JNIR2 - JNIR6;

aRH1 := 0.999*aRH]Jrk];
Repeat

aRH2[rk] := Kd*sqr(aRH1);
CNiR2[rk] := (CRHT -2*aRH2[rk] - aRH1)/ (2 + 6*KNiR6*(sqr(aRH2[rk])));
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CNiR6[rk] := KNiR6*(CNiR2[rk])*(sqr(aRH2[rk]));
JNIR2 := 2*nt*PI*ri*Lt*"DNiR2*((CNiR2[rk]-CNiR2[rk-1])/dr);
JNIR6 = 2*nt*PI*ri*Lt*DNiR6*((CNiR6[rk]-CNiR6[rk-1])/dr);
f2c := JNi1 - JNIR2 - JNIiRG6;
fdc := (f1c-f2c)/(aRH[rk]-aRH 1);
aRH[rk] := aRH1;
aRH1 := aRH1 - f2c/fdc;
If aRH1 < 0 then

aRH1 := 0.5*aRH[rk];
If aRH1 > CRHT then

aRH1 := 0.5*(aRH[rk]+CRHT);
f1c := f2c;

Until (abs(f2c) < convj);
aRH[rk] := aRH1;

end; {dr}
aRHf := aRH[nr]; aRH2f := aRH2[nr]; CNiR2f := CNiR2[nr]; CNiR6f := CNiR6[nr];
Dc := (K1*GamNifi*sqr(aRHf)*(1+KNiR6*sqr(aRH2f)))/(Sqr(aHfi)*(1+KNiSO4*aS0O4fi*Gam Nifi));
CNifi := (CNiR6f + CNiR2f)/(Dc*(1+KNiSO4*aS0O4fi*Gam Nifi));
JNic := Amem 1*kf*(CNif-CNifi);
f1j := JNi1 - Jnic;

{Newton method for flux}

telitj := 0;
JNi2 := (JNi1*(1-1e-5));
JH = 2*JNi2;

CNisi := (JNi2 + ks*Amem*CNis)/(ks*Amem);
CHfi := (JH + kf*Amem 1*CHf)/(kf*Amem1);
CHsi := (ks*Amem*CHs - JH)/(ks*Amem);

Repeat
{*** Calculate with OLI ***}
Isfi := (0.0004783*CHfi+0.001243*CNifi+0.001224*CNaSO4)*EXP (286.13/T);
If Isfi < O then Isfi:= 0;

Issi := (0.5*CHsi+CNisi)*0.001*EXP (251/T);

GamNifi := EXP(-5.115*SQRT (Isfi)/(1+1.663*SQRT (Isfi)));
GamNisi := EXP(-5.594*SQRT(Issi)/(1+1.741*(power(CHsi,0.05))*SQRT (Issi) ));{0.3}

GamHfi := EXP(-1.308*SQRT(Isfi)/(1+1.854*SQRT (Isfi)));
GamHsi := EXP(-1.462*SQRT((Issi)/(1+1.686*(power(CHsi,0.1))*SQRT (Issi)));

aHfi := GamHfi*CHfi; aHsi:= GamHsi*CHsi;
aSO4fi := (0.5*CHfi+CNifi+tCNaS04)/(1+263.05*EXP(-2349/T) *aHfi+2.284*EXP(-474 .4/T )*Gam Nifi*
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power(10,(0.15*CNifi)));
aS04si := (0.5*CHsi+CNisi)/(1+845.7*EXP(-2776/T)*aHsi+ 2.286*EXP(-643.73/R2)*Gam Nisi*CNisi);

{*** —— ***}

{calculate organic concentrations on strip side}

{initialise}

aRH2s := Kd*sqr(aRHs1);

Dc := (K1*GamNisi*sqr(aRHs1)*(1+KNiR6*sqr(aRH2s)))/
(Sqr(aHsi)*(1+KNiSO4*aS04si*Gam Nisi));

CNiR2s := (Dc*CNisi)/(1+KNiR6*sqgr(aRH2s));

CNiR6s := KNiR6* CNiR2s*sqr(aRH2s);

f1c ;= CRHT-2*aRH2s-2*CNiR2s-6*CNiR6s - aRHs1;

aRHs2 := 0.99*aRHs1;
telitc := 0;

{Newton method}
Repeat
aRH2s := Kd*sqr(aRHs2);
Dc := (K1*GamNisi*sqr(aRHs2)*(1+KNiR6*sqr(aRH2s)))/(Sqr(aHsi)*(1+KNiSO4*aS04si*Gam Nisi));
CNiR2s := (Dc*CNisi)/(1+KNiR6*sqr(aRH2s));
CNiR6s := KNiR6* CNiR2s*sqr(aRH2s);
f2c := CRHT-2*aRH2s-2*CNiR2s-6*CNiR6s - aRHs2;

fdc := (f1c-f2c)/(aRHs1-aRHs2);

aRHs1 := aRHs2;
aRHs2 := aRHs2 - f2c¢c/fdc;
f1c := f2c;

Until (abs(aRHs1 - aRHs2)+ abs(f2c) < convc);

{Calculate flux through membrane}
CNiR2[0] := CNiR2s;

CNiR6[0] := CNiR®6s;

aRHJ[0] := aRHs2;

aRH2[0] := aRH2s;

For telr := 0 to (nr-1) do
Begin
ri:=r2 - telr*dr;
rk := telr+1;
aRH[rk] := aRH[rk-1];
{solve equations}

aRH2[rk] := Kd*sqr(aRH[rk]);
CNiR2[rk] := (CRHT -2*aRH2[rk] - aRH[rk])/ (2 + 6*KNiR6*(sqr(aRH2[rk])));
CNiR6[rk] := KNiR6*(CNiR2[rk])*(sqr(aRH2[rk]));

JNIR2 := 2*nt*PI*ri*Lt*DNiR2*((CNiR2[rk]-CNiR2[rk-1])/dr);
JNIRG := 2*nt*PI*ri*Lt* DNiR6*((CNiR6[rk]-CNiR6[rk-1])/dr);
fic := JNi2 - JNIR2 - JNiR®6;

aRH1 := 0.999*aRH[rk];
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Repeat
aRH2[rk] := Kd*sqr(aRH1);
CNiR2[rk] := (CRHT -2*aRH2[rk] - aRH 1)/ (2 + 6*KNiR6*(sqr(aRH2[rk])));
CNiR6[rk] := KNiR6*(CNiR2[rk])*(sqr(aRH2[rk]));

INIR2 := 2*nt*PI*ri*Lt*DNiR2*((CNiR2[rk]-CNiR2[rk-1])/dr);
JNIR6 := 2*nt*PI*ri*Lt*DNiR6*((CNiR6[rk]-CNiR6[rk-1])/dr);
f2¢ := JNi2 - JNIR2 - JNiR®;

fdc := (f1c-f2c)/(aRH[rk]-aRH1);

aRH[rk] := aRH1;
aRH1 := aRH1 - f2c/fdc;
If aRH1 < 0 then
aRH1 := 0.5*aRH]I[rk];
If aRH1 > CRHT then
aRH1 := 0.5*(aRH[rk]+CRHT);

fic := f2c¢;
Until (abs(f2c) < convj);
aRH[rk] := aRH1;
end; {dr}

aRHf := aRH[nr]; aRH2f := aRH2[nr]; CNiR2f := CNiR2[nr]; CNiR6f := CNiR6[nr];
Dc := (K1*GamNifi*sqr(aRHf)*(1+KNiR6*sqr(aRH2f)))/(Sqgr(aHfi)*(1+KNiSO4*aSO4fi*Gam Nifi));
CNifi := (CNiR6f + CNiR2f)/(Dc*(1+KNiSO4*aS04fi*GamNifi));
JNic := Amem 1*kf*(CNif-CNifi);
f2j := JNi2 - JNic;

fdj := (Fj-f2j)/(INi1-Jni2);

INi1 = JNi2;
JINI2 := JNi2-(f2j/fd]);
f1j := f2j;

If JNi2 > Jmax then

JNi2 := 0.5*(Jmax+JNi1);
If JNi2 <0 then

JNi2 := 0.5*JNif1;

JH := 2*JNi2;

CNisi := (JNi2 + ks*TAmem*CNis)/(ks*Amem);
CHfi := (JH + kf*Amem 1*CHf)/(kf*Amem1);
CHsi := (ks*Amem*CHs - JH)/(ks*Amem);

Until (abs (f2j) < convj);
hold := JNi2;

FluxNi := hold;
end;
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Procedure Simexp (xm : Array of double;i : Integer);

var
j» J2, jt, jtm : Integer;
taus, JNi : double;
Begin
{initiate}
CNifc[i,0] := CNif[i,0]; CNisc[i,0] := CNis[i,0];
aHfc[i,0] := aHf]i,0]; aHsc]i,0] := aHs]i,0];
CNaSO04Ji,0] := 0;
j2:=1;
JNi := 0;
Forj:=1tontp do
Begin

jt := round (time[i,j2]/dt);
if (j > jt) and (j2<6) then
Begin
j2 :=j2 +1;
jt := round (time[i,j2]/dt);
end;
jtm := round(timeli,j2-1]/dt);

aHfci,j] := aHfci,j-1] + (1/(jt-jtm))*( aHf[i,j2] - aHf[i,j2-1]);
aHscli,j] := aHsc[i,j-1] + (1/(jt-jtm))*( aHs][i,j2] - aHs[i,j2-1]);

{*** Na2S0O4 Total ***}

CNaS04[i,j] :== CNaSO4[i,j-1] + (dt/Volf)*(FNa[i]*(0.5*CNaO H)-
FFT[iI*CNaSOA4[i,ji-1]);

{*** Ni in bulk solution ***}

{*** ——

CNifc[i,j] := CNifc[i,j-1] + (dt/Volf)*(FF T[i]*(CNiF T[i]-CNifc[i,j-11)
- JNi);

CNiscli,j] := CNisc[i,j-1] + (dt/Vols)*(FS T[i]*(CNiS T[i]-CNisc[i,j-1])
+ JNi);

{*** From OLI ***}

Issli,j] :=(0.001095*aH sc]i,j]+ 0.003639*CNisc]i,j]
- 0.000006674*CNis[i,j1*T[i])*EXP(111.5/T[i1);

If Iss]i,j] <0 then Iss]i,j] := 0;

Isf[i,j] :=(0.00057 44*aHfc[i,j]+0.001202*CNifc[i,j]+0.00 117 9*CNaSO4[ij])
*EXP(294.4/T[i]);

If 1sf[i,j] <O then Isf[i,j] := 0;

xmolH2S04sJi,j] := aHsc]Ji,j]*exp(0.6573*(-log10(aHsc]Ji,j}/1000))+ 3.8383* (power(lIss]i,j],0.1))+
0.003382*T[i]-15.7192);

DNif[i,j] := 691.861e-9*EXP(-2047/T[i]); {1.24e-9}

DNis[i,j] := 670.61e-9*EXP(-2040/(T[i]-5.22*Iss[i,j]));

DHf[i,j] := 61.08e-8*EXP(-1246.5/T[i]); {7.9e-9}

DHsJi,j] := 58.73e-8*EXP(-1241/(T[i]-12.94%Iss[i,]]));

GamHf[i,j]1:= EXP(-1.308*SQRT (Isf[i,j]1)/(1+1.854*SQRT (Isf[i,j])));

GamHsli,j] := EXP(-1.46*SQRT(Iss[i,j])/(1+1.739*(power(aHsc][i,j],0.1))*SQRT(Iss[i,j])));

***}
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CHfcli,j] := (aHfc[i,jl/gamHf[i,j]);
CHscli,j] = (aHsc[i,jl/gamHs][i,j);

xvolH2S04s[i,j] := (thow[i]*xm 0lH2S04s][i,j]*MH2S04)/( xm 0lH2S04s]i,j|*MH2S04*rhow][i] +
Mw*rhoH2S 04[i] - Mw*rhoH2S04[i]*xmolH2S04s]i,j]);

rhos[i,j] := xvolH2S 04s]i,j]*rhoH2S O4[i] + (1-xvolH2S04s]i,j])*rhowli;
musli,j] := power ( xmolH2S O4sli,j]*power(muH2S04[i],(1/3)) + (1-xmolH2S O4s][i,j])*
power(muwli],(1/3)) ,3);

Fsli,j] := Fsm[il*(sqrt(1189)/(sqrt(rhosli,j])));
vsli,j] := Fs]i,jl/Acs;
Resli,j] := rhosl[i,j]*vs[i,jl*de/(musl[i,j]);

DNiHT[i,j] := (1.5*DNif[i,j]*DHfi,j1)/(DNiffi,j]+ DHfi.j]);
DNiHsli,j] := (1.5*DNis[i,j]*DHs[i,j1)/(DNis[i,j]+DHs][i,jl):;

Scfli,j] := muwli]/(rhow[i]*DNiHf[i,j]);
Scsli,j] := musli,j]/(rhos[i,j]*DNiHsJi,j]);

taus := aO0[i]*Res]i,j] + al1[i]*power(Res]Ji,j],3);
frics[i,j] := (2*taus)/(rhosli,j]*sqr(vsli,jl));

Shfi,j] := 0.5*fricf[i]*(power(Ref[i],xm[1]))*(power(Scf[i,j],xm[2]));
Shsli,jl := 0.5*frics[i,j]*(power(Resli,jl,xm[1]))*power(Scsli,jl,xm[2]);

kf[i,jl := (Shf[i,j]*DNiHf[i,j])/d1;
ks[i,jl := (Shs[i,jJ*DNiHs[i,j])/de:

If j =1 then
JNi := 0.5*kfTi,j]*CNifc[i,j];
JNi := FluxNi(xm,i,j,dNi);
end;
End;
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E.1 Introduction

In this appendix a summary is given of the Zn/D2EHPA equilibrium system. The most important
differences between the Ni/D2EHPA and the Zn/D2EHPA system are:
. Zinc does not form a neutral complex with the sulphate ions.

. The zinc forms different organo-metallic complexes (see Section E.2).

In this study, the effect of the aqueous activity coefficient was incorporated in a new equilibrium
model and it was assumed that the zinc ions reacts with the monomeric D2ZEHPA in the aqueous
phase. This equilibrium model was verified with a set of experiments in which the factors affecting

the equilibrium was varied.

E.2 Literature survey

The extraction of zinc with Di-(2-ethylhexyl) phosphoric acid (D2EHPA) was recently adopted as
a reactive liquid-extraction test system by the European Federation of Chemical Engineering for
validating liquid-liquid extraction equipment design procedures when both mass transfer and
chemical reaction rates are significant (Mansur et al., 2004). The Zn/D2EHPA system has been
under considerable investigation and the constraints of previous work are summarised in Table E.1.
The main shortcomings of these publications are that the researchers did not take into account that
the activity of the zinc differ from the molality (event at very low zinc concentrations). There has
also been some recent developments, leading to a better understanding of the extraction mechanism
as discussed below. It was found by Sainz-Diaz et al. (1996) that zinc is extracted according to the

following mechanism:

Zni +1.5RH == ZnR ,(RH |, +2H, (E.1)

This mechanism was proved by slope analysis and the result was that the dimeric extractant/zinc
stiochiometric ratio was 1.6. The results of a FT - IR spectroscopy study showed that the
stochiometric ratio of Zn/D2EHPA in the organic phase is near 3, which supports the formation of

the ZnR2(RH) organo-metallic species. In 1999 Bart and Rousselle used this reaction again, with
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Table E.1: A summary of previous research on the Zn/D2EHPA system

E3

Bart and Zimmermann
Forrest Mansur et al. .
Rousselle (1977) and Robl (2002) This study
(1999) (1997)

Type of study Extraction Extraction Stripping Stripping Extraction
Number of 43 92 44 8 50
data points

[Znleg 5 and 50 30 - 615 0 0 05-35
(mol/m?)
[Zn],, o 26.2,38.0 &
(mol/m?) 0 0 46.4 39.7 0
[RH]T‘% 5-200 300 & 600 80, 120 & 150 120 10 - 100
(mol/m?)
Diluent Isodecane Kerosene n-heptane n-heptane Kerosene
[H,SO0,l.0 =0 ) ) 1000, 2000 & 500, 1000 & )
(mol/m~) 0-10 0-200 3000 2000 3-22
vr 1 0.1-10 0.05-1.0 0.5, 18&?2 0.5-5
(V,/V.) . . . .5, .

the value of n equal tol.5, but showed that the two rate determining steps were an aqueous phase

reaction and an organic phase reaction (Reactions E.2 & E.3).

Aqueous phase reaction:

2+ e +
Znk +2(RH |, === ZnR, , +2H},

Organic phase reaction:

ZnR,,+n(RH b, == ZnR,(RH |, +2(RH |,

(E.2)

(E.3)

In 2002 an equilibrium model was proposed, for the system with n-heptane as diluent, by Mansur
et al. (2002), since the reactions above were not able to describe the whole process by assuming a
constant value of n. They postulated that a heterogeneous interfacial reaction can be assumed to
produce ZnR,(RH) and a homogeneous reaction follows in the organic phase to produce a free

D2EHPA dimer and a ZnR, organo-metallic complex.
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Interfacial reaction:

Zn{* +n(RH ; === ZnR,(RH b, + 2H] (E.4)

Organic phase reaction:

ZaR 3 (RH ), === ZnR ,(RH jpyg, + [»z - E] (RH,, (E.5)
2

According to Mansur ef al. (2002) the first reaction alone can explain the equilibrium behaviour at
low loading conditions; however, both reactions have to be considered at intermediate and high
loading conditions. This equilibrium model is an improvement of the one postulated by Sainz-Diaz
et al. (1996), because it did not give an inconsistent value for n. There were, however, two
questionable assumptions made in this equilibrium model. Firstly, the assumption was made that the
activity coefficients of the aqueous species are equal to 1. Due to the charge of the aqueous species
the activity differs from the molality, even at very low aqueous concentrations (Atkins, 1998: 248).
Secondly, it is questionable if the zinc will react with the D2ZEHPA dimer on the interface. The
reaction probably takes place in a very thin boundary layer in the aqueous phase and it is known that

the dimer is much less soluble in the aqueous phase than the monomer (Huang & Juang, 1986).

E.3 Theory

The assumption was made that the Zn/D2EHPA system can be described by the reactions and
partition equilibriums depicted in Figure E.1. This assumption, with a discussion concerning the

equilibrium equations, follow:
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Agueous phase Organic phase
Eq.E )
(FH),, === (FH}
(Eq.E.7)
(RH), —=FR  +H"*
(Eq.E A1)
(Eq.E 3 2(RH) ===(RH)
Zn't+2IRT —= (ZnR,)
Eq.E Q)
(Z0R,), == (ZnR, )
(Eq.E.A0)

(ZnR ) +1 5(FH), == (ZeR (RH)) +2 (RH)

Fig. E.1: Steps involved in forming Zn/D2EHPA equilibrium
The partition equilibrium between the D2ZEHPA monomer in the organic and aqueous phase is
expressed by the following in term of the activities (a):

» _ alRH),
P =—— (E.6)

a(RH |,

The D2EHPA monomer dissociates in the aqueous phase to form an organic phosphate ion and a
hydronium ion:

_ al B~ g alHY lag

alFH I,

Ky

(E.7)

The zinc in the aqueous phase takes part in an equilibrium reaction with the organic phosphate to
form a ZnR, chelate:

alZaR ),

Kpr = (E.8)

- 2+
| | vl |
!B ﬂIj,czP_’,n g

There is a partition equilibrium between the ZnR, chelate in the organic phase and the aqueous

phase:
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0 — ﬂ!'ZI]R a I|::l
fpp, = ——— (E.9)
alZoR., |,

The ZnR, chelate can react with additional D2ZEHPA dimer molecule to form a second ZnR,(RH)

chelate in the organic phase. The equilibrium constant is:

_alZaR,(RH |, alRH ]

Kax 15
alZuR. ) al(RH ),

(E.10)

There is also an equilibrium between the D2EHPA monomer and dimer (Juang & Su, 1992; Huang

& Juang, 1986; Komasawa et al., 1981):

L =A=12m3fﬂml (E.11)

These equilibrium equations can be used to derive the final model in terms of distribution ratio and
this equilibrium model will be used to describe the Zn/D2EHPA equilibrium. The derivation of this

equilibrium model will be discussed in the subsequent paragraphs.

Using Equation 4.12, the distribution ratio for the system can be written as:

[ZI"R 2].::! +[ZHR .| RH ']o
[za®], +[ZaR , ],

(E.12)

If it is assumed that [ZnR,],, << [Zn*"],,, then Equation E.12 simplifies to:

aq®

[ZHR::L +[ZHR::'RH ']a

L= ], (E.13)
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In terms of activity, Equation E.13 becomes:

alZnR ), @l ZuR 4 (RH ),
_})IZ'HREI(J :}"I_Z_I]:R_EIRHIII::I

2+
| |
alZn ag

D (E.14)

2+|

¥ILED™ |,

Substitution of the aqueous phase reaction equilibrium (Equations E.8), the partition equilibrium of
the ZnR, species (Equation E.9), and the organic phase reaction equilibrium (Equation E.10) into

Equation E.14 gives:

Pl Ky alR L, alZa™ ), Kan Pha Kan alR b alZe® |, al(RH 1
2' 1 1 [N
. Y ZnR, |, _ alRE P y(ZnR, RH |, E15)
al Zn log
}AZH}" Iaq

Substitution of the monomer dissociation (Equation E.7) into Equation E.15 gives:

B K. Kl alRHY aein™ K B K Kl alRH)Y -alZn*| al(RH), T
bl + - .l
y(ZnR,) aH'T a{FHJ. - y(ZnR., (RH)) -¢(H [
ﬂ'l.ZﬂH-l
ylzn“l

D= (E.16)

The final step is to substitute the D2EHPA partition equilibrium (Equation E.6) into Equation E.16
and simplification gives:

Kyl RE B HZn? |, , Kzal RH ), oplzn®t,

0=
+ 2 + 2
yiZaR 4, alH* [, VZnR ,(RH 1), -a(H" [,

(E.17)
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with

_ Paw, Ko, Kin

K 22 (E.18)
IPRH |

and

Kop ' Fae Koo K2

]
IPRPHI

Ko, = (E.19)

At any time the total D2ZEHPA concentration in the organic phase can be calculated from a mol

balance:

[Rl, = [RE] + 2 [(RH )], + 2-[ZaR 5 ], + 3 [Z0R 5 (RH ], (E.20)

E.4 Experimental procedure

The Zn/D2EHPA extraction equilibrium was determined with batch solvent extraction experiments.
The experimental procedure that was followed is the same as the procedure discussed in Section
4.3.2. The factors that were investigated are the concentration of extractant (D2ZEHPA) in the organic
phase, the concentration of zinc in the aqueous phase, the volume ratio of the phases, pH and
reaction temperature. Each experiment was done four times to determine the reproducibility of the
experiment. A set of 2 experiments was also done and although these experiments cannot be
displayed graphically, it increased the confidence in the regression results. The detailed results of

all the experiments can be seen in Table E.2 (see Section E.7).

E.5 Results and discussion

The activity coefficients of the aqueous zinc were calculated using the OLIAnalyzer software
package (OLI System Inc.), which uses a database of known thermodynamic properties and
mathematical algorithms to predict the properties and component distributions of aqueous solutions.

The values of K, and K, were determined by regression using the Simplex method (Jacoby et al.,
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1972:79) in combination with Newton's method (Kreyszig, 1988:952) to solve Equations E.11, E.17
and E.20 simultaneously. The distribution ratio observed for each experiment was calculated with
a simple mole balance:

v

|z 2+ -7 24 '.—ﬂq
. E[Ma] ) [ tl ]aq,?’ [ 1 ]aq;' v, (E.21)
" The,] 22>,

The regression was done on all the experimental data points and had a correlation coefficient (1*) of
0.996. The standard error of the regression were determined with the Bootstrap method (Chernick,
1999:8). The regression results can be seen in Table 4.5 and in Figure E.2, where the percentage
extraction (%£E,,,), calculated with the equilibrium model is plotted against the observed percentage

extraction (%FE,,,), as calculated with Equations E.21 and 4.13.

obs

100 T T T - r
[ ]
a0 *

50 LA

a 3‘5.."-
L]
== . W
40 it
L
- "~ - ll'I-I
s
o
20 AT
FJ
_-‘r
.
r
ra
|:| i i i i
0 20 40 0 ] 100
I:""r':"':'_-:-tu;

Fig. E.2: Predicted vs. observed values for the equilibrium model of the Zn/D2EHPA
system
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E.5.1 Testing for equilibrium
One of'the first objectives in the experimental design was to ensure that equilibrium conditions were
reached. This was done by varying the extraction time from 10 to 50 minutes and observing the

percentage zinc extracted. Figure E.3 shows that the equilibrium was reached within 10 minutes.

E.5.2 The effect of temperature
The effect of temperature on the Zn/D2EHPA system was determined by changing the temperature
from 30°C to 70°C in a temperature bath and as was the case with the extraction of nickel, the

temperature showed no significant temperature dependence (see Figure E.4)

E.5.3 The effect of the total D2ZEHPA concentration

An experiment was done where the D2EHPA concentration was varied from 10 - 100 mol/m’® (see
Figure E.5). An increase of the D2ZEHPA concentration lead to an increase of the monomer in the
feed solution (Equation E.6), resulting in an increase of the organic phosphate ions (Equation E.7).
The amount of organic phosphate ions in the feed is directly proportional to the amount of zinc ions

used to form the ZnR, complex as well as percentage zinc extracted.

E.5.4 The effect of the zinc concentration of the feed solution

The percentage extraction lowered with an increase in the zinc concentration of the feed solution.
This seems contrary to Equation E.8, but it can be explained by the fact that, although an increase
in the zinc concentration of the feed leads to an increase in the zinc concentration of the raffinate
solution (a positive effect), it also results in a decrease of the zinc activity coefficient and a lower
raffinate pH (both negative effects). It can be seen in Figure E.6 that the equilibrium model

accurately predicts this behaviour.
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Fig. E.3: Effect of time on % extraction. Vr = 2, [Zn], = 1.5 mol/m®, [RH],,, = 50
mol/m?. M: Experimental data with 95% confidence limits
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Fig. E.4: Effect of temperature on the % extraction. Vr =2, [Zn],~ 2.0 mol/m?, [RH],,
=50 mol/m°. M: Experimental data with 95% confidence limits
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Fig. E.5: Effect of [RH], on % extraction. Vr=2, [Zn],~ 1.9 mol/m?, M: Experimental
data with 95% confidence limits. : Equilibrium model
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Fig. E.6: Effectof[Zn],on % extraction. V'r=2,[RH]z, = 50 mol/m?>. M: Experimental
data with 95% confidence limits. : Equilibrium model
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E.5.5 The effect of the raffinate pH

Figure E.7 illustrates the significant effect of pH on the percentage extraction. If the pH of the
aqueous feed solvent is increased, the equilibrium of Equation E.7 shifts to the right and this leads
to an increase of the organic phosphate ions in the aqueous phase and subsequently in increased

extraction.

E.5.6 The effect of the volume ratio between the feed and organic solutions

The effect of the ratio between the volume of the aqueous solvent and the volume of the organic
extractant was also tested. The result from Figure E.8 shows that the extraction is better when the
volume of the extractant is bigger with respect to the volume of the aqueous phase. This is simply
due to the fact that if larger volumes of extractant are used, more moles of D2ZEHPA are available

to extract the zinc.

100

80

60

%E

40

\ )

1.4 1.6 1.8 2.0 22
pH,
Fig. E.7: Effect of pH, on % extraction. Vr = 2, [Zn], = 1.7 mol/m?, [RH]z, = 50

mol/m*. M: Experimental data with 95% confidence limits. =——: Equilibrium model
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100
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Fig. E.8: Effect of V'r on % extraction. [Zn], = 1.9 mol/m?, [RH];,, = 50 mol/m>. H:
Experimental data with 95% confidence limits. =—: Equilibrium model

E.6 Conclusions

The Zn/D2EHPA liquid- liquid extraction system was investigated with kerosene as diluent to derive
a new equilibrium model and in this model the aqueous activities were used instead of
concentrations where it was applicable. The effects of volume ratio, D2EHPA concentration, zinc
concentration, pH and temperature on the equilibrium distribution were investigated in this study and
the activity of the aqueous species was calculated with appropriate software. It was found that the
effect of temperature was negligible and it was proposed that the equilibrium reactions form two
chelates, ZnR, and ZnR,(RH). Two constants, K,,; and K, in the distribution ratio model were
determined through regression in terms of the observed percentage extraction. With a correlation
coefficient of 0.996, the proposed model, successfully described the equilibrium of the Zn/D2EHPA

system.
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The meaning of the titles as used in Table E.2 are the following:

Name
Rep.
Vaq

VO
[Zn],
[Zn],

[RH]7,

[H,SO,]

: pH of raffinate solution.

: Volume aqueous solution (ml).

: Volume organic solution (ml).

: The number of reproducibility test.

: Nickel concentration of feed solution (mol/m’).

: Nickel concentration of raffinate solution (mol/m?).

Table E.2: Raw equilibrium results for the extraction of zinc

: A name is given to each experiment to keep track of the data.

: D2EHPA concentration in organic solution as D2EHPA monomer (mol/m®).

: Concentration of sulphuric acid added to aqueous solution (mol/m?).

Name |Rep. (\r;af) (r\r/ﬁ) (m[cz)lr;r]rf13) (mlzlr/]r]rqs) (r[nRol;;]r;Dé) PH, ([22?/%)
Exto1| 1 | 40 | 20 | 2.064 | 1.586 | 10 |2.17| 4.75
Exto1| 2 | 40 | 20 | 2.231 | 1574 | 10 |2.16| 4.75
Ext01| 3 | 40 | 20 | 2.007 | 1.562 | 10 |2.15| 4.75
Ext01| 4 | 40 | 20 | 2.014 | 1.550 | 10 |[2.14| 4.75
Exto2| 1 | 40 | 20 | 1.673 | 1296 | 20 |2.17| 4.75
Exto2| 2 | 40 | 20 | 1.729 | 1.338 | 20 |2.16| 4.75
Ext02| 3 | 40 | 20 | 1.454 | 1.378 | 20 |2.16| 4.75
Ext02| 4 | 40 | 20 | 1.843 | 1.337 | 20 [2.17| 4.75
Ext0o3| 1 | 40 | 20 | 1.686 | 0.931 | 40 [2.12| 4.75
Ext0o3| 2 | 40 | 20 | 1.871 | 0.9004 | 40 |2.11]| 4.75
Ext03| 3 | 40 | 20 | 1.592 | 0.840 | 40 |[2.08| 4.75
Ext03| 4 | 40 | 20 | 1.656 | 0.824 | 40 |[2.08| 4.75

E15
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Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[cz)l7r]rq3) (m[ilr/]r]rqs') (r[nRoT/LT]Oé) PH, ([:fj/%)
Exto4| 1 | 40 | 20 | 1.834 [ 0.736 | 60 |2.02| 4.75
Exto4| 2 | 40 | 20 | 1.947 | 0679 | 60 |2.02| 4.75
Ext04| 3 | 40 | 20 | 1.728 | 0.715 | 60 |2.02| 4.75
Ext04| 4 | 40 | 20 | 1.804 | 0.658 | 60 |2.02| 4.75
Ext05| 1 | 40 | 20 | 1.953 | 0.480 | 80 |2.00| 4.75
Ext05| 2 | 40 | 20 | 1.835 | 0.470 | 80 |2.00| 4.75
Ext05| 3 | 40 | 20 | 1.811 | 0.459 | 80 |2.00| 4.75
Ext05| 4 | 40 | 20 | 1.916 | 0.490 | 80 |2.00| 4.75
Ext06| 1 | 40 | 20 | 1.677 | 0.367 | 100 |1.99| 4.75
Ext06| 2 | 40 | 20 | 1.671 | 0.412 | 100 |1.99| 4.75
Exto6| 3 | 40 | 20 | 1.919 | 0.432 | 100 |1.99| 4.75
Ext06| 4 | 40 | 20 | 1.570 | 0.362 | 100 |1.99| 4.75
znfo1| 1 | 40 | 20 | 0.477 | 0.156 | 50 |2.10| 4.75
znf01| 2 | 40 | 20 | 0.457 | 0.153 | 50 |[2.10| 4.75
znfo1| 3 | 40 | 20 | 0579 | 0.176 | 50 |2.10| 4.75
znfo1| 4 | 40 | 20 | 0.431 | 0.156 | 50 |2.08| 4.75
znf02| 1 | 40 | 20 | 0.980 | 0.373 | 50 [2.11| 4.75
znfo2| 2 | 40 | 20 | 1.023 | 0.373 | 50 |2.08| 4.75
znfo2| 3 | 40 | 20 | 0.980 | 0.395 | 50 |2.10| 4.75
znf02| 4 | 40 | 20 | 0.972 | 0.440 | 50 |[2.07| 4.75
znfo3| 1 | 40 | 20 | 1.635 | 0.692 | 50 |[2.08| 4.75
znfo3| 2 | 40 | 20 | 1576 | 0.730 | 50 |2.07| 4.75
znfo3| 3 | 40 | 20 | 1.606 | 0.677 | 50 [2.09| 4.75
Znf03| 4 | 40 | 20 | 1.723 | 0529 | 50 |[2.09| 4.75
znfo4| 1 | 40 | 20 | 2.104 | 0.813 | 50 |[2.13| 4.75
znfo4| 2 | 40 | 20 | 1.657 | 0.668 | 50 |[2.11| 4.75
znfoa| 3 | 40 | 20 | 1.775 | 0.695 | 50 |2.09| 4.75
znfo4| 4 | 40 | 20 | 1.794 | 0.922 | 50 |2.06| 4.75
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Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[cz)l7r]rq3) (m[ilr/]r]rqs') (r[nRoT/LT]Oé) PH, ([:fj/%)
znf0o5| 1 | 40 | 20 | 2.339 | 1.285 | 50 |[2.08| 4.75
znf0o5| 2 | 40 | 20 | 2.574 | 1.116 | 50 [2.03| 4.75
znfos| 3 | 40 | 20 | 2.522 | 1.060 | 50 |2.05| 4.75
znfos| 4 | 40 | 20 | 2.522 | 1.032 | 50 |2.06| 4.75
znfoe| 1 | 40 | 20 | 2.818 | 1.662 | 50 |[2.04| 4.75
znfoe| 2 | 40 | 20 | 2.765 | 1.334 | 50 |[2.03| 4.75
znfo6| 3 | 40 | 20 | 2.871 | 1.161 | 50 |2.06| 4.75
znfo6| 4 | 40 | 20 | 2.871 | 1452 | 50 [2.03| 4.75
znfo7| 1 | 40 | 20 | 3.371 | 1.378 | 50 |2.06| 4.75
znfo7| 2 | 40 | 20 | 3.371 | 1.901 | 50 |2.07| 4.75
znf0o7| 3 | 40 | 20 | 3.371 | 1.693 | 50 |[2.09| 4.75
znf0o7| 4 | 40 | 20 | 3.371 | 1.587 | 50 |[2.07| 4.75
znfos| 1 | 40 | 20 | 3.335 | 1.968 | 50 [2.05| 4.75
znf0o8| 2 | 40 | 20 | 3570 | 1.767 | 50 |[2.05| 4.75
znfos| 3 | 40 | 20 | 4175 | 1.811 | 50 |[2.02| 4.75
znfos| 4 | 40 | 20 | 3.503 | 1.974 | 50 [2.02| 4.75
pHro1| 1 | 40 | 20 | 1.710 | 1.683 | 50 |1.60| 22.0
pHro1| 2 | 40 | 20 | 1.951 | 1.760 | 50 |1.59| 22.0
pHro1| 3 | 40 | 20 | 1.989 | 1.544 | 50 |1.57| 220
pHro1| 4 | 40 | 20 | 1.805 | 1.504 | 50 |1.57| 22.0
pHro2| 1 | 40 | 20 | 2.024 | 1.385 | 50 |1.74| 135
pHro2| 2 | 40 | 20 | 2.151 | 1.341 | 50 |1.74| 135
pHro2| 3 | 40 | 20 | 1.891 | 1.307 | 50 |1.73] 135
pHro2| 4 | 40 | 20 | 1.720 | 1.331 | 50 [1.73] 135
pHro3| 1 | 40 | 20 | 1.886 | 0.921 | 50 |1.97| 5.50
pHro3| 2 | 40 | 20 | 1.643 | 0.818 | 50 |1.98| 5.50
pHro3| 3 | 40 | 20 | 1.848 | 0.940 | 50 |2.21| 5.50
pHro3| 4 | 40 | 20 | 1.617 | 0.989 | 50 |2.00| 5.50
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Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[cz)l7r]rq3) (m[ilr/]r]rqs') (r[nRoT/LT]Oé) PH, ([:fj/%)
pHro4| 1 | 40 | 20 | 1.564 | 0.691 | 50 |2.05| 4.75
pHro4| 2 | 40 | 20 | 0.983 | 0.722 | 50 |2.05| 4.75
pHro4| 3 | 40 | 20 | 0.921 | 0.600 | 50 |2.06| 4.75
pHro4| 4 | 40 | 20 | 1.443 | 0751 | 50 |2.08| 4.75
pHros| 1 | 40 | 20 | 1.244 | 0.360 | 50 |2.18| 3.03
pHros| 2 | 40 | 20 | 1.545 | 0.388 | 50 |2.18| 3.03
pHros| 3 | 40 | 20 | 1.382 | 0.474 | 50 |2.18| 3.03
pHro5| 4 | 40 | 20 | 1.426 | 0.474 | 50 |2.18| 3.03
vro1| 1 | 20 |40 | 1992 | 0.321 | 50 |2.15| 4.75
vro1| 2 | 20 |40 | 1.826 | 0.314 | 50 |2.19| 4.75
vro1| 3 | 20 | 40| 1.851 | 0.300 | 50 |2.17| 4.75
vro1| 4 | 20 |40 | 1.975 | 0.321 | 50 |2.17| 4.75
vro2| 1 | 24 | 36 | 1.791 | 0413 | 50 |2.06| 4.75
vro2| 2 | 24 | 36 | 1.989 | 0.385 | 50 |2.06| 4.75
vro2| 3 | 24 | 36 | 1.848 | 0.371 | 50 |2.09| 4.75
vro2| 4 | 24 | 36 | 1.922 | 0413 | 50 |2.06| 4.75
vro3| 1 | 30 | 30 | 2.050 | 0.445 | 50 |2.07| 4.75
vro3| 2 | 30 | 30 | 2107 | 0.425 | 50 |2.07| 4.75
vro3| 3 | 30 | 30 | 1.968 | 0.499 | 50 |2.04| 4.75
vro3| 4 | 30 | 30 | 1.862 | 0.492 | 50 |2.05| 4.75
vro4| 1 | 40 | 20| 1.863 | 0.844 | 50 |2.03| 4.75
vro4| 2 | 40 | 20 | 1.764 | 0.770 | 50 |2.03| 4.75
vro4| 3 | 40 | 20| 1729 | 0.738 | 50 |2.03| 4.75
vroa| 4 | 40 | 20| 1608 | 0.728 | 50 |2.02| 4.75
vros| 1 | 50 | 10 | 1.815 | 1.069 | 50 |2.07| 4.75
vros| 2 | 50 | 10 | 2.029 | 1.058 | 50 |2.07| 4.75
vros| 3 | 50 | 10 | 1.707 | 1.193 | 50 |2.08| 4.75
vros| 4 | 50 | 10 | 1.924 | 1.251 | 50 |2.07| 4.75
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Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[§|r/1r]1§3) (m[cZJIr/‘r]rqs) (r[nRoT/]an‘g’) PH, ([r:é?/%)
Tmpo1| 2 | 40 | 20 | 1.975 | 0.956 | 50 |2.02| 4.75
Tmpo1| 3 | 40 | 20 | 2.214 | 1.026 | 50 |2.01| 4.75
Tmpo1| 4 | 40 | 20 | 2.207 | 0.9042 | 50 |2.02] 4.75
Tmpo2| 1 | 40 | 20 | 2132 | 0.942 | 50 |2.04| 4.75
Tmpo2| 2 | 40 | 20 | 2.071 | 0.942 | 50 |2.06| 4.75
Tmpo02| 3 | 40 | 20 | 1.972 | 0.938 | 50 |2.04| 4.75
Tmpo2| 4 | 40 | 20 | 1.782 | 1.049 | 50 |2.02] 4.75
Tmpo03| 1 | 40 | 20 | 2.344 | 0.9025 | 50 |2.02] 4.75
Tmpo3| 2 | 40 | 20 | 2.165 | 0.899 | 50 |2.02] 4.75
Tmpo03| 3 | 40 | 20 | 2.010 | 0.915 | 50 |2.02] 4.75
Tmpo03| 4 | 40 | 20 | 1.739 | 0.892 | 50 |2.02| 4.75
Tmpo4| 1 | 40 | 20 | 2.153 | 0.863 | 50 |2.00| 4.75
Tmpo4| 2 | 40 | 20 | 2.500 | 0.818 | 50 |2.01| 4.75
Tmpo4| 3 | 40 | 20 | 1.684 | 0.840 | 50 |2.00| 4.75
Tmpo4| 4 | 40 | 20 | 1.306 | 0.869 | 50 [2.01| 4.75
Tmpo5| 1 | 40 | 20 | 1.700 | 0.834 | 50 |2.05| 4.75
Tmpo5| 2 | 40 | 20 | 1.956 | 0.862 | 50 |2.02| 4.75
Tmpo5| 3 | 40 | 20 | 2.000 | 0.826 | 50 |2.02] 4.75
Tmpo5| 4 | 40 | 20 | 1.837 | 0.844 | 50 |2.02| 4.75
ctro1 | 1 | 40 | 20 | 1.592 | 0.538 | 50 [2.07| 4.75
ctro1| 2 | 40 | 20 | 1.343 | 0.589 | 50 [2.07| 4.75
ctro1| 3 | 40 | 20 | 1.349 | 0.568 | 50 [2.06| 4.75
Ctro1| 4 | 40 | 20 | 1.441 | 0659 | 50 |2.06| 4.75

ctro2| 1 | 40 | 20| 1.383 | 0.588 | 50 |2.08| 4.75

ctro2| 2 | 40 | 20 | 1.529 | 0.665 | 50 |2.08] 4.75

ctro2| 3 | 40 | 20 | 1.663 | 0.665 | 50 |2.08] 4.75

ctro2| 4 | 40 | 20| 1.354 | 0.765 | 50 |2.11] 4.75
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Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[§|r/1r]1§3) (m[cZJIr/‘r]rqs) (r[nRoT/]an‘g’) PH, ([r:é?/%)
ctro3 | 1 | 40 | 20| 1.565 | 0.557 | 50 |2.10| 4.75
ctro3 | 2 | 40 | 20 | 1571 | 0641 | 50 |2.13| 4.75
ctro3| 3 | 40 | 20| 1.386 | 0.732 | 50 |2.10| 4.75
ctro3 | 4 | 40 [ 20| 1.593 | 0.679 | 50 |2.10| 4.75
ctro4 | 1 | 40 | 20 | 1.313 | 0615 | 50 [|2.12| 4.75
ctroa | 2 | 40 | 20 | 1.502 | 0.639 | 50 [2.09| 4.75
ctrosa | 3 | 40 | 20 | 1.264 | 0.608 | 50 [2.10| 4.75
ctroa | 4 | 40 | 20| 1.362 | 0.569 | 50 [2.12] 4.75
ctros| 1 | 40 | 20 | 1.430 | 0.538 | 50 |2.18] 4.75
ctros| 2 | 40 | 20 | 1.529 | 0.607 | 50 |2.18] 4.75
ctros| 3 | 40 | 20 | 1.600 | 0.538 | 50 |2.14| 4.75
ctros | 4 | 40 | 20 | 1.491 | 0538 | 50 |2.12| 4.75
No1 | 1 | 40 | 20 | 2.105 | 1.700 | 40 [1.72] 13.6
NO1 | 2 | 40 | 20 | 2119 | 1.799 | 40 [1.73| 136
No1 | 3 | 40 | 20 | 2.058 | 1.864 | 40 [1.76] 13.6
No1 | 4 | 40 | 20 | 2.058 | 1.832 | 40 [1.71| 136
No2 | 1 | 40 | 20| 1682 | 0.677 | 40 [2.21]| 2.70
No2 | 2 | 40 | 20 | 1.664 | 0.617 | 40 [2.21]| 2.70
No2 | 3 | 40 | 20 | 1.548 | 0.718 | 40 [2.23| 2.70
NO2 | 4 | 40 | 20 | 1.493 | 0.695 | 40 |2.22| 2.70
NO3 | 1 | 24 | 36| 2139 | 1.234 | 40 [1.73]| 136
NO3 | 2 | 24 | 36 | 2.078 | 1.310 | 40 [1.71]| 136
NO3 | 3 | 24 | 36 | 2159 | 1.412 | 40 [1.71| 136
NO3 | 4 | 24 | 36| 1.925 | 1.283 | 40 [1.71| 136
No4 | 1 | 24 | 36| 1.980 | 0.419 | 40 |2.10| 2.70
NOo4 | 2 | 24 | 36 | 1.849 | 0.284 | 40 |2.10| 2.70
No4 | 3 | 24 | 36| 1.870 | 0.352 | 40 [2.12]| 2.70
No4 | 4 | 24 | 36| 1.767 | 0.352 | 40 [2.09]| 2.70
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Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[§|r/1r]1§3) (m[cZJIr/‘r]rqs) (r[nRoT/]an‘g’) PH, ([r:é?/%)
NO5 | 1 | 40 | 20 | 2.138 | 1.484 | 60 |1.80| 13.6
NO5 | 2 | 40 | 20 | 2.416 | 1522 | 60 [1.79| 13.6
NO5 | 3 | 40 | 20| 1.901 | 1.478 | 60 [1.78] 136
NO5 | 4 | 40 | 20 | 2.042 | 1.403 | 60 [1.77] 136
NO6 | 1 | 40 | 20 | 1.746 | 0.640 | 60 [2.12| 2.70
No6 | 2 | 40 | 20 | 1.809 | 0.513 | 60 [2.13]| 2.70
No6 | 3 | 40 | 20 | 1.774 | 0.543 | 60 [2.12]| 2.70
No6 | 4 | 40 | 20 | 1.532 | 0.483 | 60 [2.12]| 2.70
NO7 | 1 | 24 | 36| 2113 | 0997 | 60 [1.81]| 136
NO7 | 2 | 24 | 36| 1.928 | 0.890 | 60 [1.76] 13.6
NO7 | 3 | 24 | 36 | 1.882 | 0.991 | 60 [1.73| 13.6
NO7 | 4 | 24 | 36| 2.033 | 1.111 | 60 [1.71| 136
NO8 | 1 | 24 | 36| 1.891 | 0.256 | 60 [2.09]| 2.70
NO8 | 2 | 24 | 36 | 2.019 | 0.284 | 60 [2.00| 2.70
No8 | 3 | 24 | 36| 1.651 | 0.280 | 60 [2.10]| 2.70
NO8 | 4 | 24 | 36| 1.938 | 0.315 | 60 [2.10]| 2.70
NO9 | 1 | 40 | 20 | 2.443 | 1632 | 40 [2.20| 2.70
No9 | 2 | 40 | 20 | 6.357 | 2.015 | 40 [2.21]| 2.70
NOo9 | 3 | 40 | 20 | 7.800 | 1.600 | 40 [2.18]| 2.70
NO9 | 4 | 40 | 20 | 4.454 | 1.749 | 40 |2.21| 2.70
N10 | 1 | 24 | 36| 4.836 | 2.595 | 40 [1.71]| 136
N10 | 2 | 24 | 36 | 3.605 | 2.684 | 40 [1.74| 136
N10 | 3 | 24 | 36 | 5.843 | 2.355 | 40 [1.81| 13.6
N10 | 4 | 24 | 36 | 3.721 | 2595 | 40 [1.79| 13.6
N11 | 1 | 24 | 36 | 4.996 | 1551 | 40 [2.11| 2.70
N11 | 2 | 24 | 36 | 3.242 | 1.496 | 40 [2.10| 2.70
N11 | 3 | 24 | 36| 3.307 | 1551 | 40 [2.11]| 2.70
N11 | 4 | 24 | 36 | 3.436 | 1.463 | 40 [2.10| 2.70

E21



E22 - Appendix E: Liquid-liquid extraction equilibrium for Zn/D2EHPA -

Table E.2 Raw equilibrium results for the extraction of zinc (continue)

Name |Rep. (\r;af) (¥°|) (m[cz)lr;r]rf13) (m[cz)lr/‘r]rqs) (r[nRoT/]an‘g’) PH, ([r:é?/%)
N12 | 1 | 40 | 20 | 3.613 | 3.026 60 |[1.81| 13.6
N12 2 40 | 20 | 5.286 | 3.026 60 1.68| 13.6
N12 | 3 | 40 | 20 | 4.146 | 3.183 60 |1.74| 13.6
N12 | 4 | 40 | 20 | 3.946 | 3.026 60 |1.77| 13.6
N13 | 1 | 40 | 20 | 2.942 | 1.315 60 |[2.18| 2.70
N13 | 2 | 40 | 20 | 3.196 | 1.406 60 |[2.16| 2.70
N13 3 40 | 20 | 3.461 1.380 60 2.18| 2.70
N13 4 40 | 20 | 3.917 | 1.406 60 2.25( 2.70
N14 | 1 | 24 | 36 | 3.898 | 2.650 60 |1.74| 13.6
N14 | 2 | 24 | 36 | 4.368 | 2.911 60 |1.67| 13.6
N14 | 3 | 24 | 36 | 4.839 | 2.435 60 |[1.74| 13.6
N14 | 4 | 24 | 36 | 4.907 | 2.605 60 |1.72| 13.6
N15 1 24 | 36 | 4.286 | 0.841 60 2.09( 2.70
N15 | 2 | 24 | 36 | 3.200 | 0.841 60 [2.09| 2.70
N15 | 3 | 24 | 36 | 3.901 | 0.827 60 |2.11| 2.70
N15 4 24 | 36 | 3.710 | 0.763 60 2.12| 2.70
N16 | 1 | 30 | 30 | 3.028 | 1.212 50 |1.99| 5.14
N16 | 2 | 30 | 30 | 2.963 | 1.299 50 |2.00| 5.14
N16 3 30 | 30 | 3.880 | 1.439 50 1.99| 5.14
N16 | 4 | 30 | 30 | 2.898 | 1.245 50 [1.97| 5.14

E.8 Processed equilibrium results

The meaning of the titles as used in Table E.3 are as follow:

Name : A short code of the experiment.

Vr : Volume ratio=V_ /V,,.

[Zn], : Concentration of the nickel in the feed solution (mol/m’).

o([Zn]))

: Standard deviation of [Zn]..
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[Zn], : Concentration of the nickel in the raffinate solution (mol/m?).

o([Zn],) : Standard deviation of [Zn],.

pH, : Average pH of raffinate solution.

o(pH,) : Standard deviation of pH,.

a(H,) : Activity of hydronium ions in raffinate solution (mol/m?).

v(Zn,) : Activity coefficient of the nickel in the raffinate solution.

%E : % extraction of nickel ions. Calculated with Equation 4.13.

o(%kE) : Standard deviation of %E.

Table E.3: Processed results for extraction equilibrium of zinc
Name | Vr (m[cz>lr/1r]rq3) (‘;(5/?712) (m[§I7r]r;3) (21(5/?71%) PH, o(pH ) (maéﬂié:s) v(zn)| - %E | o(%E)
Ext 01 | 2.0 1.81 0.10 1.57 0.02 (2.155] 0.013 7.0 0.584| 13.5 0.9
Ext 02 | 2.0 1.99 0.16 1.42 0.13 ([2.165| 0.006 7.2 0.586| 28.7 6.6
Ext 03 | 2.0 1.99 0.12 0.99 0.08 [2.098( 0.021 8.1 0.589( 50.0 4.2
Ext 04 | 2.0 1.99 0.09 0.77 0.08 |2.020| 0.000 9.0 0.584| 61.2 4.0
Ext05 | 2.0 1.99 0.07 0.52 0.04 (2.000]| 0.000 9.5 0.586| 73.6 1.9
Ext 06 | 2.0 1.81 0.15 0.39 0.03 [1.990( 0.000 10.2 0.582| 78.3 1.9
Znf01 | 2.0 0.49 0.06 0.16 0.01 2.095(0.010 8.0 0.620| 67.0 4.9
Znf 02 | 2.0 0.99 0.02 0.40 0.03 |2.090( 0.018 8.1 0.608| 60.0 3.3
Znf03 | 2.0 1.63 0.20 0.66 0.09 |2.083]0.010 8.3 0.596| 59.8 7.3
Znf 04 | 2.0 1.83 0.19 0.77 0.12 [2.098| 0.030 8.0 0.598( 57.7 7.7
Znf 05 | 2.0 2.49 0.10 1.12 0.11 2.055]0.021 8.8 0.576| 54.9 4.9
Znf 06 | 2.0 2.83 0.05 1.40 0.21 2.040(0.014 9.1 0.565| 50.5 7.5
Znf 07 | 2.0 3.37 0.27 1.64 0.22 |2.073|0.013 8.5 0.565( 51.4 7.5
Znf 08 | 2.0 3.65 0.37 1.88 0.11 2.035(0.017 9.2 0.551( 48.4 3.2
pHr 01 | 2.0 1.86 0.13 1.65 0.10 [1.583]0.015 26.2 0.443( 11.7 5.1
pHr 02 | 2.0 1.83 0.18 1.34 0.03 [1.735(0.006 18.4 10.488| 26.7 1.8
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Table E.3: Processed results for extraction equilibrium of zinc (continue)

Name | Vr (m[cZ)I7r]lq3) (%(c[j/rr:fg) (m[flr/]r]rqe') ((;(5/% PH, 10(pH ) (macgm3) V)| %E | o(%E)
pHro3 [2.0| 175 | 014 | 092 | 0.07 |2.040|0.114| 104 |0.578| 476 | 4.1
pHr 04 |2.0| 1.47 | 032 | 069 | 0.07 |2.055|0.006| 8.8 [0.589| 53.0 | 4.4
pHro5 |2.0| 140 | 012 | 042 | 006 |2.180|0.000| 6.6 [0.632] 69.7 | 4.2
vro1 05| 191 | 008 | 031 | 001 |2.170|0.016| 6.8 |0.634| 835 | 05
vro2 |07 189 | 009 | 040 | 0.02 |2.068|0.015| 86 [0.603| 79.0 | 1.1
vro3 [1.0]| 200 | 011 | 047 | 0.04 [2058|0.015| 88 |0.598] 76.7 | 1.8
vro4 20| 174 | 011 | 077 | 011 |2.028|0.005| 94 |0.582| 558 | 6.2
vros |50 187 | 014 | 1.14 | 0.09 |2.073|0.005| 85 |0.580| 38.8 | 5.1
Tmpo1|20| 207 | 016 | 097 | 004 |[2.018[0.005| 85 |0.575| 53.2 | 1.8
Tmpo02|20| 199 | 015 | 097 | 005 [2.040[0016| 87 |0.580| 51.3 | 2.7
Tmpo03 |20 | 206 | 026 | 091 | 0.02 [2.020[0.000| 85 [0.583| 56.0 | 0.7
Tmpo04 [2.0 | 193 | 056 | 0.85 | 0.02 [2.005|0.006| 84 [0.582] 56.2 | 1.2
Tmpo5|20| 190 | 017 | 0.84 | 002 |2.028|0.015| 86 [0.588| 556 | 0.8
ctro1 |20| 143 | 012 | 059 | 0.05 |2.065|0.006| 86 [0.591| 58.9 | 3.6
ctro2 |20| 148 | 014 | 067 | 007 |2.088|0.015| 82 [0.593| 54.7 | 4.9
ctro3 |20| 153 | 010 | 0.65 | 007 |2.108|0.015| 7.8 [0.597| 57.4 | 48
ctro4 20| 136 | 010 | 061 | 0.03 |2.108|0.015| 7.8 [0.598| 553 | 2.1
ctros |20 | 151 | 007 | 056 | 006 [2.155|0.030| 7.0 |0.610| 63.3 | 4.3
No1 [2.0| 207 | 003 | 180 | 0.01 [1.730]0.022| 186 [0.481| 13.0 | 06
No2 |20 | 176 | 009 | 068 | 0.04 [2.218|0.010]| 6.1 |0.626| 616 | 2.5
No3 |07 | 207 | 0.11 131 | 0.07 |1.715]0.010 | 19.3 [0.485| 36.7 | 3.6
No4 |07 | 176 | 0.09 | 035 | 0.06 [2.103[0.013| 7.9 [0.617] 80.1 | 3.1
No5 |20 | 207 | 022 | 147 | 005 |[1.785(0.013| 16.4 [0.500| 28.8 | 2.4
No6 |20 | 176 | 013 | 054 | 0.07 [2.123]0.005| 7.5 |0.610] 69.1 | 3.9
No7 |07 | 207 | 010 | 1.00 | 0.09 [1.753]|0.043 | 17.7 |0.498| 51.8 | 4.4
Nos |07 | 1.76 | 016 | 0.28 | 0.02 [2.095[0.006 | 80 [0.613] 839 | 1.4
No9 |20 | 404 | 233 | 175 | 0.32 |2.200|0.014 | 6.3 [0.583| 56.7 | 8.0
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Table E.3: Processed results for extraction equilibrium of zinc (continue)

Name | Vr (m[cz)l7r]lq3) (;(c[j/rr:fg) (m[flr/]r]rqe') ﬂff:ﬂ@) PH, 10(pH ) (macg:;lrfr)ls) V)| %E | o(%E)
N10 |07 | 440 | 105 | 256 | 021 [1.763]|0.046| 17.4 |0.472| 418 | 48
N11 |07 | 404 | 084 | 152 | 006 [2.105|0006| 7.9 |0.569] 62.5 | 1.5
N12 |20| 440 | 073 | 3.06 | 019 [1.750|0.055| 16.9 [0.474| 30.3 | 4.4
N13 [20| 4.04 | 042 | 138 | 025 [2.193]|0.039| 6.4 [0.586| 659 | 6.1
N14 |07 | 440 | 047 | 265 | 009 [1.718|0.033| 192 [0.463| 39.7 | 2.1
N15 |07 | 404 | 045 | 082 | 007 [2.103|0015| 7.9 |0.580| 79.8 | 1.7
N16 [1.0| 3.00 | 046 | 1.30 | 0.10 [1.988]0.013| 10.3 [0.552| 56.8 | 3.3
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