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Summary 

This thesis comprises of the following main sections: 

Synthesis of magnetite nanoparticles 

Parameters that are potentially important for the industrial-scale synthesis of magnetite nanoparticles were 

investigated in a factorial design experiment. It was found that the Fe(III):Fe(II) ratio specifically should be 

controlled in an industrial environment while small variations in the iron and ammonia solution 

concentrations do not significantly affect precipitate properties. These parameters were incorporated into a 

study on the large-scale synthesis of 8 - 12 nm magnetite particles using high pressure impinging stream 

reactors. The magnetite material was synthesised at rates of between 30 g min-1 at 200 kPa and 50 g min-1 at 

500 kPa. 

Applications of magnetite nanoparticles in transition metal ion extraction 

The use of magnetite, a magnetic liquid and the extractants Aliquat 336 and methyl isobutyl ketone 

incorporated into a magnetic liquid were investigated in the extraction of Co(II) from a model [Co(SCN)4f 
system. The magnetically modified systems were found to compare favourably with or extract more 

[Co(SCN)4f than the conventional extractant systems as a result of the added potential for anion extraction 

by the cationic magnetite surface in acidic media. Commercial solvent extractants (Cyanex 272, D2EHPA 

and LIX 984N) incorporated into a magnetic liquid showed an increased rate of phase separation after 

solvent extraction when using an externally applied magnetic field as compared to a non-magnetic system. 

Applications of magnetite nanoparticles in platinum group metal ion extraction 

Magnetite nanoparticles coated with silica and functionalised with diethylenetriamine were shown to be 

capable of selective Pd(II) extraction over Cu(II) (at pH< 4) as well as showing an improved resistance of 

up to 80 % as compared to bare magnetite in acidic media. Degradation of ion exchanger material of up to 

55 % was observed when the ion exchanger was used in four successive recovery cycles and under harsh 

desorption conditions. Alternative desorbents should decrease this iron dissolution. 
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Opsomming 

Die verhandeling bevat die volgende hooftema's: 

Sintese van magnetiet nanopartikels 

Die belangrikste proses eienskappe vir die industriele skaal sintese van magnetiet nanopartikels is 

ondersoek deur gebruik te maak van 'n faktoriale ekperimentele ontwerp benadering. Die Fe(III):Fe(II) 

verhouding is van kritiese belang en moet noukeurig gekontroleer word in die industriele skaal sintese, 

terwyl klein variasies in die magnetiet en ammoniak oplossing konsentrasies nie 'n waameembare invloed 

op die presipitasie eienskappe van die nanopartikels het nie. Die resultate van die ondersoek is in ag 

geneem tydens die grootskaalse sintese van 8 - 12 nm magnetiet partikels met behulp van 'n hoedruk 

stroomreaktor. Die magnetiet nanopartikels is gesintetiseer met vloeitempo's tussen 30 g min-1 by 200 kPa 

en 50 g min- 1 by 500 kPa. 

Gebruik van magnetiet nanopartikels in oorgangsmetaal ioon ekstraksie 

Magnetiet, magnetiese vloeistof, en die gemodifiseerde magnetiese vloeistof bestaan uit die ekstraktant 

Aliquat 336 en metiel isobutiel ketoon, was gebruik om die ekstraksie van Co(II) uit die model 

[Co(SCN)4f systeem te ondersoek. Die gemodifiseered magnetiese vloeistof stelsel vergelyk gunstig, of 

ekstraheer meer [Co(SCN)4f, as konvensionele ekstraksie. Dit is waarskynlik as gevolg van die affiniteit 

vir anioon ekstraksie deur die katiooniese magnetiet oppervlakte in 'n suur medium. Met die toevoeging 

van kommersiele ekstraheer middels (Cyanex 272, D2EHPA en LIX 984N) word die faseskeiding van die 

magnetiese vloeistof na die ekstraksie onder die invloed van 'n eksteme magnetiese veld verhoog in 

vergelyking met die nie-magnetiese sisteme. 

Gebruike van magnetiet nanopartikels in platinum groep metal ioon ekstraksie 

Deur die silika bedekte magnetiet nanopartikels te funksionaliseer met di-etileentriamien toon die 

nanopartikels 'n selektiewe ekstrasie vir Pd(II) oor Cu(II) by 'n pH< 4. Verder vertoon die nanopartikels 'n 

verhoogde weerstand teen degradasie in 'n suur medium van tot 80 %. Onder desorpsie kondisies toon die 

funksionele nanopartikels 'n degradasie van tot 55 % na vier agtereenvolgende desorpsie siklusse. Die 

gebruik van altematiewe desorpsie materiaal kan die degradasie van die magnetiet verder venninder. 
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Chapter 1 

Introduction and thesis outline 

I. Properties of magnetic nanoparticles 

Scientists have become increasingly interested in the field of nanoscience and nanotechnology1
, a broad 

interdisciplinary area of research involving chemistry, physics, metallurgy and engineering and with the emphasis 

on materials in the range of 1 - 100 nm. 

Nanoparticles are defined as solid well-characterised materials being less than 100 nm in all dimensions and are 

more often defined as spherical particles of the order of 10 nm or less2
• They may have unique electrical, chemical, 

structural and magnetic properties3 and are becoming increasingly important in a variety of different fields. 

Nanosized magnetic particles are already being used in a number of applications2
• 

4
-
14

: as surface functionalised 

particles for biosensing applications, in magnetic storage media, in catalysis, for investigations into surface effects 

and magnetism, in magnetic liquids, in sensors and in medical applications. Interesting medical applications include 

their use as contrast agents in magnetic resonance imaging, cell separation and targeted drug delivery where the 

magnetic properties of the particles allow for the directed movement and retention of a biological effector at the 

required point of action. 

The properties of the magnetic nanoparticles are highly dependent on their size, morphology and chemical 

composition2
. Bulk ferromagnetic materials are subdivided into areas known as domains 15

. In an unmagnetised 

sample and below the Curie temperature, the moments of these domains are randomly orientated but will tend to 

align themselves in the direction of an external applied magnetic field. The magnetisation and subsequent reversal of 

magnetisation occurs through the motion of the domain walls. As the particle size approaches a certain minimum 

critical size, often in the nanometre range, the formation of domain walls becomes energetically unfavourable. 

Changes in magnetization occur through the coherent rotation of spins rather than through the motion of domain 

walls. Pa1ticles of this size that exhibit these properties are called single domain particles. The critical volume for 

single domain magnetite particles 11
, is calculated to be approximately 50 nm. 

As size is decreased further (and depending on the particle anisotropy), the particles become superparamagnetic
2

' 
3

' 

13
. Superparamagnetic materials can be magnetised when exposed to an external applied magnetic field but exhibit 

no hysteresis in their magnetisation curve and have zero magnetisation at zero applied field 16
• Superparamagnetism 

is often only displayed at room temperature11 when the particle size is in the region of 10 nm. Because of the size of 

the particles, the1mal energy is normally sufficient to overcome magnetic coupling moments by causing atomic 

magnetic moments to fluctuate randomly. In the absence of a magnetic field, the particles exhibit a random 

distribution of magnetic moments so that the collection of particles have no net magnetisation. In an applied 
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magnetic field, the moments experience an induced torque and align in the direction of the field either by rotation of 

the particle itself or by rotation of the magnetic vector of the particles. The relaxation mechanism is a function of the 

particles' anisotropy and thermal energ/ and occurs either by Neel relaxation (relaxation of the internal 

magnetization vector) or Brownian relaxation (rotational diffusion of the particle) 10
• 

17
• 

18
• 

The superparamagnetic phenomenon essentially allows one to use these materials as conventional "unmagnetised" 

materials but with the added advantage that one can control and transport them when and as required by judicious 

application of an external applied magnetic field produced by an electromagnet or permanent magnet3
' 
5
' 

19
• 

In addition, the small particle size provides a large surface area for functionalisation or attachment of a high 

concentration of the species of interest and allows for the use of these particles in applications where small 

dimensions are required (see as a comparison the sizes of commonly occurring small objects, Fig. 1)20
. With a 

decrease in particle size, the available surface area increases (i.e. surface to volume ratio increases) 13
. As an 

illustration, a 3 nm particle has 50 % of its atoms on its surface as compared to the 20 and 5 % surface atoms 

possessed by 10 and 30 nm particles, respectively20
. (It may, however, be more difficult to manipulate very small 

particles if they possess a low magnetic susceptibilit/.) The surface area of 1 g of magnetite nanoparticles increases 

from approximately 100 to 1000 m2 as the particle diameter decreases from 10 to 1 nm. 

nucleus of mammalian cell (8X) 
bacteriaform (!OX) 

red blood cell (IOOX) ----

polio vims 

immunoglobulin 

superparamagnetic 
magnetite nanoparticle 

j Buckminster 

1 
./ Fullerene (C60) 

~~~===-===~~~~02.!:.,_.~ 
--------1 

JOO nm !nm 

Figure 1 Size comparison of magnetite nanoparticles with other common small objects20 

2. Magnetite nanoparticles 

Magnetite (Fe30 4) is one of the sixteen natural and commonly occurring hydroxides or oxide hydroxides and is used 

for interesting purposes such as by salmon, honey bees and pigeons for navigation and by bacteria for 

magnetotaxis7
. 

2 
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Magnetite is a black material with a crystalline inverse spine! structure7
. It differs from most iron oxides in that it 

contains both divalent and trivalent iron, with structure Y[XY]04 where X = Fe(II) and Y = Fe(III) and the brackets 

denote octahedral sites. The trivalent ions occupy both tetrahedral and octahedral sites7 as shown in Fig. 2. 

Stoichiometric magnetite has Fe(III) in a ratio of 2: 1 to Fe(II) but in practice, magnetite is frequently non­

stoichiometric with a cation deficient Fe(III) sublattice18
• The divalent ion may be replaced by other divalent species 

such as Mn(II) or Zn(II) as the oxygen framework is flexible, allowing for a change in shape to accommodate 

cations different in size from the Fe(II) ions. In magnetite, the occupation of tetrahedral and octahedral sites by 

trivalent iron and the occupation of octahedral sites by divalent iron, allows for a system of two interpenetrating 

magnetic sublattices. The spins on the octahedral and tetrahedral sites are antiparallel and of unequal magnitude 

resulting in a ferromagnetic order7
. Magnetite has a density of 5.18 g cm-3

, a Curie temperature of 850 Kand a 

saturation magnetisation7
• 

10 ranging from 300 to 480 kA m·1
. 

Q Oxygen 

@ Tetrahedral iron 

® Octahedral iron 

Figure 2 Ball and stick model showing arrangement of octahedral and tetrahedral sites in magnetite7 

3. Research goals and thesis outline 

We have become interested in the use of magnetite nanoparticles for a variety of potential industrial applications 

including transition and platinum group metal ion extraction. The research aims of this thesis were: 

1. The large-scale synthesis and characterisation of magnetite nanoparticles, 

2. the synthesis and investigation of the use of a magnetic liquid system for transition metal ion extraction and 

3. the synthesis and investigation of a superparamagnetic ion exchanger for transition and/or platinum group 

metal ion extraction 

In Chapter 2, work focuses on the impottance of selected parameters for the industrial scale precipitation of 

magnetite. These parameters are then taken into consideration in Chapter 3 in the investigation of the use of high 

pressure impinging stream reactors for the large-scale, continuous precipitation of magnetite. 

3 
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In Chapter 4, a model system is studied for the extraction of [Co(SCN)4f from an aqueous phase onto the surface 

of bare magnetite and into a magnetic organic phase. The results are compared to the extraction into a conventional 

non-magnetic organic phase. 

Work is extended in Chapter 5 to investigate the percentage metal ion extraction and rate of organic/aqueous phase 

separation after solvent extraction by comparison of a conventional solvent extraction system with a system in 

which commercial liquid organic extractants are incorporated into a magnetic liquid, thereby conferring magnetic 

properties to the extractants. 

The synthesis of a silica-coated diethylenetriamine functionalised acid resistant magnetite ion exchanger is discussed 

in Chapter 6 and the use of these particles in the selective extraction of Pd(II) over Cu(II) is discussed in 

Chapter 7. 

Chapter 8 concludes with the main findings and recommendations and evaluates the systems discussed in the thesis. 

The following papers are based in part on this thesis: 

o Vatta, L. L.; Sanderson, R. D.; Koch, K. R., Magnetic nanoparticles: Properties and potential applications. 

Pure Appl. Chem. 2006, 78, (9), 1791-1799. 

o Vatta, L. L.; Sanderson, R. D.; Koch, K. R., An investigation into the potential large-scale continuous 

magnetite nanoparticle synthesis by high pressure impinging stream reactors. In press. Journal of 

Magnetism and Magnetic Materials 2007. 

o Vatta, L. L.; Kramer, J.; Koch, K. R., Diethylenetriamine functionalised silica coated magnetite 

nanoparticles for selective palladium ion extraction from aqueous solutions. In press. Separation Science 

and Technology 2007. 

o Vatta, L. L.; Koch, K. R., The extraction of [Co(SCN)4f from an aqueous solution by solvent extraction 

using a magnetic liquid and a magnetic liquid/Aliquat 336 mixture. Manuscript in preparation 2007. 

o Vatta, L. L.; Sole, K. C.; Koch, K. R., Sterically stabilised nanoparticle magnetic liquids for magnetically 

assisted base metal solvent extraction. Manuscript in preparation 2007. 
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Chapter 2 

A factorial design investigation into the effect of selected parameters on the precipitation of 

nanosized magnetite particles 

Abstract 

Optimum ranges of various factors important for magnetite precipitation, such as iron and ammonia solution 

concentration, temperature, reagent addition time, pH and ionic strength, have been defined by various research 

groups. Slight variations in such parameters can be expected in a potential industrial environment where magnetite is 

precipitated on a larger scale. A factorial design experiment was conducted to determine the sensitivity and effect on 

the saturation magnetisation, percentage magnetite precipitated (as opposed to the precipitation of other non­

magnetic iron oxides) and particle size for variations within the suggested parametric range for iron and ammonia 

solution concentrations and Fe(III)/Fe(II) molar ratio. The Fe(III)/Fe(II) molar ratio was found to be the most 

important factor affecting saturation magnetisation and the precipitation of magnetite. For industrial scale 

precipitation, an Fe(III):Fe(II) molar ratio of 2 should be used and the iron solution should be prepared immediately 

prior to use, to prevent Fe(II) oxidation and subsequent variations in Fe(IIl):Fe(II) molar ratio. The iron and 

ammonia solution concentrations, the Fe(III):Fe(II) molar ratio and the interaction between the Fe(III):Fe(II) molar 

ratio and iron solution concentration were found to have an effect on the particle size. However, the maximum 

change in particle size was approximately± 2 nm which is not significant for our applications. Variations within the 

suggested ranges should not adversely affect the precipitation of magnetite of a certain size, and the iron and 

ammonia solution concentrations can therefore be maintained within the range of 0.5 - 1.5 and 8.3 - 13.5 mo! r 1
, 

respectively. 

1. Introduction 

1.1 Methods for the synthesis of magnetic particles 

Three methods are commonly used for the preparation of magnetic nanoparticles: physical vapour deposition
1 

(assembly of individual atoms to form nanostructures), mechanical attritioning1
' 
2 (fracturing of larger coarse-grained 

structures) and chemical routes from solution which may include precipitation, reduction, hydrothermal means, 

micelle routes, decomposition of transition organometallic complexes by thermolysis, photolysis or sonolysis, so I­

gel methods, polyol methods and electrochemical or electrodeposition methods 1
•
3

• Chemical routes for the 

preparation of magnetic nanoparticles are advantageous in that enhanced homogeneity may be achieved more easily 

using solution chemistry as opposed to using mechanical forces such as attritioning and the method lends itself to 

the cost-effective production of large quantities of material. 

6 

Stellenbosch University  https://scholar.sun.ac.za



Although a variety of chemical syntheses routes exist, it was decided in this study to prepare magnetic nanoparticles 

by a precipitation route for a number of reasons: 

o As mentioned in Chapter 1, nanoparticle composition and size impact on magnetic properties and the ideal 

synthesis technique should therefore offer control over these parameters4
. In certain chemical syntheses 

methods such as the sol-gel method, reactions may be difficult to control resulting in undefined particle 

composition, size, size distribution, morphology, agglomerate size etc.s whilst precipitation methods usually 

allow for the control of these particle properties through the manipulation of parameters such as pH, metal 

cation type and concentration, temperature and type of precipitating agents-7
. 

o Particle size could be controlled accurately in, for example, micelle synthesis or using thermolysis, photolysis or 

sonolysis synthesis methods where a polymer, surfactants, capping agents or ligands are used to limit space 

available for growth8
• 

9
. However, it may be difficult to free the particle from these reagents4 and interaction of 

these agents with the particle surface may result in an alteration of their magnetic properties1
• Precipitation 

reactions provide minimal contamination from additional reagents used to control particle sizes. 

0 Precipitation in aqueous solutions is relatively simple, rapid and cost effectives, 6
. Syntheses by, for example, 

reduction or hydrothermal means are complex or have complex chemistry1
• 

o Surface modification during or after synthesis is easy to accomplish after precipitation and allows for added 

functional ity1
'
6

• 

0 Relatively large volumes of homogeneous material can be produced by precipitation 1
' s. 

Magnetite (Fe30 4) is often chosen as the preferred magnetic nanoparticle precipitate as it is relatively easily prepared 

in aqueous solution and can be doped with Co(II), Mn(II), Zn(II) or Ni(II) (which allows for the manipulation of the 

magnetic hardness of the materia1) 10
• Pure ferromagnetic elements such as Fe, Co or Ni nanoparticles may exhibit a 

higher magnetisation 11 as compared to magnetite, however, they are more susceptible to oxidation 12
' 

13
• In addition, 

magnetite offers other advantages in that there is potential for it to be manufactured at low cost using effluents 

containing iron compounds 14 (such as spent pickle liquor). The presence of other metal ions is not overly detrimental 

to magnetite precipitation provided they are present in relatively small amounts1s. Magnetite is also of general 

interest because, along with maghemite (y-Fe20 3), it is one of the only magnetic materials accepted for medical 

applications 12
' 

16
• 

1.2 The synthesis of magnetite nanopartic/es by precipitation 

Magnetic nanoparticle ferrites with the spine! structure, MFe20 4 where M is a divalent metal cation, e.g., Co(II), 

Mn(II), Fe(II), can be prepared by addition of a base to an aqueous mixture of the metal salts 12
: 

(1) 

7 
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Fe(II) is a popular choice for coprecipitation with Fe(ill) ions. The minimum Fe(ill):M(II) molar ratio for MFe204 

precipitation (where M(II) is Fe(II), Co(II), Cu(II), Mn(II), Ni(II) or Zn(II)) is 10 for Fe(II), 3.3 for Co(II) or Cu(II) 

and 2 for Mn(II), Ni(II) or Zn(II), i.e., less Fe(II) is required than Co(II), Cu(II), Mn(II), Ni(II) or Zn(II) for MFe204 

precipitation. This is because the Fe(ill)/Fe(II) system has the advantage of being able to exchange the identities of 

the M(III) and M(II) sites by electron transfer whilst particles are growing5
· 

6
· 

17
' 

18
. In addition, aging is required for 

coprecipitation of Fe(III) with other divalent cations, because spine! can only form by redissolution-crystallisation 

equilibria (Ostwald ripening). Massart1 7 first precipitated magnetite from an aqueous solution of Fe(ill) and Fe(II) 

cations by addition of an alkaline solution. The formation and transformation pathways 19 of the iron oxides that can 

be produced by this method under various pH conditions are shown in Fig. 1. Because of the number of diverse iron 

oxides that could precipitate, control of certain important factors is required to obtain the magnetite spine! structure. 

rusts 

Ooissolved 

0 Hexagonal - close packing 

D Cubic - close packing 

Dehydration Haematite 
rearrangement a-Fe20 3 

Thermal transformation 200 - 400°C ·""~ . 0 
<."' ~-- § 

Lepi~o- Dehydro­
croc1te xylation 

y-FeOOH 

,<~<:) ,~ - ·.;;; 
. °'" ~o<.v ro ro 

aghemit ~c,, E E 
..:;.<t> <l.) 0 

y-Fe20 3 ~ ~ 
g 

Oxidation Dehydroxylation Magnetite Feroxyhyte 
8-FeOOH pH 9 - 10 Fe30 4 

Figure 1 Formation and transformation pathways of the iron oxides at various different pH conditions
19 

Much work has been performed to determine the effect of various parameters on the precipitation of the correct 

species of iron oxide from aqueous Fe(III)/Fe(II) solutions. Although certain conditions for the optimised 

8 
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precipitation of magnetite, such as rate and intensity of mixing, temperature, nature of precipitator, presence of a 

surfactant and type of metal precursor salt used (chlorides, nitrates, perchlorates, etc.)6
• 

20
• 

21
, can be found in 

literature, in general, these are for controlled laboratory conditions. 

In Chapter 3 the use of impinging stream reactors is investigated for the precipitation of magnetite with the 

envisaged aim of using these reactors on a large commercial scale. In industry, depending on quality control 

practices, there may be variations in reagent quality. For example, ammonia solubility in an ammonium hydroxide 

solution is dependent on temperature and could vary according to environmental temperature changes thereby 

affecting the solution concentration. Alternatively, Fe(II) in a Fe(III)/Fe(II) reagent feed solution may oxidise with 

time thereby altering the iron solution concentration. (It has been suggested that a 1.5 molar ratio of Fe(III) to Fe(II) 

be used in practice instead of the stoichiometric value of2 because of the potential oxidation ofFe(II) 15
.) 

The importance of parameters such as Fe(III):Fe(II) molar ratio, iron concentration and ammonia concentration on 

nanosized magnetite precipitation has been determined over a wide range5
• 
6
• 
8

• 
22

• 
23

• For example: 

0 An Fe(III):Fe(II) molar ratio smaller than or equal to 3 is suggested for magnetite precipitation. 

0 A final solution pH in the range of -8 - 12 (from ammonia solution addition) is required not only for the 

precipitation of magnetite as opposed to other iron oxides but also allows for the precipitation of small 

magnetite particles. 

Media with high ionic strength (-0.5 - 3 mol r 1
) allow for the precipitation of small particles. 

It is, however, not clear what the effect would be on percentage magnetite precipitated (as a function of the total 

magnetic and non-magnetic iron oxide precipitated), saturation magnetisation and precipitate particle size within 

these defined ranges and with variations in reagent quality. A factorial design experiment was conducted in order to 

determine the sensitivity to variations in iron and ammonia solution concentrations and Fe(III):Fe(II) molar ratio 

within the suggested optimum ranges on magnetite precipitation. Once these effects have been established, 

variations in magnetite precipitation when using the impinging stream reactors (Chapter 3) can be ascribed to reactor 

parameters rather than to variations in reagent composition and the sensitivity of these factors on magnetite 

precipitation on an industrial scale can be established. 

2. Experimental 

2.1 Reagents and analytical methods 

All reagents and solvents were purchased from commercial sources and were used without further purification. 

FeCl3.6I-h0, FeS04.7H20 and a 25 % NH40H solution (Merck) were used for the precipitation of magnetite. 

Deionised water was used for the preparation of aqueous solutions. 

9 
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Magnetisation curves (and saturation magnetization at a maximum field of l.35Xl06 A m- 1
) were obtained on an 

LDJ 9600 Vibrating Sample Magnetometer (VSM) while field emission scanning electron micrographs (FESEM) 

were obtained using a JEOL JSM-6000F Field Emission Scanning Electron Microscope. Densities of precipitates 

measured at 20 °C were determined using an Anton Paar Densitometer. X-ray diffraction (XRD) measurements were 

obtained on a Siemens D501 Diffractometer with qualitative sample percentage composition determined using the 

reference intensity ratio and peak height. Particle size was determined in two manners: firstly using ImageJ, a public 

domain image processing program24 and secondly through the method of Chantrell et al. 25 where an approximation 

of the magnetite particle size is determined indirectly from the magnetisation curve. There is evidence that the 

distribution of precipitate particle size is given by a log normal distribution while the total magnetisation is given by 

the sum of the contribution from each particle size weighted using the distribution function. Formulae have been 

derived for the median diameter ( D,,) and the standard ( u ) deviation of the log no1mal distribution: 

(2) 

/ '\ 

In 

1 
a= (3) 

3 

with k the Boltzmann constant, T the temperature, Is the saturation magnetisation for the bulk magnetic particles, 

E the volumetric paiticle packing fraction, X; the initial susceptibility and the reciprocal field at I= 0. This 
Ho 

method of particle size determination should be considered as an approximate one as a discrepancy could arise from 

the assumption of the validity of the log nomial distribution of particle sizes. 

2.2 Factorial design 

A 3-factor full factorial experiment was designed where the effect of the following variable factors on magnetite 

precipitation were investigated: Fe(III):Fe(II) molar ratio (varied from 1 - 3), total iron concentration (varied from 

0.5 - 1.5 mo! r 1
) and ammonia concentration (varied from 8.3 - 13.5 mo! r 1

, the concentration of which was 

determined by titration with HCI). As responses to the experiments, the saturation magnetization, particle size (and 

standard deviation) and percentage magnetite (as a function of the total magnetic and non-magnetic iron oxide 
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precipitated) were determined. An analysis of variance (ANOVA) was performed to determine significant 

parameters in the model. 

The conditions for each run in the factorial designed experiment with masses and volumes of reagents used in the 

experiments are given in Table 1. High and low levels in all possible combinations (runs 3 to 10) were investigated 

for each factor, i.e., at low and high levels 1 and 3 for the Fe(III):Fe(II) molar ratio, 0.5 and 1.5 mol r1 for the total 

iron concentration and 8.3 and 13.5 mol r 1 for the ammonia concentration. Runs 1 and 2 are replicates with factors 

that are at the centre points of the design space (average of the high and low levels for each factor), i.e., the factors 

are set at an Fe(III):Fe(Il) molar ratio of 2 (average of 1 and 3), a total iron concentration of 1 mol r1 (average of0.5 

and 1.5 mol 1" 1
) and an ammonia concentration of 10.9 mol r 1 (average of 8.3 and 13.5 mol 1" 1

). 

Table 1 Conditions at each run for the factorial designed experiment 

Factor 1 Factor 2 Factor 3 NH40H solution 

F e(IIl)/F e(ll) Iron cone Ammonia cone FeCh.6H20 FeS04.7H20 volume 

Run molar ratio (mol r') (mol r') mass (g) mass (g) (ml) 

1 2 1 10.9 9.0 4.6 24.4 

2 2 1 10.9 9.0 4.6 24.4 

3 1 0.5 13.5 3.4 3.5 9.9 

4 1 1.5 8.3 10.1 10.4 48.0 

5 3 1.5 8.3 15.2 5.2 48.0 

6 1 1.5 13.5 10.1 10.4 29.7 

7 3 0.5 13.5 5.1 1.7 9.9 

8 3 0.5 8.3 5.1 1.7 16.0 

9 1 0.5 8.3 3.4 3.5 16.0 

10 3 1.5 13.5 15.2 5.2 29.7 

The required masses of FeCl3.6H20 and FeS04.7H20 were dissolved in 50 ml water. Two times excess NH40H 

solution was added rapidly to the iron solution with intense mixing. The precipitate was stirred for 10 minutes. 

Saturation magnetizations were compared at a density of 1.4 g cm·3 (diluted by addition of deionised water if 

required). If the sample could not be diluted to exactly 1.4 g cm·3, the saturation magnetization at 1.4 g cm·3 was 

determined by the interpolation of the densities of two of the same samples of approximately 1.4 g cm·3. 

For the preparation of samples for FESEM, the required mass of lauric acid (40 % by mass26
, Sigma-Aldrich) and 

5 ml 25 % NH40H were added to 3X20 ml samples to prevent agglomeration of particles. (Excess ammonia is used 

to form a carboxylate with the surfactant because of its low solubility26 although it is also possible to add the 
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dispersing agent in ammoniated form, e.g., as ammonium laurate15
.) The flask was heated to 80 °C with mixing to 

promote dissolution of the (auric acid. Samples were suspended on carbon stubs and allowed to dry. 

For the XRD measurements, the precipitate was washed with two portions of 200 ml water through which nitrogen 

had been bubbled. The wash water was decanted (non-magnetically so as to retain all precipitated material) each 

time between washing after allowing the material to settle. 

Certain samples were aged for 8 days to determine the effect on sample composition and particle size. The samples 

were covered whilst stirring to limit the entry of air. FESEM and XRD sample preparation was conducted in the 

same way as for the samples where no aging was performed. 

3. Results and discussion 

The responses as given in Table 2 (average size and unbiased standard deviation determined using the VSM, 

average size and unbiased standard deviation determined using the FESEM, saturation magnetisation and percentage 

magnetite precipitated) were obtained for use in the factorial design analysis of variance (ANOV A). 

Table 2 Factorial design responses: average size and standard deviation, saturation magnetisation and percentage 

magnetite 

Average size Standard Average size Standard 

(determined deviation (determined deviation Saturation Percentage 

usingVSM) (VSM data) using FESEM) (FESEM data) magnetisation magnetite 

Run (nm) (nm) (nm) (nm) (Am- 1
) (%) 

1 11.2 0.6 7.3 1.7 3355 53 

2 11.6 0.6 6.7 1.8 3414 67 

3 11.3 0.7 8.7 2.5 3525 100 

4 11.0 0.6 7.5 2.1 3456 100 

5 9.5 0.7 6.3 1.2 2635 55 

6 10.6 0.7 7.6 2.1 3600 53 

7 10.3 0.8 6.3 1.6 2917 52 

8 10.5 0.8 5.8 1.0 2543 60 

9 11.6 0.7 9.0 2.1 3846 100 

10 9.2 0.7 6.7 1.3 2770 26 
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Once the ANOV A had been performed to determine significant parameters, one factor or interaction graphs were 

plotted. One factor graphs (Fig. 2 (a)) are plotted only for those factors that do not show any interactions with one 

another and display for example, a linear effect of Response Bat low and high levels of Factor A. 

An interaction between two factors occurs when the measured response is different, depending on the high or low 

settings of the two factors. Interaction graphs (e.g., Fig. 2 (b)) show two non-parallel lines and indicate for example, 

that the Response B to Factor A differs depending on whether Factor C is at a high or low level. 

Bl 

Bl 

the variation of the response B to factor A is 
indicated as a linear line joining the responses Bl 

and B2 corresponding to the low (A') and high 
(A+) levels respectively of the factor investigated 

these points indicate 
the replicate responses 

B,,t and B,,2 for the 
centre point Acp 

A· 

FACTOR: A 

(a) 

the respo se B to 
factor A 1ay not 

be linear h II rather 
exhibit a urved 

/

profile - t e centre 
, ~ points are used as 

', an indicati n of the 
\ possible c rvature 

" 

A+ 

B3 response B when 
factor C is at a low 

level (C') 

= 
~ 
"' z BS 0 
i=.. Bcpl 

"' ~ 
Bcp2 

B6 

B4 

A- A+ 

FACTOR: A 

(b) 

Figure 2 (a) One factor graph and (b) interaction graph showing factors A (low level), Acr (centre point) and A+ 

(high level) and reponses Bl (response for A), Berl (response for Acp' first replicate), Bcp2 (response for Acp' second 

replicate), B2 (response for A+), B3 (response for A when factor C is at a low level), B4 (response for A+ when 

factor C is at a low level), BS (response for A- when factor C is at a high level) and B6 (response for A+ when factor 

C is at a high level) 

The responses are plotted at the factor low and high levels only, and therefore appear to be linear even if in practice 

there is curvature in the response at points in between the factor low and high level. In order to provide an estimate 

of this curvature and to indicate the pure error, runs are conducted at centre points of the factors (see for example 

Runs 1 and 2, Table 1, which were conducted at the centre points of the factors). These responses can be plotted as 

points on the factor or interaction graphs thereby providing an estimate of this curvature. The 'curvature F-value' 

calculated as part of the ANOV A indicates the difference between the average of the center points responses and the 

average of the calculated factorial points and gives an indication of the deviation from the assumed linear response. 
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'p-values' reported for the data indicate the statistical significance of the results and represent the probability of 

error that is involved in accepting the observed result as valid, e.g., a p-value of 0.05 indicates that there is a 5 % 

probability that the relation between the variables found in the sample is coincidental. For these studies, a p-value of 

0.05 was treated as an acceptable error level. The concepts as discussed above are explained graphically in Fig. 2. 

3.1 Effect of the three factors investigated on the saturation magnetisation and percentage magnetite precipitated 

The ANOVA from our studies indicated the importance of the Fe(III)/Fe(II) molar ratio in magnetite formation as 

the only factor out of the three factors investigated that affected the saturation magnetisation significantly (p-value 

of 0.010) and percentage magnetite in the samples (p-value of 0.011) (see Figs 3 (a) and (b), respectively). The 

percentage magnetite is related to the saturation magnetisation as samples containing magnetite (which has a higher 

saturation magnetisation as compared to the other iron oxides 19
) would contribute most to the magnetic nature of the 

sample. The centre points lie within the experimental error of the factor plots and the curvature in the model was not 

found to be significant relative to the noise (a curvature F-value of 3.3 was obtained as measured by the difference 

between the average of the center points and the prediction from a linear relation between the factorial points). 

3846 
100 

T • e 
3,3S20.2S r 
" • 
.!l • 
-~ ::R e.., 

" e 
C 3194.S .'fi 
t;l' 
8 " t;l' 

" ~ 0 .E 
" ~2868.7S 

T "' 
• 
l 

2543-
26.2-

I I I I I I I I I I 
1.00 I.SO 2.00 2.SO 3.00 

1.00 I.SO 2.00 2.SO 3.00 

Iron ratio Iron ratio 

(a) (b) 

Figure 3 One factor plot of (a) saturation magnetisation and (b) percentage magnetite versus Fe(III)/Fe(II) molar 

ratio (o represents the response for the centre points in the design) 

In order to understand the importance of the Fe(IIT)/Fe(II) molar ratio, the mechanism of magnetite formation will 

be discussed briefly. 
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The addition of a base to an Fe(III) solution results in the displacement of water molecules from the coordination 

sphere of the hexa-aqua ion, [Fe(H20)6]
3
+ or displacement of other complexing anions such as er. Above pH 1, 

species such as [Fe(OH)(L5)f+, [Fe(OHh(L4)t or [L5FeOFeL5]
4+ (where L represents a complexing ligand) may 

form. Above pH 2, more condensed species and colloidal gels form. Bridging through hydroxo (Fe-OH-Fe) and oxo 

(Fe-0-Fe) species is favoured at high pH (> 8) and can result in the formation of polymeric iron oxohydroxo 

species19 with general formula Fe30r(OH),9-<2r+•)_ (The formation of these oxyhydroxides is often observed visually 

in the laboratory: the precipitate appears gelatinous and viscous immediately after addition of the base to the 

aqueous solution.) The most common of the oxyhydroxide species is ferrihydrite, with a low degree of cross-linking, 

poorly ordered association of Fe(O,OH)6 octahedra and of which the structure is not clearly understood. 

Ferrihydrites are therefore often referred to as 'Fe( OH)/. Thermodynamically, ferrihydrite could transform to other 

crystalline ferric oxides such as hematite (see Fig. 1 ), however, it is stabilised kinetically as a result of its slow 

dissolution/precipitation transformation reaction 19
. 

The addition of a base to a mixed Fe(IIl)/Fe(II) solution, results in the formation of Fe(OHh from the Fe(II) 

which could be oxidised in the presence of air to a variety of iron oxides, but is likely to react with the ferrihydrite 

formed from the Fe(ITI) (with its poorly ordered arrangement of atoms, fairly high-energy state and relatively easy 

electron movement) to form green 'rusts' 18
' 

27
• The green 'rusts' consist of sheets of positively charged Fe2+(0H)6 in 

which some of the Fe(II) is replaced by Fe(III). The sheets are held together electrostatically by anions located 

between the layers allowing for ion mobility and rearrangement28
• Growth of magnetite particles19 may take place 

through contact re-crystallisation of small primary particles that nucleate on or near the surface of these plates. 

In summary therefore, for magnetite precipitation, ferrihydrites from Fe(III) and Fe(OH)2 from Fe(II) must combine 

to form green 'rusts'. The extent to which the Fe(III) is present in relation to the Fe(II) (or vice versa) will govern 

this precipitation reaction and determine the form of the resultant iron oxides. According to literature, if the 

Fe(III):Fe(II) molar ratio is greater than 10 (i.e., low Fe(II) concentration), ferric hydroxide (Fe(O/OH/OH2) 6) 

octahedra form, but the only stable phase that is recrystallised is goethite18
. If the ratio is between 3 and 10, goethite 

formation is suppressed and two different phases fom1, a non-stoichiometric magnetite enriched with Fe(II) and a 

poorly ordered, hydrated oxyhydroxide species with low Fe(II). As the Fe(III):Fe(II) molar ratio decreases further, 

the amount of non-stoichiometric magnetite increases relative to the oxyhydroxide species until finally, when this 

ratio is less than or equal to 3, there is complete c1ystallisation of spine!. Therefore, above an Fe(IIl):Fe(II) molar 

ratio of 3, the percentage magnetite, and therefore the resultant saturation magnetisation, would be low. 

The results from the factorial design are in accordance with information from literature: from the factor plots in 

Fig. 3 it can be seen that as the Fe(III):Fe(II) molar ratio increases, the saturation magnetisation and the percentage 

magnetite decrease. A decrease in Fe(IIl):Fe(II) molar ratio shows a constant linear increase in saturation 

magnetisation and the percentage magnetite. However, with a decreasing Fe(III):Fe(ll) molar ratio, it is more likely 

that a point will be reached, possibly outside the investigated design space, at which the saturation magnetisation 
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will decrease and magnetite formation become limited. This hould occur becau e the formation of ferrihydrite will 

become limited and the potential for electron transfer between the Fe(Il) and Fe(Ill) and sub equent transformation 

to pine) will decrease18
• 

It appears that variation in total iron concentration of between 0.5 and 1.5 mol r' will not affect magnetite 

precipitation significantly. This implies that as long as the Fe(Ill):Fe(Il) molar ratio is correct, if the solution 

concentrations are over or underdiluted from the norm within thi operating range, the quality of the re ultant 

precipitate will not be affected deleteriously. Similarly, a long as the volume of ammonia solution added to the iron 

olution is in excess, variations in the ammonia solution concentration (owing to temperature effects, reagent 

quality, etc.) should not affect magnetite precipitation significantly. 

Most FESEM images obtained u ing the JEOL JSM-6000F microscope showed a predominance of rounded 

nanoparticles in the order of I 0 nm in size. This is the common morphology for magnetite ynthe ized in aqueous 

systems below 100 °C19
. Example of these FESEM micrographs are given in Figs 4 (a) to (c) for runs 4, 6 and 9 

(see Tables 1 and 2), re pectively. 

(a) (b) (c) 

Figure 4 FESEM micrographs of runs (a) 4, (b) 6 and (c) 9 

Some slightly irregularly- haped particles which are visible in the FESEM micrograph (Fig. 4) may be maghemite 

material 19
• There are a variety of po sible interconversions between iron oxide phases and maghemite may form by 

oxidation and solid state transformation from toichiometric or nearly toichiometric magnetites 18
• (Maghemite is a 

red-brown ferromagnetic material isostmctural with magnetite, with all or most of its iron in the trivalent state and 

octahedral cation deficient ites 19
.) If magnetite is oxidized to maghemite, either cubic or irregular particles form a 

the magnetite morphology is usually adopted. In addition, although XRD data may show the presence of only 

magnetite, it is often difficult to di tinguish between magnetite and maghemite structure because of the broadnes 

of the peaks and because their peak po itions are similar29 (see for example, the X-ray diffractogram in Fig. 5 and 

the comparative X-ray diffractograms of magnetite and maghemite in the picture inset19
). Some maghemite may 

therefore also be present in the samples. 
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Figure 5 X-ray diffractogram obtained for magnetite showing broad peaks with comparative X-ray diffractograms 

for magnetite and maghemite hown in the inset19 

FESEM micrographs of runs 5, 7 and I 0 (see Tables I and 2) are given in Figs 6 (a) to (d). These amples (as well 

as run 8) were prepared with an exce s of Fe(III) to Fe(II). Rod-like structures are visible in the figures (and in 

FESEM micrographs from run 8) po sibly indicating the presence of haematite (-y-Fe20 3) or goethite (a-FeOOH) 

which may have long and rod like morphology and can form in Fe(TT)-poor media18
• 
30

• Oxidation of ferrihydrites at 

lower pH could also lead to the formation of goethite (or lepidocrocite)19 while these species may al o form from the 

decomposition of the green 'rust' complex27
• 

28
. Example of possible haematite morphology19 are given in Fig. 7. 

(a) (b) (c) (d) 

Figure 6 FESEM micrograph of runs (a) 5, (b) 7 and (c and d) 10 
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(a) (b) 

Figure 7 Rod-like haematite particles with granular fenihydrite visible in (b) 19 

Hexagonal plates and rods were visible in aged sample with an Fe(III):Fe(II) molar ratio of 2 or 3 (Fig. 8), e.g., in 

sample 1, 2, 5 and 8 ( ee Tables I and 2). It is suspected that the hexagonal plates are also haematite crystals which 

can form, for example, from ferrihydrite gels19 at pH 8 to 15. Rods could be produced from forced hydrolysis of 

acidic Fe(ill) olution and pheroid from forced hydrolysis of dilute Fe(III) in the presence of chloride19 as shown 

in Fig. 9. Morphologies of synthetic haematite include plates, di cs, rods, spindles, spheres, ellipsoids, double 

ellipsoids, rhombohedra, stars and cubes. In addition, Fe(OHh and green 'rusts' exist as hexagonal plates and the 

hexagonal-shaped structures could therefore be these forms of iron oxide 19
• 

(a) (b) 

(c) (d) 

Figure 8 FESEM micrographs of aged samples from runs (a) 1, (b) 2, (c) 5 and (d) 8 
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Figure 9 Examples of hexagonal/straight-edged haematite particles 19 

3.2 Effect of the three factors investigated on the precipitate particle size 

The results from the ANOVA indicated that the Fe(III)/Fe(II) molar ratio and iron and ammonia solution 

concentrations affected the average particle size of the samples significantly as determined from VSM 

measurements (p-values of 0.0002, 0.0011 and 0.055, respectively). The analysis shows that there is significant 

curvature in the design space (curvature F-value of 35.98) indicating that there is a difference between the average 

of the center points and the prediction from a linear relation between the factorial points. Figs 10 (a), (b) and (c), the 

one factor plots of average size (determined from VSM measurements) versus Fe(IIl)/Fe(II) molar ratio, iron 

solution concentration and ammonia solution concentration, respectively, show that as these factors are increased, 

the average size decreases. 

By comparison, the average particle size determined by FESEM also indicated that the Fe(III)/Fe(II) molar ratio (p­

value of 0.003) and interaction of the Fe(IIl)/Fe(II) molar ratio and iron concentration (p-value of 0.027), affect the 

particle size (see Figs 11 (a) and (b), respectively). At a high iron concentration, the effect on average particle size as 

a function of iron ratio appears to be less significant than that at lower iron concentration. The model curvature (a 

curvature F-value of 1.05) was found to be insignificant relative to noise. 
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Figure 10 One factor plot of average size determined from VSM measurements versus (a) Fe(III)/Fe(II) molar 

ratio, (b) iron concentration and (c) ammonia solution concentration (o represents the response for the centre points 

in the design) 
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Figure 11 (a) One factor plot of average size determined from FESEM measurements versus Fe(IlI)/Fe(II) molar 

ratio and (b) interaction plot of average size versus Fe(IIl)/Fe(II) molar ratio and iron concentration ( o represents 

the response for the centre points in the design and in (b ), c represents the iron concentration at a low level of 

0.5 mo] r 1 while6 is the iron concentration at a high level of 1.5 mo] r 1
) 

The observation that particle size decreases with increasing Fe(IIl)/Fe(II) molar ratio concurs with data from 

literature18
• The most likely reason for an increase in Fe(III)/Fe(II) molar ratio (Figs 10 (a) and 11 (a)) resulting in a 

decrease in particle size is that the depletion of available Fe(II) limits the potential for Ostwald ripening and 

subsequent increase in particle size. It has been found that for ratios of Fe(III):Fe(II) greater than 10, amorphous 

material results6
. As the ratio decreases, the morphological order increases with an increase in particle growth. 

The observations made in these studies as to the increasing total iron and ammonia solution concentrations 

(Figs 10 (b) and (c), respectively) resulting in a decrease in average particle size also concur with previously 

reported results stating that the particle size decreases with increasing ionic strength6
. Changes in ionic strength 

affect interfacial tension which controls particle surface area as discussed below. 

The point of zero charge (PZC) of a particle is that pH at which the charge on the particle surface is zero and the 

extent of adsorption of positively charged species equals that of negatively charged species. (The PZC of magnetite 

has been reported to be in the range of 6 to 8.2' 9
• 

31
-
34

.) In an aqueous environment, magnetite su1face hydroxyl 

groups arise from adsorption ofwater19
. Changes in pH affect the protonation-deprotonation equilibria of the surface 

hydroxylated sites and can result in the formation of cationic magnetite particles in acidic media and anionic 

particles in alkaline media35
. Excess ammonium hydroxide solution is used in magnetite precipitation resulting in a 
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final solution pH of approximately 8 to 11. The excess hydroxyl groups allow for the deprotonation of the magnetite 

surface hydroxyl groups according to: 

Surface FeOH +OH- ~ Surface FeO- + H 2 0 (4) 

These anionic magnetite particles can adsorb cationic species from solution in high ionic strength media (high iron 

and ammonia concentration), increasing f;, the density of adsorbed species i with chemical potential µ; 5
• 

8
. This 

results in a decrease of the interfacial tension (y) as compared to the value at the PZC where the net surface charge is 

zero6
•
8

: 

(5) 

A decrease in the interfacial tension leads to a lowering of the free enthalpy of formation8
, dG = ydA, thereby 

allowing for an increase in the surface area of the system, A , which equates to a lower magnetite particle size5
• 
8

• 

Although the higher ionic strength media yields smaller particles, the decrease of approximately 2 nm over the range 

investigated is not significant for our application and it would therefore be possible to operate comfortably within 

the ranges selected for the factorial design without any significant effect on particle size. 

It was also observed that the iron solution of higher concentration (higher ionic strength medium) has a lesser effect 

on the average magnetite particle size with increasing Fe(III)/Fe(II) molar ratio than the iron solution of lower 

concentration (Fig. 11 (b)). As discussed above (see eq. (4)), a higher pH results in the fo1mation of anionic surfaces 

and a resultant increase in adsorbed cationic species which decreases the interfacial tension and final particle size. 

The iron solution of higher concentration effectively results in a lower solution pH (the iron solution pH is 

approximately 2) which may negate the effect that an increased pH has on reducing particle size. Again, however, 

the effects of Fe(III)/Fe(II) molar ratio and iron concentration result in a particle size variation of only 

approximately 2 nm which is insignificant for our application. 

4. Conclusions 

A precipitation route for the preparation of magnetite was selected because of various cost- and flexibility-related 

issues such as ease of synthesis and subsequent functionalisation of materials. 

From the factorial experiment, the Fe(IIl)/Fe(Il) molar ratio (but not the iron and ammonia solution concentrations) 

appears to have an effect on the saturation magnetisation and percentage magnetite precipitated, with a lower 
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Fe(III):Fe(II) molar ratio (< 3) favouring magnetite formation. Although the factor plot appears to indicate that the 

saturation magnetisation and percentage magnetite increase indefinitely with a decrease in Fe(III):Fe(II) molar ratio 

(Fig. 3), at some point there will be insufficient Fe(II) for stoichiometric magnetite formation and rod-like structures 

(as observed when an excess of Fe(III) was used) may form. It has therefore been decided to select an Fe(III):Fe(II) 

molar ratio of 2 for subsequent impinging stream reactor test work. It has also been suggested that homogeneous 

particles form when a stoichiometry as close as possible to that of magnetite is used6
• 

17
. Because of the importance 

of the Fe(III):Fe(II) molar ratio in solution, for the tests in Chapter 3 (and on an industrial scale) the iron solution 

should be prepared and used immediately to prevent Fe(II) oxidation. The precipitated magnetite should be used for 

subsequent processing soon after formation to avoid oxidation of magnetite to maghemite or haematite as is believed 

to have occurred in aged samples. Oxygen removal from the system and solutions may also assist in the prevention 

of oxidation of Fe(II) but this may not be practical and cost-effective on a large scale. 

The Fe(III)/Fe(II) molar ratio and iron and ammonia solution concentrations were found to be significant in terms of 

the particle size of materials. The actual particle size variation was, however, found to be only 2 nm which would be 

insignificant for our applications. This therefore implies that vaiiations within the factor ranges selected (0.5 -

1.5 mol r' and 8.3 - 13.5 mol r' for the iron and ammonia solution concentrations, respectively, whilst maintaining 

the Fe(IIl)/Fe(II) molar ratio at 2) should not result in the precipitation of particles with great size variations. 

In summary then, the following factors are suggested for acceptable magnetite precipitation in Chapter 3: 

an Fe(III):Fe(II) molar ratio equal to 2, 

0 an iron solution concentration within the range of 0.5 - 1.5 mo] r' and 

0 an ammonia solution concentration within the range of 8.3 - 13.5 mo] r'. 
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Chapter 3* 

An investigation into the potential large-scale continuous magnetite nanoparticle synthesis 

by high pressure impinging stream reactors 

Abstract 

Scale-up of current batch, laboratory magnetite precipitation techniques involving relatively small volumes may be 

problematic as large stirred vessels can yield areas of localised low pH upon addition of a base to an iron solution 

resulting in the precipitation of undesired non-magnetic iron oxides. The use of five high pressure impinging stream 

(IS) reactors of different designs for the potential large-scale continuous precipitation of magnetite nanoparticles is 

presented. The small, inexpensive IS reactor system is ideal for providing a large interfacial area and high mass 

transfer as compared to conventional mixing systems such as, for example, a conventional stirred tank reactor. 

Reactor shape and volume were found to be critical for efficient magnetite precipitation of which the experimental 

system described here is capable of producing predominantly 8 - 12 nm diameter magnetite precipitate particles at 

rates of between 30 g min-1 at 200 kPa and 50 g min-1 at 500 kPa. It would be relatively easy to scale-up to higher 

throughputs using larger capacity nozzles or increased pressures. In addition, commercially available dosing pumps 

could be used for continuous reagent feed. 

1. Introduction 

I.I Batch versus continuous magnetite precipitation 

Magnetic nanoparticles are becoming increasingly important in a variety of different fields, e.g., in magnetic storage 

media1
, catalysis2 and medical applications 1

• 
3

• 
4

• In Chapter 1, the discussion of the magnetic properties of 

superparamagnetic magnetite nanoparticles highlighted that one of their defining characteristics is their size1
• The 

ability to produce nanometre-sized particles in large quantities for commercial use is a research challenge with 

important potential technological consequences and a simple method for large-scale continuous magnetite synthesis 

may become increasingly desirable as applications develop further5
. It is relatively easy to precipitate magnetite 

nanoparticles in a batchwise manner in the laboratory using a stirred vessel and small reactor volumes: fast manual 

ammonia solution addition and rapid mixing is used during synthesis to disperse reagents, thereby preventing 

adverse side reactions, magnetite agglomeration and crystal growth6
. The precipitation mixture pH should exceed a 

•Based in part on the paper, Vatta, L. L.; Sanderson, R. D.; Koch, K. R., An investigation into the potential large­
sca!e continuous magnetite nanoparticle synthesis by high pressure impinging stream reactors. In press. Journal of 
Magnetism and Magnetic Materials 2007. 
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critical value (~8), for magnetite (Fe30 4) precipitation. However, in an industrial environment, scale-up to large 

volumes of reagents and addition times in the order of minutes could result in inhomogeneous agitation, areas of 

localised pH and the resulting precipitation of non-magnetic iron oxides7 such as FeOOH and Fe(OH)2 (see Fig. 1, 

Chapter 2). An alternative batch synthesis route to prevent the formation of localised areas of low pH, would be to 

add the iron solution to excess ammonia solution with intensive mixing, thereby maintaining the pH at suitable 

levels for magnetite precipitation8. Ideally, however, a continuous method of reagent contact yielding highly 

turbulent mixing would be most desirable. 

1.2 Theo1y of impinging stream reactors 

Reagent contact in mass transfer operations forms a vital part of process engineering. Many reactions are 

characterized by the overall interfacial area available for mass transfer and by the fact that mass transfer limits the 

transport rates of reagents to each other9
. 

The mass transfer coefficient, k, is defined by10
: 

Na 
k=--

At1Ca 
(1) 

where Na is the rate of mass transfer of component a (kg s-1
), A is the mass transfer area (m2

) and !1Ca, the 

driving force for mass transfer, is the change in concentration of component a (kg m-3). Mass transfer is governed by 

certain resistances and if these resistances can be reduced or if the mass transfer coefficient can be increased, mass 

transfer can be improved. For example, in eq. 1, the mass transfer rate can be increased by increasing the 

concentration gradient and by increasing the area (e.g., by decreasing the size of the reagent droplets) 10
• 

Many attempts have been made in various designs to promote intense, turbulent mixing to generate high shear rates 

and promote interfacial area production and mass transfer. Mechanically agitated reactors equipped with multiple 

impellers or turbine blades, jets and venturis and multiphase systems involving small gas bubbles to provide a larger 

surface area9 are some of the processes that have been investigated over conventional items used for mass transfer 

such as packed and bubble columns. Improved reagent contact may offer possible economic gain: higher mass 

transfer rates may allow for the use of smaller items of equipment at a possible lower cost and in the case of 

competing chemical reactions, an increase in the mass transfer rate may result in a decrease in the undesired product 

produced if the desired product has a higher intrinsic reaction rate (increased mass transfer favours the reaction with 

the higher intrinsic reaction rate)9
• 

11
• 

12
• 

Impinging stream (IS) reactors, also known as jet reactors, consist of small reactor volumes fed by reagent streams 

directed towards one another10
. Feed streams are supplied at high pressure and velocity to the reactor volumes via 
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nozzles directed towards each another. The kinetic energy of the feed streams creates highly turbulent conditions 

inside the reactor volume. The streams impinge at the midpoint of their flow, known as the impingement plane (see 

Fig. 1), resulting in 10
: 

• an increase m the relative velocities between the penetrating particles and the opposing stream: a particle 

penetrating into an opposing stream could achieve a relative velocity twice that of the penetrated stream 

velocity thereby decreasing the resistance to mass transfer. 

0 an increase in the mean residence time of the particle in the system as a result of penetration and circulation in 

the opposing stream: this could allow for a decrease in the geometric size of the system. 

0 an increase in the shear forces and pressure pulsations between reagents: this leads to a breakup of droplets or 

bubbles resulting in an increased interfacial area and an increase in surface renewal leading to an increase in 

mass transfer rates. 

0 good mixing and an increased probability of collisions because of pressure pulsations between reagents and the 

multiple circulation of particles: the collision of the opposing streams leads to intense radial and axial velocity 

components in the turbulent flow. 

0 0 0 0 0 0 
0 

0 0 0 0 0 0 
0 0 

0 0 0 .. 
0 0 0 0 

Impingement plane 

Figure 1 Impingement plane at which opposing reagent streams collide in an impinging stream reactor10 

There is a repeated penetration of the one stream into the opposing stream through the impingement plane owing to 

the inertia of the incoming feed stream. This continues until the material is discharged 10
• 

It has been shown that using an impinging stream jet reactor can result in a significant improvement in mass transfer 

in gas-liquid, liquid-liquid and liquid-solid systems 10
. Tamir and Herskowits compared an impinging stream 

(Fig. 2 (a)) and single stream absorber (Fig. 2 (b)) by investigating the absorption rates of carbon dioxide into water 

and acetone into water and the desorption of acetone from water by air13
• In the single stream absorber, the 

impingement effect is eliminated by including a partition to separate the reactor streams as shown schematically in 

Fig. 2 (b). 
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Outlet Outlet 

(a) (b) 

Figure 2 Impinging streams (a) without partition and (b) with a partition 

From their studies, it was found that the ratio as given in eq. 2, where R; and Rp denote the absorption rate of the 

gas in the impinging stream and partitioned absorber, respectively, was greater than I, implying that the impinging 

stream absorber is more efficient than two equivalent single stream absorbers9
. A 65 % improvement was obtained 

for carbon dioxide absorption into water (ratio of 1.65) and a ratio of between 2 and 4 was obtained for acetone 

absorption into water9. 

R. 
_, )1 
2Rp 

(2) 

lS reactor technology was initially implemented by Elperin in the 1960s in the former USSR for the drying of solid 

particles and solutions, combustion of gases, creation of emulsions and evaporative cooling of air
10

. Tamir, who 

subsequently became a champion of the technology, believes that almost any chemical process could be performed 

using IS reactor technology with a higher efficiency and lower power input in comparison to conventional 

processes 10
• He has suggested that IS reactors could be used for homogeneous or heterogeneous systems in drying, 

dust collection, mixing, adsorption, ion exchange and extraction. He has broadened test work to applications such as 

swirling IS reactors and jet loop reactors for, amongst others, the absorption and desorption of gases from liquids, 

the combustion of gas and coal, the creation of emulsions, for liquid-liquid extraction and for the dissolution of 

solids 10
• 

Despite the fact that IS reactors could contribute to process intensification (the view that for a given duty, a drastic 

reduction in the size of process equipment may benefit safety, capital cost and the environment whilst possibly 

offering significant energy savings) 14
, IS reactors have not been widely implemented. This is probably because of 

industrial resistance to modifying large-scale processes and potentially affecting production. Many processes are 

also often based on scale-up from a stirred beaker resulting in the predominant use of stirred tank reactors for the 

past 200 years. 

IS reactors have been tested at the University of Stellenbosch for the washing of diesel-contaminated soil
12

, for the 

leaching of gold from various ore types 15 and for the absorption of C02 into a sodium hydroxide solution
16

' 
17

• 
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Table 1 compares the mass transfer parameters ( k L, the mass transfer coefficient, a, the interfacial area and k La, 

the combined mass transfer coefficient) and the power required for mechanically agitated reactors, venturis and IS 

reactors. The highest combined mass transfer coefficient is obtained for the IS reactors. From these studies and from 

the comparison of experimental results with literature data for conventional systems, it was found that these reactors 

showed a significant improvement in terms of the mass transfer coefficient and value of interfacial area per unit of 

energy dissipated in the reactors9
. 

Table 1 Mass transfer parameters for different reactor systems9
• 

16 

Type of reactor kL (m s- 1 X104
) a (m2 m-3

) kla (s-1
) Power (kW m-3

) 

Mechanically agitated reactors 0.3 -4.0 100 - 2000 0.003- 0.8 0.5-4 

Venturi scrubbers 5.0-10.0 160 - 250 0.08 - 0.25 10 - 700 

Impinging stream absorbers 2.9 -6.6 90-2050 0.025 -1.22 0.8 - 140 

Impinging stream reactors as 2.6-22.2 1500 - 16000 1.0 - 14.2 

tested by Kleingeld9 and Botes 16 

Because IS reactors offer a turbulent environment for high mass transfer and interfacial area and could potentially 

allow for the continuous large-scale precipitation of magnetite, it was decided to investigate iron oxide precipitation 

using such reactors as an alternative to the batch precipitation of iron oxides using a stirred tank reactor in the 

laboratory or on an industrial scale. 

2. Experimental 

2.1 Reagents and analytical methods 

All reagents and solvents were purchased from commercial sources and were used without further purification. 

Chloride (FeC13.6H20) and sulphate (FeS04.7H20) salts which are readily available and affordable and 25 % 

NH40H (Merck) were used for iron oxide precipitation. Deionised water was used for the preparation of aqueous 

solutions. 

Magnetisation curves (and saturation magnetization) were obtained on an LDJ 9600 Vibrating Sample 

Magnetometer (VSM). Field emission scanning electron micrographs were obtained using a JEOL JSM-6000F Field 

Emission Scanning Electron Microscope (FESEM). X-ray diffraction (XRD) measurements were obtained on a 

Siemens D501 Diffractometer. Qualitative sample percentage composition was determined using the reference 

intensity ratio and peak height. Particle size was determined using the FESEM micrographs and ImageJ, a public 

domain image processing program 18
, through the method of Chantrell et al. 19

, where an approximation of particle 

size is detern1ined indirectly from the magnetisation curve, and by analysis ofXRD peak broadening data20 using the 
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Scherrer formula (where t is the nanocrystal size, ?.. is the wavelength, B is the width of the peak at an intensity 

equal to half the maximum intensity, and e 8 is half the angle at which the peak exists)
20

•
21

: 

t = 
0.9A. (3) 

B coseB 

2.2 Impinging stream reactors and experimental setup 

Three iron oxide replicate samples were precipitated at 200, 300, 400 and 500 kPa pressures using four IS reactors 

of varying reactor shape and volume as illustrated in Fig. 3 (the Y-shaped reactor does not conform as such to the 

definition of an IS reactor: the reactor does not possess a small reactor volume in which material may circulate and 

precipitated material exits immediately from the reactor after impingement): 

0 Two kite-shaped reactors of volumes -20 and-8 cm3
, 

0 circular reactor of volume -20 cm3
, 

0 triangular reactor of volume -8 cm3 and 

0 Y-shaped reactor. 

'\ Iron solu. I.ion I 

(a) 

Iron solution 
! 

r'1 r1

1 
j>"'~ 

Outlet/-__ 

Ammonia solution 

(b) 

Ammonia solution 

I 

Outlet 

(c) (d) 

Figure 3 (a) Kite-shaped (a= 42 mm and b = 30 mm for the larger volume reactor and a= 25 mm and b = 18.5 mm 

for the smaller volume reactor), (b) circular (a= 36 mm), (c) triangular (a= 40 mm and b = 29 mm) and (d) Y­

shaped reactor 

Inlets were via UniJet® full cone small capacity spray nozzles with reactor volume outlets perpendicular to the inlet 

plane (with the exception of the Y-shaped reactor). Nozzles of 0.7 capacity (0.76 mm orifice diameter, 0.51 mm 

maximum free passage) and 0.3 capacity (0.51 mm orifice diameter, 0.41 mm maximum free passage) were used for 

supplying the iron and ammonia solutions, respectively, with flow rates (as a function of pressure) as given in 

Table 2. The required reagent volumes were adjusted relative to the nozzle capacity and precipitation time to 

provide a two times molar excess of ammonia to iron solution. 
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Table 2 Nozzle capacities within the pressure range of interest 

0. 7 mm nozzle 0.3 mm nozzle 

Pressure (kPa) capacity (1 min" 1
) capacity (1 min- 1

) 

200 0.43 0.19 

300 0.52 0.22 

400 0.6 0.25 

500 0.66 0.28 

The experimental setup is given in Fig. 4. The FeCl3.6H20 and FeS04.7H20 salts (Fe(IIl):Fe(II) molar ratio 2:1) 

were added to the required volume of water. The iron and a 25% ammonia solutions were added to the relevant 

pressure storage vessel and pressurised using nitrogen gas. The feed valves to the reactor were opened 

simultaneously and the liquid volumes fed to the IS reactor by the nitrogen gas over a precipitation time of 

10 seconds. The first and last fractions (unsteady state) were diverted to waste while the mid fraction (steady state) 

was collected in an unstirred vessel. 

.---

-·: 
' ' ---------------:-----------' 

! .... ffe3Il.&, ___ J 
Impinging l_T"_J:v"' 

stream " t><l ----------..,. 
reactor Z 

-- --"t[J ~-:~;;i:' 
Figure 4 Impinging stream reactor experimental setup 
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A ample wa collected immediately for determination of the magnetisation curve with the maximum magnetisation 

at l.35Xl06 A m·1 recorded for each sample .. A 20 ml sample of precipitate was placed in a flask to which 5 ml 

moH and !auric acid (40 % by mass22
, Sigma-Aldrich) for coating of the sample was added. The mixture was 

heated to 80 °C with mixing to improve !auric acid solubility. These samples were used for FESEM measurements. 

The remaining precipitate wa wa hed with three portions of 50 ml water. The wash water wa decanted after each 

wa h once the material had settled and these amples were used for XRD measurement . In some cases, a factorial 

analysis of variance (ANOVA) wa used to determine whether re ults were statistically significantly different. The 

p-value reported for the e data indicates the statistical significance of the result and represents the probability of 

error that is involved in accepting the observed result as valid, e.g., a p-value of 0.05 indicate that there is a 5 % 

probability that the relation between the variables found in the sample is coincidental. For these studies, a p-value of 

0.05 was treated as an acceptable error level 

2.3 High speed filming 

A Photron Fastcam Ultima APX camera (capable of filming at 120 000 frames per econd (fps) and with a 

maximum resolution of 1024 by 1024 pixels) was used to identify material flow and areas of low turbulence in the 

reactors . Two systems were used where compressed air or nitrogen was fed via the ammonia solution nozzle and 

water via the iron solution nozzle. (A two phase liquid-gas ystem wa used to be able to differentiate between 

incoming streams although, ideally, liquid systems should have been used. The use of solid particle su pended in a 

liquid stream or immiscible or coloured liquids was also investigated, however, solids resulted in blockages of the 

nozzles while liquid flows were indistinguishable from one another.) In the first system (Fig. 5 (a)), mains water 

pressure was maintained at 150 kPa while the compres ed air pres ure was increased through 150, 200, 300, 400 and 

500 kPa. The second system (Fig. 5 (b)) made use of the IS reactor setup where both the liquid and gas flow 

pressures were increased through 150, 200, 300, 400 and 500 kPa. Filming was performed at 4 000 fps. 

(a) (b) 

Figure 5 Two high peed filming setups u ed to investigate stream flow inside the reactors. In (a), mains water 

(pre ure maintained at 150 kPa) and compressed air (up to a pre sure of 500 kPa) were fed to the reactors. In (b), 

the impinging stream reactor etup was used and both the liquid and ga flow pressure were increased to 500 kPa. 
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3. Results and discussion 

3.1 High speed filming 

High speed filming using a model ga bubble system indicated that there is extremely poor mixing in the lower 

section of the Y-shaped reactor (Fig. 6 (a)). This is expected as the reactor does not form a closed volume in 

accordance with the definition of IS reactors. After the impinging streams col lide, the precipitate emerges directly 

from the reactor stem, with no residence time and further reagent contact being possible. 

In the remaining reactors, the liquid can be seen to shear off the bubbles from the entering gas stream and transport 

the bubbles to the bulk of the reactor. The kinetic energy of the entering liquid streams must be dis ipated by the 

liquid and therefore intense small scale turbulence is created in the liquid phase. Small scale turbulence and bubbles 

in the bulk interact causing bubble breakup and increa e the interfacial area for ma s transfer. Macro flow pattern 

distribute the random turbulence through the reactor' 1• 

Although the circular reactor (Fig. 6 (b)) should be capable of high mass transfer because of the observed centrifugal 

acce leration of the fluid in the chamber, and although the triangular and kite-shaped reactors (Fig 6 (c) and (d), 

respectively) appear to provide a high interfacial area as a result of the collisions of streams with the reactor wall , 

there till appear to be stagnant zone towards the base of the circular reactor and in the ba e angle of the triangular 

and kite reactors. Potential area of lower pH in these low turbulence zones (in the ca e of magnetite precipitation) 

could possibly be eliminated in the circular reactor by increasing the reagent inlet velocities and in the kite and 

triangular reactors by minimising the sharp angles in ide the reactor volume thereby maintaining small scale 

turbulence created in the vicinity of the nozzles but increasing the forceful macro flow pattern. An ideal reactor 

would combine the mass transfer characteristics of the rounded reactor chamber with the enhanced interfacial area 

produced by the angular reactor a a compromise between reactor shapes. 

(a) (b) (c) (d) 

Figure 6 Potentially stagnant zones (areas of lower turbulence) in (a) the Y-shaped, (b) circular, (c) triangular and 

(d) mall kite-shaped impinging stream reactors 
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Fig. 7 depicts cross-sectional photographs and longitudinal chematics of the liquid and gas flow patterns inside the 

reactors as determined by ob ervation of the flow pattern from the high speed filming footage. In the circular 

reactor (Fig. 7 (a)), the incoming liquid tream shears off ga bubbles, creating a centrifugal acceleration of the gas 

within the reactor volume. The gas i forced toward the centre (Fig. 7 (a) i) and down the middle of the circular 

reactor (Fig. 7 (a) ii). When it reache the opposite side of the reactor (Fig. 7 (a) iii), the ga move perpendicularly 

to the original direction of flow and towards the reactor base (Fig. 7 (a) iv) before changing direction and heading 

toward the gas nozzles (Fig. 7 (a) v). There may be a circulation of this gas in the reactor before it exits via the ba e 

of the reactor. In the triangular reactor (Fig. 7 (b)), the liquid stream also shears off gas bubble and forces the ga 

towards the middle (Fig. 7 (b) i) and down the centre of the reactor (Fig. 7 (b) ii). However, the liquid stream is not 

reflected effectively and many of the gas bubbles exit directly through the outlet at the base of the reactor as shown 

in the longitudinal figure (Fig. 7 (b) iii). This direct exiting of material results in a reduced re idence time of 

material in ide the reactor. The kite-shaped reactor (Fig. 7 (c)) exhibits much the same flow pattern as the circular 

reactor, with gas flowing aero s the reactor (Fig. 7 (c) i) and then downwards (Fig. 7 (c) ii) towards the base of the 

reactor thereby increasing the re idence time before exiting the reactor. 

(a) (b) (c) 

Figure 7 Cross-sectional photograph (above) and longitudinal chematic diagram (below) depicting flow patterns in 

the (a) circular, (b) triangular and (c) small kite-shaped impinging tream reactors(---- liquid flow, - gas flow) 

Fig. 8 hows the tatic flow pattern inside the circular, triangular and kite-shaped reactors for increasing ga 

pressure of 150, 200, 300, 400 and 500 kPa (liquid pre ure maintained at 150 kPa). The gas voidage in the reactor 

increases as shown in Figs 8 (a) to (c), especially in the base of the circular reactor, while the liquid holdup 
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decrea e . With an increa e in gas pre sure, more bubbles are ruptured and a larger interfacial area is created. This 

should re ult in an increase in the rate of energy di sipation per unit mass of liquid, increasing the degree of 

turbulence and enhancing the mas transfer. The combined mass transfer coefficient should increase with an 

increa e in gas flow rate because it i directly proportional to the energy E dissipated in the reactor (where E is the 

energy di ipation rate per ma in J kg-1 and the exponent a varie according to the contacting device)9
: 

(4) 

It appears, however, that the gas voidage at a pressure above 200 kPa (Figs 8 (a-c) ii-v) may be excessively high 

resulting in a decrease in liquid/ga phase contact 

ii 111 iv v 

(a) 

II 111 iv v 

(b) 

II 111 iv v 

(c) 

Figure 8 Flow inside (a) circular, (b) triangular and (c) kite reactor at increa ing gas pre sures of (i) 150, (ii) 200, 

(iii) 300, (iv) 400 and (v) 500 kPa with constant liquid pres ure of 150 kPa 
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When both liquid and ga pre sure are increased from 200 to 500 kPa (Fig. 9), the turbulence again increases while 

the bubble size decreases. This hould result in an increased mass transfer and interfacial area. The gas voidage in 

the e reactors is not as significant a that observed in Fig. 8. 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 9 (a) Kite reactor at 200 and (b) 500 kPa, (c) circular reactor at 200 and (d) 500 kPa and (e) triangular 

reactor at 200 and (t) 500 kPa ga and liquid pressures 

36 

Stellenbosch University  https://scholar.sun.ac.za



3.2 X-ray diffi'action analysis 

The XRD data (Table 3) for the iron oxide precipitate obtained from each reactor show clearly that the kite and 

circular reactors produce a precipitate of highest magnetite content while the triangular and Y-shaped reactors 

produce a precipitate of lowest magnetite content, across the pressure range (it must be borne in mind that it is 

sometime difficult to distinguish between magnetite and maghemite in XRD as mentioned in Chapter 2, section 3.1). 

XRD data indicate that the balance of material is mainly haematite. However, it was found that the values in Table 3 

are not statistically significantly different (p-value = 0.24) and it cannot be concluded from these data whether more 

magnetite is precipitated using one reactor over another (the XRD results are qualitative as only single 

measurements of the sample compositions were detem1ined). 

Table 3 Percentage magnetite in samples precipitated by the small kite, circular, triangular and Y-shaped reactors 

as determined by XRD 

Pressure (kPa) 200 300 400 500 

Percentage magnetite(%) 

Small Kite 100 100 100 75 

Circular 100 84 85 100 

Triangular 79 63 100 84 

Y-shaped reactor 65 89 79 82 

3.3 Field emission scanning electron microscopy micrographs 

From the XRD data (which in general shows greater than 60 % magnetite composition), it is concluded that the 

rounded nanoparticles in the FESEM micrographs obtained for the small kite, circular, triangular and Y-shaped 

reactors (Figs 10 (a) to (d)) are magnetite particles. The observation by Cornell and Schwertmann7 that the synthesis 

of magnetite particles in aqueous solutions at temperatures less than 100 °C produces fine-grained (< 0.1 µm) 

rounded, cubic or octahedral c1ystals further supports this conclusion. 
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(a) (b) 

(c) (d) 

Figure 10 Examples of particle morphology of iron oxide precipitate as produced by the (a) small kite, (b) circular, 

(c) triangular and (d) Y-shaped reactors 

The precipitate produced by the triangular reactor (Fig. 10 (c)) shows the occurrence of rod-like tructures which, 

from comparison with morphology in the literature (example of which are given in Fig. 11, also reproduced in 

Chapter 2), are believed to be haematite rods7
• Although XRD data for the Y-shaped reactor also indicated the 

pre ence of haematite, in mo t amples, a variation in morphology, potentially indicative of a variation in iron oxide 

compo ition was not ob erved. 
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(a) (b) 

Figure 11 Rod-like haematite particles as prepared from fen-ihydrite at pH 11 7 

3.4 Particle size 

Average particle sizes as determined by VSM and FESEM (with unbiased standard deviation) were 12 ± 1 and 

8 ± 2 nm, respectively (see Table 4), while XRD data indicated an average particle size of 11 ± 3 nm. These values 

indicate that the particles are single domain (the estimated diameter below which magnetite is single domain is 

approximately 80 - 130 nm)13
• 

24
. 

Table 4 Average pa1ticle size as a function of pressure and reactor type (unbiased standard deviation in 

parentheses) as determined from VSM and FESEM measurements 

Particle size Determined from VSM measurements Determined from FESEM micrographs 

Pressure (kPa) 200 300 400 500 200 300 400 500 

Large kite 12.2 (0.6) 11.7 (0.6) 11.7 (0.6) 11.8 (0.6) Not detem1ined 

Small kite 11.2 (0.7) 12.1 (0.6) 11.8 (0.6) 11.6 (0.6) 7.4 (1.7) 8.4 (1.7) 8.0 (1.7) 8.0 (1.7) 

Circular 12.4 (0.6) 13.4 (0.6) 12.8 (0.6) 12.8 (0.6) 7.3(2.1) 7.6 (1.6) 7.3 (1.7) 7.6(1.7) 

Triangle 11.1 (0.9) 14.5 (0 .9) 11.8 (0.9) 12.4 (0.9) 8.6 (2.0) 9.7 (2.4) 7.8 (2.0) 8.5 (2 .2) 

Y-shape Not determined 7.5 (1.8) 7.7 (1.6) 7.8 (1.7) 7.5 (1.7) 

The average paiticle size as detem1ined from VSM measurements is approximately 4 nm larger than that determined 

from the FESEM micrographs. This is in contradiction with literature findings: the particle size as given by the 

magnetisation curve is often smaller (by up to 10 %)25 as compared to that determined from electron micrographs as 

a result of the chemical reaction of the surfactant at the magnetite surface or from SUJface oxidation24
-
30 (see 

Fig. 12). In this study, however, a surfactant was not used for VSM samples and instead, samples were measured 

immediately after precipitation with the intention of minimising any possible magnetite oxidation. It is more likely 

that particle overlap in the FESEM images resulted in an under estimation of particle diameter. The unbiased 

standard deviation determined from FESEM micrographs is also higher than that for the VSM measurements 

indicating that a greater degree of inaccuracy may be incun-ed with manual particle measurement. 
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magnetic core 

non magnetic 
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ferrimagnetic, 

anti ferro magnetic, 
superparamagnetic or 
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properties 

Figure 12 Schematic representation of the non-magnetic shell between the magnetic core and the surfactant usually 
' 

resulting in an underestimation of particle size from VSM measurements 

3.5 Magnetic characterisation 

Magnetisation curves for the samples produced by the kite and circular reactors (examples of which are given in 

Figs 13 (a) to (c) for the 20 and 8 cm3 kite and 20 cm3 circular reactors, respectively, at varying pressures) confirm 

that the precipitate is superparamagnetic and exhibits zero magnetisation at zero applied field. Because high speed 

filming did not show turbulent reactor mixing and XRD data showed low magnetite precipitate percentages, 

magnetisation measurements were not performed for the Y-shaped reactor. 
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Figure 13 Magnetisation curves for the samples precipitated by the (a) large kite (200 kPa), (b) small kite (300 kPa) 

and (c) circular reactor (300 kPa) 

The saturation magnetisation for the 8 and 20 cm3 kite and 20 cm3 circular reactors lies predominantly between 4200 

to 4800 A m- 1 across the pressure range investigated (Fig. 14) suggesting that the precipitate produced by these 

reactors consists of material of similar magnetic properties. The saturation magnetisation agrees reasonably well 

with the calculated value of 4800 A m·1 for a sample of 1 % magnetite by volume (with saturation magnetisation of 

pure magnetite taken to be equal to 4.8Xl05 A m· 1
). The factorial analysis of variance (ANOVA) indicated that the 

interaction between the reactor type and the pressure was not statistically significant (p-value = 0.15). Furthermore 

the ANOVA showed no significant difference between the kite and circular reactor mean values of saturation 

magnetization (p-value = 0.13). This suggests that the precipitate produced by the circular and that produced by the 
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kite reactors does not differ significantly in terms of saturation magnetization as a function of the shape of these 

reactors. 
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Figure 14 Saturation magnetisation of samples precipitated at pressures of 200 to 500 kPa for the (a) large kite, (b) 

small kite and (c) circular reactor 

The magnetisation curves obtained for the triangular reactor showed great variation in maximum magnetisation and 

curve shape across the pressure range investigated (Fig. 15). In many cases, the precipitate did not saturate within 

the magnetic field range (see for example, Fig. 15 (a)). The variability and inconsistency in the precipitate produced 

was confirmed visually by the variation in precipitate colour (ochre or red-brown to black) produced at identical 

replicate conditions. These observations may indicate the precipitation of a variety of iron oxides such as goethite, 

haematite or fetTihydrite7
. In the triangular reactor, in some cases, a viscous, gelatinous precipitate was produced 

possibly as a result of the formation of Fe(III) hydroxides31
• The initial magnetisation curve of such a sample 

precipitated at 200 kPa and that of the same sample after 30 minutes are shown in Figs 15 (b) and (c). The slow 

conversion of these gels to form magnetite may have occuITed in situ in the VSM sample holder which showed an 

increase in maximum magnetisation with time. 
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Figure 15 Magnetisation curves produced by the triangular reactor at (a) 500 kPa (note the scale as compared to (b) 

and (c)), (b) 200 kPa and (c) the same 200 kPa sample measured 30 minutes later 

From high speed filming and XRD and VSM data, it appears that the choice of reactor shape and volume are critical 

for magnetite precipitation. The 8 cm3 kite-shaped reactor produces a precipitate of higher magnetic content than the 

8 cm3 triangular reactor. It is possible that the angle of impingement between the reagent streams and their impact 
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on the reactor wall in the small kite-shaped reactor as compared to the triangular reactor is such that turbulence in 

the reactor is more easily established and maintained. The larger comer angles (60°) of the kite reactor appear to 

allow for more fluid movement within the reactor while the triangle with smaller sharper comers (45°) is more likely 

to exhibit stagnant volumes. Moreover, it is possible that there is insufficient reactor residence time and poor mixing 

because of the smaller volume of the triangular reactor compared to the larger 20 cm3 circular and kite-shaped 

reactors. Limitations as a result of the shape and volume of the triangular reactor appear to result in localised pH 

gradients, variations in hydrolysed species, poor magnetite precipitation and irreproducible results7
. 

The observations that the kite and circular reactors are capable of producing a precipitate of higher magnetic 

material content is confirmed by the studies performed by Botes 16 and Kleingeld 17
• Botes tested an opposing jet, 

spherical and hemispherical reactor (Figs 16 (a) to (c)) for the absorption of C02 into a sodium hydroxide solution. 

Ou.ti et < 
j_;-v) 
~ 

Outlet 

\ 

(a) (b) (c) (e) 

Figure 16 (a) Opposing jets, (b) spherical, (c) hemispherical, (d) square and (e) a-shaped circular reactor 

Based on the main conclusions from this work, namely, that opposing jets resulted in a larger impingement effect 

between feed streams, that nozzles should be positioned in such a fashion as to create a forceful directed flow inside 

the reactor and that nozzle placement should eliminate plug flow, Botes then tested a square (Fig. 16 (d)), triangular 

(Fig. 3 (c)) and kite-shaped reactor (Fig. 3 (a)). The square reactor exhibited similar behaviour as for the first three 

reactors tested (opposing jets, spherical and hemispherical reactors). The kite and t1iangular reactors exhibited 

similar trends for interfacial area production and the combined mass transfer coefficient but the kite exhibited higher 

values overall. This was ascribed to the angle of impingement of reagent streams and the angle of incidence on the 

reactor walls which results in the creation of random turbulence in the reactor. 

Kleingeld then compared the kite-shaped reactor to two circular reactors termed the 71"- (Fig. 3 (b)) and a-reactors 

(Fig. 16 (e)). Because of concerns as to potential nozzle blockages from precipitation with head-on impingement of 

streams, the a-shaped circular reactor was not tested for the precipitation of magnetite. Kleingeld found that the 

circular reactors exhibited a higher mass transfer coefficient than the kite reactor as a result of the centrifugal 

acceleration in the reactor volume. This is in accordance with eq. 5 which gives the mass transfer coefficient as a 

function of fluid acceleration, a ( p L and Pa are the liquid and gas densities, respectively, and µL is the liquid 

viscosity)3: 
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(5) 

By comparison, however, energy is used in the kite reactor for the division of opposing streams rather than in 

changing stream direction and momentum. The kite-shaped reactor yielded a higher interfacial area and was found 

to display a higher combined mass transfer coefficient k La, as compared to the n-shaped circular reactor. The 

combined mass transfer coefficients for these investigations were a maximum of 8, 12 and 22 s· 1 for the triangular, 

circular and kite-shaped reactors, respectively. 

The observations made for the magnetite precipitation are in accordance with the observations by Botes 16 and 

Kleingeld 17
• The circular and kite-shaped reactors produced a good magnetite precipitate of similar saturation 

magnetisations. In addition, particle size and FESEM and XRD data were similar for the two reactors. The triangular 

reactor with the lower mass transfer coefficient produced a precipitate with lowest magnetic content according to 

VSM and XRD data. 

4. Conclusions and general discussion 

Five impinging stream reactors of different shapes and volumes for the potential large-scale, continuous 

precipitation of magnetite were tested. The circular reactor, which promotes mass transfer, and the kite-shaped 

reactors, which provide a high interfacial area for reaction, allow for the precipitation of predominantly good 

magnetite material while the triangular and Y-shaped reactors tend to produce higher quantities of non-magnetic 

iron oxides. The Y-shaped and triangular reactors could be used for initial precipitation of gelatinous oxyhydroxides 

with final magnetite formation occurring in a subsequent stin-ed tank. However, it has been seen that magnetite can 

be precipitated directly from the other reactors and an additional stin-ed tank would be an unnecessary item of 

equipment. 

Not only reactor shape, but also reactor volume is critical for efficient magnetite precipitation: the 8 cm3 triangular 

reactor of the same small volume as the kite-shaped reactor produced precipitates with low magnetic material 

content probably as a result of the low reactor residence time. To obtain further information on the influence of 

reactor shape and volume, precipitation using a 20 cm3 triangular and 8 cm3 circular reactor should be investigated. 

In addition, and based on the fact that no nozzle blockages were experienced during the test work, the a-shaped 

circular reactor could also be tested as this reactor showed higher mass transfer coefficients than the n- and kite­

shaped reactors in test work on C02 absorption 16
. 

Alternative IS reactors such as the impinging stream jet loop reactor (ISJLR) could also be tested. The ISJLR has 

three impingement zones: one head-on impingement zone and two perpendicular impingement zones as shown in 
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Fig. 17. The mass transfer coefficients in the impingement zone and the main reactor tube are 4 and 2.5 times 

higher, respectively, than the remainder of the reactor at high power dissipation9
. 

Liquid 
recirculation 

Figure 17 Schematic of an impinging stream jet loop reactor 

The IS reactor system is ideal for providing intimate mixing conditions as compared to, for example, a conventional 

stirred tank reactor. These reactors have no moving parts or expensive packing material, are of simple construction, 

of small geometric size and high throughput17
• The reactors should have as few sharp angles as possible with nozzle 

inlets positioned such that turbulent conditions in the reactor can be produced and sustained. A smooth reactor 

surface may also prevent the adhesion of reagents (especially in the case of gaseous reagents). The nozzles used in 

such systems are supplied with certain pressure-flow rate characteristics. They need to be inert, readily available, 

affordable and should possess sufficient mechanical strength to withstand high pressure operation. 

Disadvantages of using such reactors include the potential blocking, fouling or degradation of nozzles with time as a 

result of the high pressure feed. They may also be associated with relatively high energy consumption rates but 

would be of great advantage where feed is already pressurised and where space and stability constraints are 

important 17
. 

The reactors as used in these tests could theoretically produce 8 - 12 nm diameter magnetite precipitate particles at 

rates of between 30 g min-1 at 200 kPa and 50 g min-1 at 500 kPa, using the experimental setup described here. It 

would be relatively easy to scale-up to higher throughputs using larger capacity nozzles or increased pressures. In 

addition, commercially available dosing pumps could be used for continuous reagent feed. It has therefore been 

shown that the IS reactor system can be used for the large-scale continuous precipitation of nanosized magnetite 

particles for which results have recently been accepted for publication (Vatta, L. L.; Sanderson, R. D.; Koch, K. R., 

An investigation into the potential large-scale continuous magnetite nanoparticle synthesis by high pressure 

impinging stream reactors. Journal of Magnetism and Magnetic Materials 2007.) 
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Chapter 4* 

Magnetic liquids, magnetic Iiquid/Aliquat 336 and magnetic liquid/methyl isobutyl ketone 

mixtures for the extraction of [Co(SCN)4]
2
- from an aqueous solution by solvent extraction 

Abstract 

Investigations have been perfonned into the extraction of [Co(SCN)4f from an aqueous phase onto the surface of 

bare magnetite and into a magnetic organic phase (magnetic liquid or Aliquat 336/methyl isobutyl ketone (MIBK) in 

magnetic liquid) by ion pair fonnation [Co(SCN)4fR2
2+ (R+ is the Aliquat 336 or the solvated oxonium ion in 

MIBK). The results were compared to the extraction into a conventional non-magnetic organic phase 

(Aliquat 336/MIBK in kerosene). The percentage extraction of the cobalt complex was found to increase with an 

increase in volume of magnetite, magnetic liquid or percentage Aliquat 336 in magnetic liquid. Although initial 

investigations using MIBK showed poor [Co(SCN)4]2" extraction and liquid instability, a suitable extraction system 

using the MIBK for preliminary extraction followed by the use of the magnetic liquid as an MIBK scavenger was 

developed. Owing to its magnetic properties, the magnetic liquid system may allow for a more rapid organic phase 

separation from the aqueous phase than is possible with conventional liquid extractants. 

1. Magnetic supports for extraction 

Magnetic supports are magnetic materials that can selectively attach themselves to non-magnetic materials. The 

supports thereby confer magnetic properties to the target and enable the non-magnetic material to be separated by 

magnetic means 1
• The concept of magnetic supports originated in the 1940s when magnetite was used in the 

removal of organic impurities from effluent streams. Since the 1970s, work has been perfonned in the use of 

magnetic supports in effluent processing and metal ion removal, in the biological and phannaceutical fields, in 

mineral separation and in food processing1
•
5

• 

Magnetic supports may be broadly classified as magnetic carriers or magnetic tags 1• Magnetic carriers are usually 10 

to 1 000 times larger than the target which can become entrapped on the carrier surface or within the carrier particle 

(Fig. 1 (a)). Magnetic tags are usually smaller than the particles to be separated and coat or cluster around the target 

(Fig. 1 (b)). 

•Based in part on the papers, Vatta, L. L.; Sanderson, R. D.; Koch, K. R., Magnetic nanoparticles: Properties and 
potential applications. Pure Appl. Chem. 2006, 78, (9), 1791-1799 and Vatta, L. L.; Koch, K. R., The extraction of 
[Co(SCN) 4]2- from an aqueous solution by solvent extraction using a magnetic liquid and a magnetic liquid/Aliquat 
336 mixture. Manuscript in preparation 2007. 
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target species 

magnetic material 

(a) (b) 

Figure 1 Schematic representation of (a) magnetic carriers which are usually 10 to 1000 times larger than the target 

and (b) magnetic tags which are usually smaller than and cluster around the target species 

1.1 Bare magnetic supports 

Initial work in the fields of effluent processing and metal ion recovery showed that the main factor controlling the 

attachment of bare magnetic carriers to target species is an electrostatic interaction and that by the judicious addition 

of pH modifiers and electrolytes, the surface charge of particles and targets could be controlled1
' 

6
• Fundamental 

work was performed by de Latour in the 1970s where he investigated the precipitation of Al(III), Fe(III) and Cu(II) 

upon the addition of a magnetite seed7
. In his work, de Latour demonstrated that the mechanism of species removal 

was electrostatic adsorption onto the magnetite surface and was highly dependent on the surface charge of the 

magnetite particles. Terashima et al. in their work on the removal of dissolved heavy metals by chemical 

coagulation, magnetic seeding and high gradient magnetic filtration8 also confirmed that the attachment of the target 

to the magnetic seed was predominantly as a result of surface charge and the resultant electrostatic interactions. 

Parsonage9 corroborated the importance of the surface charge and found that the attachment of surfactants to the 

particle surface caused a change in the magnetite point of zero charge (PZC) which could, for example, be adjusted 

from approximately 6.5 to 4.5 when magnetite particles were coated with sodium oleate. Such investigations led to a 

commercial process which exploits these findings, namely, the Sirofloc™ process, developed by the CSIR.O 

research group 10
• In this application, micron-sized magnetite particles in media of pH 4 - 6 have protonated surfaces 

for the adsorption of negatively charged colloids or suspended solids. 

1.2 Other applications of magnetic supports 

Besides the use of bare magnetic particles for species extraction, magnetic supports have also been used in the 

following types of applications: 

° Ferrihydrite or ferric hydroxide gel-coated magnetite was used for the removal of Cr(IV) and Zn(II) and colour 

and turbidity from wastewater by Chen et al. 11 and Anderson et al. 12
, respectively. The aim of the gel coating 

was to increase the carrier's specific surface area, but the coatings showed poor long-term stability. 
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o Bolto 13 performed work on magnetic polymer beads (magnetic resins) for use in conventional ion exchange 

processes in order to increase the reaction and sedimentation rates. 

o Homogenous as well as heterogeneous resins have been tested in wastewater treatment processes 14
• In 

homogenous resins, the magnetic material is uniformly distributed within the cross-linked ion exchange resin or 

inert cross-linked polymer15
• In heterogenous resins, homogeneous magnetic polymer particles are 

functionalised by the attachment of selected polymeric chains 15
• 

• Surface-functionalised magnetic carriers (such as through attachment of a bolamphiphilic surfactant) have also 

been developed. Gelinas et al. synthesised diethylenetriamine-terminated maghemite carriers for the 

complexation of copper ions 16
. 

2. Magnetic liquids 

2.1 Composition and properties of magnetic liquids 

Significant developments in various scientific fields in the last 50 years have seen the increased interest of scientists 

in the field of condensed matter science with a particular focus on soft materials whose properties and behaviour 

differ from solid matter17
. Soft materials include fluids, liquid crystals, polymers, emulsions and colloids, and are 

characterised, for example, by the fact that they are easily defom1ed by external stresses and electromagnetic and 

gravitational fields 17
. 

Magnetic particles in the nanosize range suspended in an appropriate fluid may be used in magnetic liquids (also 

known as ferromagnetic liquids or ferrofluids when containing iron) which are a typical hybrid of the nanoparticle 

and a soft material 17
. Magnetic liquids consist of a stable colloidal dispersion or suspension of single domain ferro­

or ferrimagnetic particles in a carrier liquid 18
• The stability imparted to the particles comes about as a result not only 

of the size of the paiticles but also through stabilisation of the suspended particle by a surfactant (see magnetic 

liquid components in Fig. 2). The magnetic particles in the magnetic liquid could be, for example, magnetite 

(Fe30 4), maghemite (y-Fe20 3), iron, cobalt, nickel, gadolinium, dysprosium, manganese, magnesium or copper
19

• 
20

. 

Carrier liquids could be, for example, different types of oils, fluorocarbons or even water. (Water-based fluids 

usually exhibit a lower saturation magnetisation than hydrocarbon-based fluids as they are more difficult to 

stabi I ise.) 

.~\:c,>;'"h~ surfactant ;; '.« 
~/. 

magnetic materia 
carrier liquid 

Figure 2 Schematic representation of the three components of a magnetic liquid: surfactant, carrier liquid and 

magnetic material 
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Fig. 3 (a) shows a magnetic fluid suspended in an aqueous solution and exposed to a magnetic field. The fluid forms 

spikes as the nanosized magnetic particles align themselves with the external magnetic field lines. Upon removal of 

the magnet (Fig. 3 (b)), the superparamagnetic fluid relaxes and settles completely. 

(a) (b) 

Figure 3 Magnetic Liquid (suspended in an aqueous solution) (a) fonning spikes when exposed to a magnetic field 

as coated magnetite nanoparticles align with the external magnetic field lines and (b) relaxing completely upon 

removal of the magnet 

The magnetite particle size required to ensure stability of the fluid (to maintain the stable colloidal suspension) is 

approximately 10 nm. This particle size is small enough such that the kinetic energy imparted to the particle by the 

motion of solvent molecules (Brownian motion) is sufficient to maintain stability in a magnetic field, in a 

gravitational field and against the magnetic attraction of particles to one another in the absence of a magnetic field 

thereby preventing particle agglomeration and settling18
· 
2 1

-
23

• However, attractive London-type van der Waals forces 

that arise from induced dipole-dipole interactions and the tendency of particles to minimise their total surface or 

interfacial energy cannot be overcome by thermal agitation and may result in agglomeration211
'
24

• 

Coalescence of nanoparticles can be minimised through two main methods. In electrostatic stabilisation, a double 

layer is formed by the ions adsorbed at the particle surface and their corresponding counter ions. The resultant 

Coulombic repulsion between particles ensures that they remain suspensed25
• Anionic and non-ionic surfactants 

have been used to produce a surface double laye?'. Alternatively, a surfactant molecule on the surface of the 

nanoparticles may provide steric repulsion between particles thereby preventing agglomeration4
• 

25
• 

26
• 

Magnetic suspensions were first used to detect microscopic magnetic patterns on ferromagnetic tools (through 

deposition of the fluid on the surface and evaporation of the carrier liquid) and later for the identification of flux 

change on magnetic tapes. The National Aeronautical and Space Administration (NASA) manufactured magnetic 

liquid for investigations into its use as a pumpable rocket propellant in microgravity conditions (controlling fuel 

flow under conditions of weigbtlessness)22
• 

23
• Magnetic liquids can be manipulated to flow or remain immobilized 

via application of an external magnetic field and have therefore been used in the voice coils of loudspeakers, to form 
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airtight seals in rotating machinery, as a variable density fluid for the separation of scrap metals, in magnetic paints 

and in the fields of biology and medicine, e.g., in targeted drug delivery3
'

20
'
22

'
23

. 

2.2 Synthesis of magnetic liquids 

Magnetic fluids were first synthesised in the 1960s by the milling of a magnetic powder to 5 to 10 nm in a ball mill 

for more than 1000 hours at a time 19
• Interparticle magnetic flocculation and interparticle attraction caused by van 

der Waals forces made this preparation method rather unattractive. In the 1970s, a simpler method of chemical 

precipitation was developed which led to an increased interest in applications of magnetic nanoparticles 17
. 

A simple method for the precipitation of magnetite is by the addition of ammonium hydroxide solution to a solution 

of ferric and ferrous ions as described in Chapter 2. The magnetite is coated with oleic acid as a surfactant (which 

allows for dispersion in a hydrocarbon carrier liquid) and is suspended in kerosene as the carrier liquid. The oleic 

acid coating is approximately 2 nm thick27
'

28
. 

Fig. 1 in Chapter 2 illustrated the complexity of the formation of magnetite but a very simplified representation of a 

possible synthesis route23 is given by eqs 1 to 3. 

2FeCl3 + 6NH40H ~ 2FeO(OH) + 6NH4 Cl + 2H20 (1) 

(2) 

(3) 

Excess ammonium hydroxide then reacts with oleic acid to form an ammonium oleate soap: 

CH3(CH2)?CH=CH(CH2h<y=o + NH40H ~ R-f =O + H20 
(4) 

OH O-(NH4/ 

The ammonium oleate soap can bond covalently to the magnetite particle through the iron ions on the surface which 

results in a coated particle that still retains an affinity for water due to the polar nature of the oleate coating29
. The 

ammonium oleate coating is transformed upon heating into oleic acid with possible modes of coordination of the 

carboxylic acid group to the iron oxide surface30 shown in Fig. 4. (The monodentate complex, Fig. 4 (b) is most 

likely formed.) Depending on the pH of the solution, one could also envisage an electrostatic interaction of the 

carboxylic acid with the magnetite surface taking place as a result of the magnetite surface charge. 
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Fe Fe 

(a) (b) (c) 

Figure 4 Possible modes of coordination ofCOOH groups to the iron oxide surface: (a) bidentate, (b) monodentate 

(most likely) and (c) monodentate (least likely) 

The ammonium ion redissolves in water ( eq. 5) but as the temperature increases, the equilibrium of eq. 6 is driven to 

the right liberating ammonia gas from solution and further promoting the peptisation reaction. 

(5) 

(6) 

The oleic acid-coated magnetite particles are now reasonably non-polar and would be more stable in a non-polar 

liquid such as kerosene. A migration of particles therefore takes place to the kerosene phase where they fo1m a 

stable colloidal suspension. 

3. Solvent extraction using a magnetic liquid or a magnetic liquid/extractant mixture 

Liquid-liquid extraction is used for the extraction and isolation of a wide range of components, e.g., metals or 

impurities from a variety of feed streams. The component is removed from an aqueous phase by partition into an 

organic phase using an organic extractant, such as tricaprylyl methyl ammonium chloride (with commercial name 

Aliquat 336) or methyl isobutyl ketone (MIBK) and is then recovered from the organic phase usually by back 

extraction (stripping) of the component into a second aqueous phase31 ' 32 . In commercial processes, it is unlikely that 

metals will form a non-polar species, thereby rendering them soluble in an organic solvent. It is more likely that the 

metals would exist as hydrated species thereby making them incompatible with non-polar organic liquids. There are 

a variety of methods31 · 33 whereby the hydrophilic metals could be converted into hydrophobic species by 

complexation with suitable ligands for extraction (extractants) by a non-polar diluent: 

0 the metallic cation can be complexed with an anion to form a neutral species (using an acidic extractant), 

0 an ion-pair complex can be formed (using an ion-pair extractant) or 

0 hydrated water molecules can be replaced with a solvating extractant (using a solvating extractant). 
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The aqueous-phase chemistry of the metal is a critical factor in determining the extent of extraction and selectivity, 

and is affected by31
: 

0 

0 

0 

the nature and concentration of the complexing ion, 

the degree of hydration of the aqueous-phase complexes and 

the relative strength of metal-water and metal-extractant bonds 

Stripping of the extracted metal from the organic phase is usually achieved by contacting with an aqueous phase of 

low concentration of complexing ion, by using a high concentration of an alternate ion that forms a stronger 

aqueous-phase complex and is more easily extracted or by pH manipulation31
•
32

• 

3.1 Ion-pair extractant: Aliquat 336 

The quaternary amine salts R1R 2R3N+(CH3 )Cl- (where R1 = R2 = R3 =(C8H 17 -C10 H 21 )), are classified as ion­

pair extractants31
• Aliquat 336 (mixture of octyl and decyl amines, of average molar mass 442 g mor

1 
and density 

0.88 g cm-3
) is a water-insoluble quaternary ammonium salt supplied predominantly for commercial use in acidic to 

slightly alkaline conditions32
• It is used in solvent extraction for the recovery or purification of anionic complexes of 

cadmium, cobalt, iron, molybdenum, rare earth metals, tungsten, uranium and zinc. Amongst others, Aliquat 336 has 

been used in waste treatment, as an anti-static agent and for the decolourisation and deodorisation of fermentation 

broths32
• 

Protonated amines (shown for a tertiary amine in eq. 7) can form an ion pair (eq. 9) with a negatively charged metal 

species (see eq. 8 where M is the metal and X is the anionic species with which the metal complexes) such as a 

chloride, nitrate, carbonate, thiocyanate, carboxylate or phosphate complex. Loaded organic phases can be stripped 

by reversing eqs 7 and 9 ( R denotes the hydrocarbon moiety and the overbar represents the species in the organic 

phase)31
. 

(7) 

M"+ + -x- MX<x-ll)-.x B x (8) 

(x-11)- _ + - + (x-11)- -
MXx +(.x-n)R3NH X B(R3NH )x_11 (MXx )+(x-n)X (9) 

Because of the pe1manent positive charge on the quaternary ammonium ion, Aliquat 336 can form salts with anions 

over a wider range of pH than the primary, seconda1y and te1tiary amines and therefore finds application across a 
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wider range of pH32
. It has also been shown that, in general, quaternary ammonium reagents are stronger extractants 

of anionic thiocyanate complexes than primary amines for certain metals31
. A disadvantage, however, of Aliquat 336 

is that it is more difficult to strip than many other amines. 

3.2 Solvating 'oxonium' extractant: Methyl isobutyl ketone 

In solvating extraction, neutral inorganic molecules or complexes are extracted by organic compounds containing 

electron-donor groups through replacement of the hydrated water molecules with the solvating extractant. The 

extraction using MIBK, a solvating extractant, is based on the fact that MIBK, as a ketone, is an oxygen donor 

solvent which can form or stabilise cationic oxonium ions31
. MIBK in the presence of acid in the aqueous phase 

(H+x- or H
3
o+x-,where X istheanionicspeciestobeextracted)isknowntoextractthe H+x- or H 30+x­

in the form of solvated oxonium and/or hydronium ions: 

yH 3o+x- +nMIBK B(MIBK)
11

(H 30+)y(Cr)y 

yH+ x- + nM/BK B (MIBK)ll(H+)y(Cr)y 

3.3 Application of magnetic fluids/or solvent extraction 

(10) 

Conventional practice for the extraction of metal ions from solution using liquid-liquid extraction and an extractant 

such as Aliquat 336 generally involves the dissolution of the extractant in a suitable hydrocarbon solvent31
• 

32
• 

34
. 

Although it would be advantageous to use the metal extractant alone (as is usually the case for MIBK), dissolution 

of the extractant in a solvent may be necessary as the extractants are often highly viscous in a pure state31 and the 

diluent may improve the solubility of the extracted complex, reduce the viscosity of the organic phase, minimise 

solubility and entrainment losses and improve phase separation34
. Depending on the system, however, the use of a 

diluent may also result in unfavourable rates of mass transfer or may cause extracted metal complexes to precipitate 

or separate as a 'third phase'31
. (Diluent modifiers are often used to prevent this third-phase formation and to prevent 

the formation of precipitates or emulsions34 
.) 

The mass of extractant required is determined by the stoichiometry of the extraction reaction. This extractant is 

dispersed in a certain volume of diluent with the concentration of the extractant in the diluent possibly limited by 

certain physical effects such as viscosity, solubility, etc. According to this concentration, the required ratio of the 

aqueous to the organic phase (phase ratio) can then be established. After extraction, the aqueous phase and organic 

phase (containing extractant and possibly a diluent) separate by means of gravity. It would be advantageous if this 

process could be modified to provide a more rapid phase separation. 
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As mentioned previously, bare magnetic particles have been used in the extraction of various species from 

wastewater and effluents. It was decided to investigate whether extraction from an aqueous solution would be 

possible using magnetic particles incorporated into a magnetic liquid. Because of the superparamagnetic property of 

the magnetic liquid, it was envisaged that it could behave as a liquid during extraction but would be responsive 

when exposed to a magnetic field allowing for efficient removal of the magnetic liquid phase. In addition, mixing of 

two liquid phases during extraction should allow for good phase contact and it should be possible to use 

conventional liquid-liquid extraction equipment or equipment modified such as to utilize the magnetic 

characteristics of the fluid. As proof of concept, it was decided to investigate the extraction of the cobalt thiocyanate 

complex from an aqueous solution using a magnetic liquid. 

In addition to the extraction by the magnetic liquid itself, it was decided to investigate whether a magnetic liquid 

could be used as the diluent in a liquid-liquid extraction system using Aliquat 336 and MIBK as the extractants. 

Aliquat 336 is soluble in kerosene (the magnetic fluid carrier liquid) in the temperature range of interest and 

kerosene as diluent is ideal because it is commonly used as the canier liquid in magnetic liquid technology and has 

also been used traditionally in liquid-liquid extraction31
• 

32
• It was envisaged that the magnetic properties of the 

resultant system could be manipulated for more rapid phase separation after extraction. 

Although a magnetic solvent extraction process has been patented, to our knowledge, only preliminary 

investigations into the extraction ofCu2+ and U02
2
+ have been studied thus far using this technique35

•
36

. The patent35 

describes the possible principal of using a magnetic liquid containing an extractant for more rapid phase separation 

in solvent extraction. Examples are provided of magnetic solvent extractant mixtures prepared using LIX 64N 

(hydroxy-5-nonylbenzo-phenoneoxime and 5,8-diethyl-7-hydroxydodecan-6-oxime) and LIX-54 (tri-octylphosphine 

oxide, tri-(Cn)methylaluminium chloride and tri-(C11)amine, n = 8 - 10). The case of using the LIX 64N extractant to 

extract 90 % of the Cu2+from a 9.83 gr' CuS04.5H20 solution is discussed. No further references could be found in 

literature relating to work done in this regard by the inventor (Hwang) or assignee of this patent (Michigan 

Technological University). 

Palyska and Chmielewski36 investigated the extraction of Cu2+ from a CuS04 solution (10.3 mg Cu cm-3
, pH 4.05) 

using an 11 % solution of di(2-ethylhexyl) phosphoric acid (D2EHPA) in kerosene and a magnetic liquid consisting 

of 15 % magnetite and an organic to aqueous phase ratio in the range of 1:1 to 1:2.5. They also investigated the 

extraction ofUO/+ from a U02(N03) 2 solution (1.025 mg U cm-3
) using 8 % tributylphosphate (TBP) in kerosene or 

magnetic liquid. Little information is given in this paper regarding percentage extraction of the metal ions while an 

increased magnetic phase separation rate of between 60 and 120 times higher than gravitational separation in the 

presence of a permanent magnet was observed. 

In our application it was proposed that after addition of the Aliquat 336 or MIBK to the magnetic liquid, the 

extractant would be soluble in the kerosene carrier liquid of the magnetic liquid and the oleic acid surfactant on the 
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surface of the magnetic particles. lt was also envisaged that the oxygen of the MIBK could potentially partition into 

the hydrophobic shell of the magnetic particle. This concept is illustrated schematically in Fig. 5. 

' ~ 
°t~· -CH, 

0 \ Cl 

(a) (b) 

Figure 5 Envisaged schematic incorporation of the (a) Aliquat 336 and (b) MIBK extractants in a magnetic liquid 

An aqueous solution of cobalt sulphate and potassium thiocyanate is pink in colour as a result of the pink octahedral 

[Co(SCN)4(H20hf complex which is formed (Fig. 6 (a)). Vogel reported the cobalt (ll)-thiocyanate analytical test, 

in which a bluish colour is obtained upon the addition of acetone to an aqueous solution of cobalt thiocyanate
37

• This 

colour is accepted to be the tetrahedral species, [Co(SCN)4]
2
-, which forms as the activity of the water is reduced3

8-40 

(Fig. 6 (b)). This property lends itself to convenient studies using UV-visible absorbance41
: measurement of the 

absorbance spectra before and after addition of the magnetic liquid to an aqueous solution of K2[Co(SCNMH20)i] 

can be used to determine whether adsorption of the [Co(SCN).(H20)z]2
- has taken place. 

(a) 

s 
c 
N 

(b) 

Figure 6 The structure of the (a) pink octahedral [Co(SCNMH20h]2
- complex in the aqueous phase and (b) blue 

tetrahedral species (Co(SCN)4]
2
- in the organic phase (the colour change in the photograph occurs upon addition of 

acetone to the aqueous K2[Co(SCN)4(H20)z] solution) 

Extraction of the cobalt thiocyanate complex was performed using magnetite alone and with magnetic liquid on its 

own as well as in the presence of Aliquat 336 and MIBK. The extraction by the e magnetic organic extractants was 

compared to that of Aliquat 336 and MIBK in kerosene. The effects of the percentage magnetite, magnetic liquid, 
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Aliquat 336 and MIBK, the ratio of the organic to aqueous phase during extraction and the kinetics of extraction 

were investigated in this chapter. 

4. Experimental 

4.1 Reagents 

All reagents and solvents were purchased from commercial sources and were used without further purification. 

FeCl3.6H20, FeS04.7H20 and 25 % NH40H (Merck) were used for the precipitation of magnetite. Oleic acid and 

kerosene were purchased from Fluka and BP, respectively. Kerosene is a mixture of C 10 - C16 petroleum 

hydrocarbons, with a density of 0.78 g cm·3, boiling range of 190 - 260 °C and containing approximately 60 % n­

branched alkanes and up to 35% (but usually < 5 %) aromatics with the remainder consisting of cycloalkanes and 

alkenes. CoS04.7H20 and KSCN were from B. Owen Jones and Merck, respectively. Ultrapure Milli-Q water (MQ 

> 18 MQ) was used for the preparation of aqueous solutions. Aliquat 336 in the chloride form and MIBK were 

obtained from Aldrich and Merck, respectively. 

4.2 Synthesis of magnetic liquid 

For a typical preparation of approximately 100 ml magnetic liquid, 84 g FeCl3.6H20 and 43.2 g FeS04.7H20 were 

added to 600 ml water. The resultant solution was heated to -35 °C. 220 ml 25 % NH40H was added to the iron 

solution with rapid agitation. The resultant precipitate was washed via magnetic decantation three times with 600 ml 

water to remove relics from precipitation such as chlorides that may result in a low quality magnetic fluid with 

increased viscosity 19
. 600 ml water and 10 ml 25 % NH40H were added to the precipitate, followed by a 10 ml oleic 

acid/80 ml kerosene mixture. The mixture was stirred and heated to 90 °C. The final organic magnetic liquid was 

separated by magnetic decantation from the aqueous phase and washed with water to a pH of 7 - 8. A final wash 

with distilled water was perfom1ed. The volumetric packing fraction of the magnetite in the concentrated fluid was 

0.1, i.e., 10 % magnetite by volume or 0.52 g magnetite cm·3 concentrated fluid. The magnetic liquid was 

centrifuged at 4200 rpm for 30 minutes for the removal of agglomerates and diluted from the original density 

(-1.3 g cm-3
) to 0.9 g cm·3 by the addition of kerosene except where otherwise stated. 

Magnetic liquid samples consisting ofO, 17, 33, 50, 67, 83 and 100 % concentrated magnetic liquid were prepared 

by the addition of kerosene to the synthesised concentrated magnetic liquid (density -1.3 g cm·3). 
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4.3 Preparation of Aliquat 336 extractant mixtures 

Stock solutions of 1, 3, 5, 8, 10, 14, 18 and 25 % (by volume) kerosene-Aliquat 336 (KA) and magnetic liquid­

Aliquat 336 (MA) mixtures were prepared by the addition and mixing of the required mass of Aliquat 336 to the 

required volume of kerosene or magnetic liquid, respectively. (Owing to the viscosity of the Aliquat 336, the 

required amounts of Aliquat 336 were measured out by mass.) The magnetic liquid was diluted to 0.9 g cm-3 by the 

addition of kerosene to more closely approximate the Aliquat 336 density (0.884 g cm-3
). 

4.4 Preparation of MIBK extractant mixtures 

Concentrations of greater than 50 % MIBK in magnetic liquid (by volume) resulted in the magnetic liquid becoming 

unstable as shown by the precipitation of magnetite and phase separation of the MlBK and magnetic liquid. For the 

extraction test work, mixtures ofMIBK in magnetic liquid in concentrations of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40 

and 50 % (by volume) were prepared. 

4. 5 Experimental procedure and analytical methods 

A solution of CoS04.7H20 (Co(II) concentration of 17 mmol r1
) and 20 times excess KSCN was prepared in 

deionised water. Triplicates were prepared for all extraction test samples. After addition of the organic phase, 

samples were sealed and agitated on a Labean horizontal shaker. The aqueous phase was removed using Pasteur 

pipettes for measurement of the UV-visible absorbance spectra using a GBC UV-visible Cintra lOe Spectrometer. A 

wavelength scan from 400 to 700 nm at 200 nm min-1 (0.4 nm step size and 1.5 nm slit width) was perfo1med. The 

maximum absorbance at 512.3 nm was used to calculate the percentage extraction. The average absorbance and 

unbiased standard deviation of the triplicates was calculated and the percentage extraction determined as a function 

of the original K2[Co(SCNMH20)2] concentration_ A NdFeB magnet was used to separate the magnetic phase 

(when present) from the aqueous phase. 

To determine the extraction of the [Co(SCN)4f by magnetite, 0 to 1.5 g magnetite in increments of 0.3 g were 

added to 10 ml of the K2[Co(SCN)4(H20)2] solution in a glass polytop. The samples were agitated overnight at 

110 rpm before measuring the UV-visible absorbance spectra. Extractions were remeasured at day 5, 20 and 44. 

Agitation was discontinued after 5 days. 

For the extraction by different concentrations of magnetic liquid, 3 ml of 0 - 100 % concentrated magnetic liquid 

was added to 10 ml of the K2[Co(SCN)4(H20)2] solution in a glass polytop. The agitation time (at 80 rpm) was 

5 hours. The samples remained standing for 48 hours before measurements were made. For kinetics studies, 3 ml 

magnetic liquid was added to 10 ml aqueous solution and the extraction determined at 30 min, 1 h, 2 h, 5 h, 22.5 h 

and 120 h and at 80 and 110 rpm shaker speeds. 
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To detennine the effect of the percentage Aliquat 336 on the extraction of the [Co(SCN)4f, 3 ml of 1 - 25 % 

kerosene-Aliquat 336 (KA) and magnetic liquid-Aliquat 336 (MA) were added to 15 ml of the CoS04.7H20/KSCN 

solution in a glass polytop. The agitation time (at 110 rpm) was 10 minutes. The extraction of the [Co(SCN)4f by 

the magnetic liquid/MIBK mixture was detennined by adding 3 ml of the MIBK-magnetic liquid mixture in a range 

of concentrations from 0 to 50 % MIBK in magnetic liquid to 10 ml of the CoS04.7H20/KSCN solution in a glass 

polytop. For the initial extraction experiments, single samples were prepared. The agitation time (at 80 rpm) was 

15 hours. 

5. Results and discussion 

5.1 Extraction of [Co(SCN) 4/- by magnetite 

The extent of extraction of [Co(SCN)4f from the 17 mmol r' Co(II) aqueous solution as a function of the mass of 

bare magnetite over 44 days is shown in Figure 7. There does not appear to be a significant increase in percentage 

extraction with an increase in time. 

100 ., ................................................................................................................................................................................................................... , 

80 -

~ 60. 
c 
0 .,, 
~ 40 -

~ 

20 -

0 0.2 0.4 

--+-Day I 

-G-Day5 

-Ir-Day 20 

""*-Day44 

0.6 0.8 1.2 1.4 

Mass magnetite (g) 

Figure 7 Percentage extraction of [Co(SCN)4f by bare magnetite as a function of the mass of magnetite 

The percentage Co(II) extraction increases with mass of magnetite and is thought to result from interaction of the 

anionic species with the magnetite surface hydroxyl groups. In an aqueous environment, magnetite surface hydroxyl 

groups that arise from adsorption of water may be coordinated to between one and three surface iron atoms or may 

be attached geminally3° as shown in Fig. 8. It is claimed that magnetite has a density of 5 hydroxyl groups per 

square nanometre30
. 
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Figure 8 (a) Singly, (b) doubly, (c) triply coordinated and (d) geminal sUiface hydroxyl groups proposed on iron 

oxides30 

The hydroxyl group electron lone pairs and dissociable hydrogen atom allows it to act amphoterically3°. The charge 

on the oxide surface is established by the dissociation or ionisation of surface hydroxyl groups. This corresponds to 

the adsorption or desorption of protons depending on the pH of the solution and can be represented by the following 

dissociation reactions 1
'
30

: 

Surface FeOH + H + ~ Surface FeOH; (11) 

Surface FeOH +OH- ~ Surface FeO- + H 2 0 (12) 

A range of PZC values varying from 6 to 8.2 has been repo1ied for magnetite42
-4

6
. At a pH lower than the magnetite 

PZC, the FeOH2 + groups predominate. At a pH greater than the PZC, the FeO" groups predominate. When the pH 

equals the PZC, the number of FeOH/ groups equals the number of FeO" groups30
. The pH of the 

CoS04.7H20/KSCN solution used here was approximately 6. At this pH, it is suspected that the magnetite surface is 

protonated to a certain extent and the FeOH/ groups should predominate30 allowing for extraction of the anionic 

[Co(SCN)4f by simple ion pairing. 

Theoretically it would be expected that the extraction would increase with the increase in mass of magnetite. It is 

proposed that hindered mixing with increase in magnetite mass and possible agglomeration of particles may occur 

thereby limiting the exposed surface area and decreasing the [Co(SCN)4]2" extraction. 

5.2 Extraction of [Co(SCN) 4/- by magnetic liquid 

Fig. 9 gives an example of the absorbance spectra measured for increasing magnetic liquid concentrations for the 

magnetic liquid extraction tests with super-imposed lines indicating replicate tests. The change in absorbance with 

change in magnetite concentration allows for the calculation of percentage extraction of [Co(SCN)4f. During test 

work, it was observed that the magnetic phase is immediately attracted towards the magnet allowing for rapid phase 

separation and easy removal of the underlying aqueous phase for absorbance measurements. 
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Figure 9 Example of typical absorbance spectra obtained for the magnetic liquid extraction tests 

Fig. l 0 (a) shows the percentage extraction of [Co(SCN)4f on day 1 and that after 44 days as a function of the 

percentage concentrated magnetic liquid (where the concentrated magnetic liquid has a volumetric packing fraction 

of 10 % magnetite in organic carrier liquid). Fig. 10 (b) shows a second-order polynomial regression curve fitted to 

the 44-day extraction data. The extraction per gram of magnetite decreases as the percentage concentrated magnetic 

liquid increases. It is suspected that the higher packing fraction in the more concentrated fluids may hinder contact 

between the magnetite and the [Co(SCN)4f in the aqueous phase as compared to the more dilute fluids: the 

magnetic particles in the more concentrated magnetic liquid may not all be exposed equally to the anions in solution 

during phase contact. A ratio of approximately 40 times molar excess magnetite to cobalt is required for 100 % 

extraction (approximately 155 g magnetite/g Co). It must be noted that the oleic acid surfactant which coordinates to 

the iron oxide surface results in a lowe1ing9 of the PZC to approximately 4.5 (as compared to the bare magnetite 

PZC which varies from 6 to 8.242-46). This implies that the FeO- groups should dominate. However, even with a 

dominance of FeO- groups, there are still very likely FeOH/ groups available for adsorption of the [Co(SCN)4f 

anions30 (and in fact it is seen that this is so as the magnetic liquid is still capable of anion extraction). (pH 

conditions lower than the K2[Co(SCN)4(H20)2] solution pH (-6) were not investigated owing to the magnetite's 

poor resistance to acidic media47 .) 
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Figure 10 (a) Percentage extraction of [Co(SCN)4f as a function of percentage concentrated magnetic liquid in the 

organic extractant volume and (b) with regression curve fitted to the extraction data after44 days 

Relative extraction kinetics detem1ined using magnetic liquids of concentrations 33, 67 and 100 % concentrated 

magnetic liquid diluted with kerosene (densities 0.9, 1.1 and 1.3 g cm·3
, respectively), showed that the higher the 

concentration of magnetic liquid, the higher the percentage [Co(SCN)4f extraction (Fig. 11 (a)). Adsorption of 

anions onto iron oxides is usually thought to be a two-step process. In the first stage, there is rapid attachment of the 

species to the su1face limited mainly by the diffusion to the surface. The second stage is limited by diffusion into 

particle aggregates or crystal nanopores and structural rean-angement of the surface complexes30
. This possibly 

explains the rapid initial extraction by the magnetic liquid followed by a further slow and gradual adsorption of 

species and therefore slightly increased extraction percentage with time. There is an increase of only 5 % extraction 

over the next 10 days. (Desorption of anions from the su1face with a change of anion concentration in solution may 

be slow for two reasons: multidentate surface complexes which desorb less easily may form and adsorbed ions may 

diffuse slowly out of the nanopores30
.) 

so. 

~40 -
§ .,, 
~ 30. 

"' '1l 
20 

IO -

-o- 33 % magnetic liquid 

-a- 67 % magnetic liquid 

-0- I 00 % magnetic liquid 
oa-~~~~~~~~r-~~~-,-~~~~~~ 

0 10 IS 20 
Extraction time (h) 

(a) 

_._ 33 % magnetic liquid 

10 
__,._ 67 % magnetic liquid 

-o- 100 % magnetic lig_uid 
o-l--~-,--~.-~.-~-.--==r==:::::;:==::::::;:==::::::;==~ 

II 13 IS 17 19 21 

Extraction time (h) 

(b) 

Figure 11 (a) Extraction kinetics for the extraction of [Co(SCN)4f using magnetic liquids of different 

concentrations and (b) gradients (determined between 5 and 22.5 hours) of extraction kinetics curves 
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It appears from the gradients for the extraction kinetics curves (Fig. 11 (b), determined between 5 and 22.5 hours) 

that the lower the concentration of magnetic liquid, the lower the gradient of extraction. This may imply that 

maximum extraction is reached soonest by the magnetic liquids of lower magnetite concentrations (although the 

final percentage extraction is lower owing to the lower amount of magnetite present). Again it is suspected that the 

magnetite in the more concentrated hydrocarbon fluids may not come into contact as easily with the cobalt 

thiocyanate anions in the aqueous phase as may occur for the more dilute fluids (where magnetite is more dispersed 

in the hydrocarbon phase and may more easily come into contact with the anions in the aqueous phase). Although 

the extraction by the 33, 67 and 100 % concentrated magnetic liquid in Fig. 10 is slightly higher as compared to that 

in Fig. 11, this reflects a difference of [Co(SCN)4f extraction of less than -0.04 mmol and is most likely caused by 

slight variations in dilutions of the magnetic liquid. 

A higher shaker speed appears to provide for an improved phase contact between the aqueous cobalt solution and 

the magnetic liquid, resulting in a higher overall percentage [Co(SCN)4f extraction (Fig. 12) within the time 

investigated. An increase in shaker speed from 80 to 110 rpm led to an 8 % increase in extraction after 30 minutes 

and remained at 4 - 5 % higher extraction for the duration of the measuring period. 
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Figure 12 Percentage extraction of [Co(SCN)4f by 25 % concentrated magnetic liquid as a function of shaker 

speed 

5.3 Extraction of [Co(SCN) 4]2- by a mixture of Aliquat 336 in magnetic liquid or kerosene 

Because of its permanent positive charge, the quaternary ammonium ion of Aliquat 336 does not have to undergo 

the protonation reaction as discussed for basic or ion-exchange extractants (eq. 8). During extraction, the anionic 

cobalt thiocyanate species and the cationic Aliquat 336 species would react as follows where R is C8 H17 -C10 H 21 

(the overbar again indicates species in the organic phase): 
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(13) 

Fig. 13 (a) shows the percentage extraction of [Co(SCN)4f after 10 minutes and that after 50 days (Fig. 13 (b)) as a 

function of the increasing percentage Aliquat 336 in the kerosene-Aliquat 336 (KA) and magnetic liquid­

Aliquat 336 (MA) mixtures. There was no mixing of the samples after the initial extractions were determined and 

the samples were kept in the dark. (EITor bars have been excluded for clarity. The maximum unbiased standard 

deviation obtained for the experiments was 2 %.) The percentage extraction of [Co(SCN)4f increases with an 

increase in the percentage Aliquat 336 for both the KA and MA mixtures. The MA mixture exhibits a consistently 

higher extraction (of approximately 8 %) than the KA mixtures for the same percentage Aliquat 336 up to -14 % 

Aliquat 336. From this point onwards, the extraction is approximately equal. The higher extraction by the magnetic 

liquid is as a result of the extraction of the [Co(SCN)4f by the magnetite by simple ion pairing. (It can be seen that 

at 0 % Aliquat 336, between 8 to 19 % [Co(SCN)4f, see Figs 13 (a) and (b), respectively, is extracted by the MA 

mixture.) The molar excess for the MA mixture according to the reaction stoichiometry (eq. 13) is 2.5 as compared 

to 3.5 required for the KA mixture. There is a slight increase in [Co(SCN)4]2- extraction after 50 days owing to 

additional adsorption of [Co(SCN)4f onto the magnetite surface. 
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Figure 13 (a) Percentage extraction of [Co(SCN)4f after 10 minutes and (b) extraction after 50 days as a function 

of percentage Aliquat 336 in kerosene (KA) or magnetic liquid (MA) 

The effect of the ratio of organic extractant to the aqueous phase was investigated by varying the volume of organic 

extractant used relative to the aqueous fraction. Fig. 14 shows the percentage extraction as a function of the total 

volume of organic extractant using 3, 5 and 10 % (by volume) Aliquat 336 KA and MA mixtures. (For clarity, eJTor 

bars are again not indicated on the graphs. The maximum unbiased standard deviation obtained for the experiments 

was 5 %.) 
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Figure 14 Percentage extraction of [Co(SCN)4f as a function of the total volume of organic extractant for the 3, 5 

and 10 % KA and MA mixtures and bare magnetic liquid 

As seen previously and as expected, the percentage extraction of [Co(SCN)4f increases as the percentage 

Aliquat 336 (and total organic volume) in the mixture increases. However, for 50 % [Co(SCN)4f extraction after 

10 minutes, approximately one times molar excess of Aliquat 336 relative to [Co(SCN)4f is required for the 3, 5 

and 10 % MA samples. This is in comparison to an approximate molar excess of 1.5 required for the equivalent KA 

samples. A lower volume of Aliquat 336 would therefore be required to effect the same extent of extraction when 

incorporated into a magnetic liquid as opposed to a diluent such as kerosene. The UV absorbance of these samples 

remeasured after 50 days (with no mixing of the samples over this period of time and with the samples kept in the 

dark) showed an increase in extraction of [Co(SCN)4f by up to 11 %. Again, this is probably as a result of kinetic 

effects owing to the diffusion of species into nanopores30
. The slight variation in percentage [Co(SCN)4f extraction 

in Figs 13 and 14 is most likely caused by small variations in composition of the KA and MA mixtures prepared for 

these studies. 

A 1 and 5 % MA mixture and bare magnetic liquid used to determine extraction kinetics showed that [Co(SCN)4f 
extraction is rapid with an increase of only 5 % extraction over a further 12 days (Fig. 15). 
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Figure 15 Extraction kinetics for the extraction of [Co(SCN)4f by 1 and 5 % MA mixture and by magnetic liquid 

without Aliquat 336 

Over a 20-day period tested and over the range of percentages of Aliquat 336 in magnetic liquid tested (2, 5, 10, 15, 

20 to 50 %), with the exception of the 50 % Aliquat 336 mixture, it was found that the fluids were stable under the 

influence of gravity. No precipitation of agglomerates of magnetic particles or phase separation of the Aliquat 336 

and magnetic liquid was observed. It is important, however, to be aware of the potential effect of a magnetic field on 

an MA mixture. On occasion it was observed that after extraction and under the influence of a magnetic field, some 

of the blue-coloured cobalt-Aliquat 336 complex leached out of the magnetic liquids. This was usually obse1ved for 

the liquids with higher volumes of Aliquat 336. (This blue third-phase was also observed in the KA mixtures after 

extraction and has been reported to occur in industry31
.) The apparent density of the magnetic liquid is varied by 

changing the magnetic field gradient to which the fluid is exposed48
. This in tum could cause the separation, as a 

result of the density differential, of the Aliquat 336 and magnetic liquid phases (although it is more likely that the 

third-phase formation is an intrinsic property of the system owing to the comparative stabilisation of the extracted 

species in both the organic and aqueous phases as it was observed for the KA extractions as well). An advantage of 

the resultant separation of the loaded Aliquat 336 extractant (third-phase) and the magnetic liquid is that it offers the 

potential for the removal of the loaded Aliquat 336 and reuse of the magnetic liquid. There would, however, still be 

a need to strip the magnetic liquid. 

5.4 Extraction of [Co(SCN) 4;2- by a mixture of methyl isobutyl ketone in magnetic liquid or kerosene 

The extraction by magnetic liquid and by MIBK alone compared to that by the MIBK in magnetic liquid or kerosene 

is shown in Fig. 16. (When MIBK was incorporated into the kerosene or magnetic liquid, the total organic volume 

was 3 ml. The curve for the magnetic liquid was obtained using 3 ml of the magnetic liquid with no MIBK and is 

included on the graph for comparison with the results obtained using MIBK.) 
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Figure 16 Percentage extraction of[Co(SCN)4f as a function of percentage MIBK in kerosene and magnetic liquid 

as compared to the extraction by pure MIBK and magnetic liquid 

Although it is possible to extract [Co(SCN)4f using pure MIBK39
, it can be seen from Fig. 16 that MIBK would not 

be the ideal extractant for this system with relatively high aqueous solution pH (~6). Under these conditions, very 

little [Co(SCN)4f is extracted, probably because of the lack of an appropriately solvatable cation ( K+ is present as 

opposed to, for example, having H + or H 
3
0+ ions available in acidic media). In the absence of acid, MIBK 

presumably fom1s solvated cations, e.g., [K+((CH3 ) 2 CHCH2COCH3 ) 2 >
11

]which in tum fom1 stable ion pairs with 

the tetrahedral blue [Co(SCN)4f and the extraction of the anionic cobalt thiocyanate species by MIBK is therefore 

thought to proceed according to: 

(14) 

More than 70 times molar excess of MIBK to Co(Il) results in a percentage extraction of [Co(SCN)4f of only 6 %. 

Furthe1more, it was also found that the miscibility of the relatively polar MIBK and the non-polar kerosene was 

poor. The MIBK in magnetic liquid yielded significantly improved extraction with no evidence of the third phase 

formation as experienced with the Aliquat 336/magnetic liquid system. (The polarity of the kerosene phase is 

increased in the magnetic fluid as a result of the polar oleic acid thereby improving the MIBK/magnetic liquid 

miscibility.) It is likely, however, that the total observed [Co(SCN)4f extraction is due mainly to the extraction by 

the magnetic liquid itself. An increase in percentage [Co(SCN)4f extraction is observed as the MIBK is increased to 

approximately 10 % in magnetic liquid. At higher percentages, a decrease in the extraction is observed. It is possible 

that at higher percentages of MIBK, the polar MIBK interacts with the magnetite particle surface thereby limiting 

the extraction of the [Co(SCN)4f and destabilising the magnetic liquid. 
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As a result of the poor extractabilty of [Co(SCN)4f by this system, it was decided to test a different approach in the 

extraction setup and to use the MIBK as extractant without first mixing it in the magnetic liquid as diluent. The 

magnetic liquid would then be added as a scavenger for removal of any cobalt-loaded MIBK from the aqueous 

solution. The volume of magnetic liquid added was such that the concentration of MIBK in the final total organic 

phase was 8 %. (This value was selected because maximum extraction was obtained with 8 % MIBK in magnetic 

liquid, see Fig. 16.) 

Using this new approach, it was found that the extraction after 15 hours by the pure MIBK was less than 10 % 

[Co(SCN)4f. (Again, this low percentage extraction is most likely as a result of the lack of solvatable H+ ions 

available in the relatively high pH solution.) The magnetic liquid was then added for the removal of the MIBK using 

a magnetic field. The magnetic liquid was also able to remove some of the anionic [Co(SCN)4f complex via the 

protonated magnetite surface sites resulting in an increase in extraction to over 70 % (see Fig. 17 showing the 

extraction of [Co(SCN)4f as a function of the total organic volume (MlBK and magnetic liquid) added). 
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Figure 17 Percentage extraction of [Co(SCN)4f using the extractant-scavenger approach where magnetic liquid is 

used to remove the MIBK extractant after preliminary extraction by the MIBK alone 

6. Conclusions 

It has been shown as proof of principle that essentially quantitative rapid extraction of the [Co(SCN)4f complex 

(from an aqueous [Co(SCN)4(H10hJ2" solution) into the organic phase is possible using three systems consisting of 

magnetite, magnetic liquid and an Aliquat 336/magnetic liquid mixture. The percentage [Co(SCN)4f extraction 

increases with an increase in volume of magnetite, magnetic liquid or percentage Aliquat 336 in magnetic liquid. 

Fo1ty times molar excess of magnetite (in magnetic liquid) to cobalt is required for 100 % extraction of 

[Co(SCN)4f. From the extraction studies, a 1 - 2.5 times molar excess of Aliquat 336 to cobalt is required for 

extraction of the [Co(SCN)4]2- by the magnetic liquid system as compared to the 1.5 - 3.5 times molar excess 
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required by the conventional extractant systems. The lower volume of Aliquat 336 required for the magnetic system 

is as a result of the extraction of the [Co(SCN)4f by the magnetite in the magnetic liquid by simple ion pairing. 

This could be advantageous in an industrial application where, for example, the extraction of 100 kg of Co(II) would 

require 740 litres less Aliquat 336 in a magnetic liquid than in kerosene. [For laboratory applications, the synthesis 

cost of magnetic liquid at -$1.50 - 7 r 1 (depending on raw material source) is lower than the cost price of 

Aliquat 336 at -$115 r 1
• However, the cost of these products would have to be evaluated on a commercial scale 

where raw materials could be purchased in bulk.] 

Preliminary extraction tests comparing MIBK in kerosene and magnetic liquid showed poor extraction and liquid 

instabilities, respectively. The extent of extraction may have been limited owing to the lack of an easily solvatable 

cation and poor miscibility of the MIBK in the non-polar kerosene. The method of extraction was modified such that 

preliminary extraction took place by pure MIBK without addition of a diluent. The magnetic liquid was then added 

as an MIBK scavenger and [Co(SCN)4f extractant. Although it is unlikely that such a system would be used in 

practice, the MIBK investigations highlight the potential for use of a magnetic liquid as a scavenger of solvent 

extractants or other hydrocarbons. 

Results from these preliminary model systems allow for further work using magnetic liquids in solvent extraction in 

Chapter 5. 
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Chapters* 

Sterically stabilised magnetic nanoparticle liquids for magnetically assisted base metal 

solvent extraction 

Abstract 

In solvent extraction, the rate of separation of the organic/aqueous phase after phase contact directly affects 

throughput time in a system especially on a large commercial scale. We here investigate the use of magnetic 

particles to improve the rate of phase separation after solvent extraction by comparison of a conventional solvent 

extraction system with a system, in which a commercially available liquid organic extractant (Cyanex 272, D2EHPA 

and LIX 984N) is incorporated into the magnetic liquid, thereby conferring magnetic properties to the organic phase. 

Prior to determining rates of phase separations, the extraction performance of the magnetic liquid system was 

compared to that of the conventional solvent extraction system. The selective extraction of Co(II) by Cyanex 272, 

Zn(II) by D2EHP A and Cu(II) by LIX 984N through incorporation of the extractant into a commercial hydrocarbon 

Shellsol 2325 diluent (non-magnetic system) and a synthesised magnetic liquid diluent (magnetic system) was 

compared. It was found that the magnetic and non-magnetic extraction systems showed similar percentage metal ion 

extractions with the magnetite in the magnetic liquid sometimes promoting a greater extent of metal ion extraction 

by neutralisation of liberated H+ ions. Rates of phase separation were compared through conventional mixer-settler, 

UV-visible absorbance and inductance studies. Use of the magnetic liquid system improves the rate of phase 

separation by up to 86 % in a mixer-settler system without a decrease in percentage primary metal ion extracted or 

loss of selectivity. Disadvantages of this technique would be the potential suspension of magnetite in the aqueous 

phase and possible limitations as to its chemical compatibility with various process streams because of the magnetite 

solubility at a pH lower than approximately 4. 

1. Introduction 

As shown in Chapter 4, single domain nanosized magnetite particles which have been stabilised sterically by means 

of coating with a surfactant may be incorporated into a carrier liquid, such as kerosene, to form a stable colloidal 

suspension or dispersion known as a magnetic liquid (ML)1
• These liquids exhibit superparamagnetic behaviour and 

show no hysteresis in their magnetization curve2
. The principle of solvent extraction for a wide range of valuable 

•Based in part on the paper, Vatta, L. L.; Sole, K. C.; Koch, K. R., Sterically stabilised nanoparticle magnetic 

liquids for magnetically assisted base metal solvent extraction. Manuscript in preparation 2007. 
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components, e.g., metal ions or impurities from a variety of feed streams was also discussed: in solvent extraction, 

the selected component is removed from an aqueous phase by partitioning into an organic phase by vigorous mixing 

with an organic extractant (dissolved in a hydrocarbon diluent). After separation of the organic/aqueous phases, the 

extracted component may be recovered from the organic phase usually by back extraction of the component into a 

second aqueous phase3
•
4

. 

Important characteristics for liquid ion exchangers are (1) low solubility, (2) good miscibility with low-cost diluents, 

(3) low cost, (4) low likelihood of emulsion-forming tendencies, (5) rapid and easy phase separation after extraction, 

(6) high selectivity, (7) their ability to be stripped or regenerated with common reagents in cyclic processes and 

(8) their stability towards common reagents under normal conditions5
• It appears that the magnetic liquid may 

comply with the first three criteria in terms of its: 

0 low solubility (kerosene, the carrier liquid for magnetic liquids, is insoluble in water6
), 

0 miscibility with other hydrocarbon diluents if required, 

low cost (the cost per litre of magnetic liquid varies from approximately $1.50 - 7 1'1 depending on the 

source of the raw materials). 

The fourth and fifth criteria (low likelihood of emulsion-forming tendencies and rapidity and ease of phase 

separation after extraction), are critical in that they directly affect the retention time in a system5
. Ease of phase 

separation and the low likelihood of emulsion formation depend on the relative densities and viscosities of the two 

phases and on the extent of emulsion formation which may lead to the excessive consumption or loss of reagent and 

product. The use of a magnetic liquid for more rapid phase separation (and its potential ability to reduce emulsion­

forrning tendencies via magnetic separation) may be extremely advantageous. The magnetic properties of such an 

extractant may allow for rapid and more complete phase separation than conventional liquid extractants. In addition, 

the magnetic liquid may be used as a diluent for other extractants. 

In Chapter 4, the extraction of [Co(SCN)4f from an aqueous phase by magnetite, by a magnetic liquid and by an 

extractant incorporated into the magnetic liquid was investigated and the magnetically modified systems were found 

to perfonn as well as, if not better, for the extraction of [Co(SCN)4f than the conventional non-magnetic system. 

In this chapter, we investigate the actual rate of phase separation after solvent extraction by comparison of a 

conventional solvent extraction system with a system in which the liquid organic extractant is incorporated into a 

magnetic liquid, thereby conferring magnetic properties to the organic phase or solvent. As mentioned previously, 

although a magnetic solvent extraction process has been patented7
' 

8
, to our knowledge, only preliminary 

investigations into the extraction ofCu2
+ and U02

2
+ have been studied thus far using this principle. We compare the 

percentage metal cation (Co(ll), Zn(II) and Cu(II)) extraction, selectivity, kinetics and rate of phase separation by 

three extraction agents (Cyanex 272, D2EHP A and LIX 984N) using a conventional, commercial hydrocarbon 
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Shellsol 2325 (SS) and a magnetic liquid diluent. The rate of phase separation was determined using a conventional 

mixer-settler system, as well as by UV-visible absorbance and inductance studies. 

The three extraction agents investigated in this chapter, namely Cyanex 272, D2EHPA and LIX 984N, are used 

commercially on a wide scale for metal ion separation and production: 

Cyanex 272 (bis(2,4,4-trimethylpentyl)phosphinic acid, R2POOH, Fig. 1) is an organic acidic extractant 

which possesses properties similar to both the chelating extractants and the neutral or solvating extractants 

where hydrated water molecules are replaced by the extractant3 . Cyanex 272 can be used for the selective 

extraction ofCo(II) at relatively high pH (~5) thus requiring neutralisation of the solution by the addition of 

a base for pH control9
. The Cyanex 272 molecules release protons and solvate the metal ion during 

extraction as shown by9- 10 (where M is the metal, R is the hydrocarbon moiety and the overbar represents 

the species in the organic phase)3
: 

(1) 

Figure 1 Cyanex 272 

0 D2EHPA (di(2-ethylhexyl)phosphoric acid, (ROhPOOH, Fig. 2) is an organic acidic extractant used in 

commercial applications often for the selective extraction of Zn(II) at low pH (~2 - 4 depending on the 

secondaty metal ions present)9 but also for uranium, beryllium, yttrium and cobalt recovery. Zn(II) 

extraction by D2EHPA requires little to no pH adjustment during extraction which proceeds via a loss of 

protons and the solvation of the metal ion as shown by (when n is equal to 2, m = 2 to 4)3
• 
9

• 
10

: 

(2) 

Figure 2 D2EHP A 
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0 LIX 984N (Fig. 3) which is a mixture ofLIX 860N-I (5-nonylsalicylaldoxime) and LIX 84-1 (2-hydroxy-5-

nonylacetophenone oxime) can be used for the selective extraction ofCu(II) at pH ~2-4 (depending on the 

secondary metal ions present). As an acidic chelating extractant3, it releases the equivalent number of 

hydrogen ions upon extraction of a metal ion ( X is the anion 10
), but requires no pH control when used for 

extraction in media ofrelatively low pH: 

(3) 

HO 

OH 

I 
N~ 

(a) (b) 

Figure 3 (a) LIX 860N-I and (b) LIX 84-1 

The different extractants exhibit different pK. values and show different affinities for various metals3
• 

9
. Separation 

of metal ions and selectivities of extraction are highly pH dependent with extraction and stripping isotherms for 

individual metal ions differing significantly. The extraction sequences (from the pH isotherms) for Cyanex 272, 

D2EHP A and LIX 984N are: 

° F e(III)> Zn(Il)>Cu(II)> Mn(Il)>Co(II)> Mg(Il)>Ca(II)> Ni (II), 

F e(III)> Zn(II)>Cd(ll)>Ca(II)>Mn(II)>Cu( II)> Mg(II)>Co(II)> Ni (II) and 

° Cu(II)>Fe(III)>Ni(II)>Co(II)>Zn(II), respectively. 

2. Experimental 

2. I Reagents and analytical methods 

All reagents and solvents were purchased from commercial sources and were used without further purification. 

FeC13.6H20, FeS04.7H20 and 25 % NH40H (from Merck) were used for the precipitation of magnetite. Oleic acid 

and kerosene were purchased from Fluka and BP, respectively. 

Cyanex 272, D2EHPA and LIX 984N were supplied by Cytec, Rhodia and Cognis Corporation, respectively. 

Vaiious properties of the diluents used in this study are given in Table I. 
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Table 1 Properties of diluents, Shellsol 2325 and kerosene used in this study 

Diluent Supplier Density Flash point Aromatic content 

(g cm-3) (OC) (vol.%) 

Shellsol 2325 Shell Chemicals 0.81 87 18 

Prepared as magnetic liquid using BP 0.78 38 up to 35% (but 

kerosene as the carrier liquid usually< 5 %) 

The compositions of the aqueous solutions used in the studies are given in Tables 2 to 4. Deionised water and a 

0.6 M NaOAc/HOAc buffer matrix (pH 4, 5 and 6) were used for the preparation of aqueous solutions from sulphate 

salts with the exception of Ca(II) which was prepared from the chloride salt. The solutions will be referred to as Cl, 

C2, C3, Ll, L2, L3, L4, DI, D2, D3, D4 and DS in subsequent sections. The letters C, Land Dare used to indicate 

the extractants Cyanex 272, LIX 984N and D2EHPA, respectively, that were used for metal ion extraction from 

these solutions. The primary metal ion to be extracted from each solution is indicated by the shaded cells in Tables 2 

to4. 

Table 2 Composition of aqueous solutions used in investigations into the selective extraction of Co(II) using 

Cyanex 272 as extractant 

Solution name Cl C2 C3 

Aqueous phase MQ water pH 5 acetate buffer pH 6 acetate buffer 

Concentration (g r 1
) 

Co(II) 5.4 6.1 5.3 

Ni(II) 1.1 1.2 1.1 

Table 3 Composition of aqueous solutions used in investigations into the selective extraction of Zn(II) using 

D2EHP A as extractant 

Solution name DI D2 D3 (i-iv)" D4 DS (i-iv)" 

Aqueous phase MQ water pH4 acetate buffer 

Concentration (g r 1
) 

Ca(II) 0.9 0.6 0.8 0.6 0.8 

Co(II) 1.1 1.1 1.1 1.1 1.1 

Cu(II) 1.0 1.1 1.1 1.0 1.1 

Ni(II) 1.1 1.2 1.2 1.2 1.2 

Zn(U) 5.2 5.4 .··.· ?.~ §i'(:l' ' 5.4 :: ' 5.7 ' 

'· •.··. ,• .. ,_ ... ,,,., ......... 

aSolutions D3 and DS consisted of five separate solutions (i-iv) of single elements Ca(II), Co(II), Cu(II), 

Ni(II) and Zn(II) 
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Table 4 Composition of aqueous solutions used in investigations into the selective extraction of Cu(II) using 

LIX 984N as extractant 

Solution name Ll L2 L3 L4 

Aqueous phase MQ water pH 4 acetate buffer 

Concentration (gr') 

Co(II) 1.1 1.1 1.1 l.O 

Cu(ll) 4.8 4.5 4.6 4.7 
.. 

Mn(II) 1.0 

Zn(II) 1.1 

Metal ion analysis was performed using an Inductively Coupled Plasma-Atomic Emission Spectrometer (Varian 

Liberty II ICP-AES) and a linear calibration method. Alternatively, UV-visible absorbance spectra for metal ion 

extraction calculations were obtained using a GBC UV-visible Cintra lOe Spectrometer. A wavelength scan from 

400 to 700 nm at 200 nm min- 1 (0.4 nm step size and l.5 nm slit width) was performed and the percentage 

extractions determined using the maximum absorbances for the selected metal. An Agilent 8453£ single beam diode 

a1Tay UV-visible spectrophotometer was used for phase separation measurements. Inductance measurements (also 

for phase separation determination) were performed with an inductance measuring device (procured on loan from 

De Beers Consolidated Mines where it was manufactured in-house), of which the p1inciple of operation is discussed 

in the appendix of this chapter. A Labean horizontal shaker or Gemmy VM-300 vortex mixer was used for sample 

agitation. 

2.2 Synthesis of magnetic liquid 

For a typical preparation of approximately 100 ml magnetic liquid, 84 g FeC13.6H20 and 43.2 g FeS04.7H20 were 

added to 600 ml water. The resultant solution was heated to -35 °C. 220 ml 25 % NH40H was added to the iron 

solution with rapid agitation. The resultant precipitate was washed via magnetic decantation three times with 600 ml 

water. 600 ml water and 10 ml 25 % NH40H, followed by a 10 ml oleic acid/80 ml kerosene mixture were added to 

the precipitate. The mixture was sti1Ted and heated to 90 °C. The final organic magnetic liquid was separated by 

magnetic decantation from the aqueous phase and washed with distilled water to a pH of 7 - 8. The magnetic liquid 

was centrifuged at 4200 rpm for 30 minutes for the removal of agglomerates and diluted to 0.84 g cm-3 by the 

addition of kerosene. 

2.3 Procedure for solvent extraction and phase separation studies 

Three solvent extraction procedures were followed in which the: 

0 percentage extraction, selectivity, kinetics and rate of phase separation were investigated using ICP-AES for 

analysis (Procedure 1), 
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0 the effect of buffering and percentage metal ion extraction were investigated using ICP-AES for analysis 

(Procedure 2) and 

0 the percentage extraction and selectivity were investigated using UY-visible absorbance for analysis 

(Procedure 3). 

The rate of phase separation was determined not only by a conventional method (determination of phase interface 

height with time in the mixer-settler system, Procedure 1) but also by two alternative methods (Procedures 4 and 5) 

which made use of UV-visible absorbance and inductance measurements. 

A summary of the experimental extraction procedures followed is given in Fig. 4. All extraction studies were 

performed in triplicate unless otherwise stated and were carried out at room temperature. 

- Procedure 1 

Determined: Mixing by: Analysis by: 

% Extraction Mixer-settler system lCP-AES 

Selectivity 

Kinetics 

Phase separation 

1-+ Procedure 2 

Determined: Mixing by: Analysis by: 

Buffering effect Horizontal shaker ICP-AES 

Loading capacity 

1-+ Procedure 3 

Determined: Mixing by: Analysis by: 

% Extraction Horizontal shaker UV-vis absorbance 

Selectivity 

Kinetics 

Buffering effect 

Loading capacity 

f-+ Procedure 4 

Determined: Mixing by: Analysis by: 

Phase separation Vortex mixer UV-vis absorbance 

....... Procedure 5 

Determined: Mixing by: Analysis by: 

Phase separation Vortex mixer Inductance 

Figure 4 Summary of experimental extraction and phase separation determination procedures followed 

2.3.J Procedure 1: Mixer-settler system/TCP-AES 

50 ml each of the aqueous and organic phases were contacted in a baffled vessel stirred by means of an overhead 

stirrer (mixer-settler system with dimensions as shown in Fig. 5) for 15 minutes. Unbuffered aqueous solutions Cl, 

Dl and L1 (see Tables 2 to 4) and 10 % Cyanex 272, LIX 984N and D2EHPA in Shellsol 2325 or magnetic liquid 
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were used in the study. Two millilitre samples were taken at 2, 5 and 10 minutes. The phases were allowed to 

separate (under the influence of an external magnetic field provided by a NdFeB permanent magnet for those 

samples containing magnetic liquid) and the aqueous fraction used for metal ion concentration analysis by ICP-AES. 

Extraction studies were performed under aqueous-continuous (organic droplets suspended in aqueous phase) and 

organic-continuous (aqueous droplets suspended in organic phase) mixing conditions illustrated conceptually in Fig. 

6. The fom1ation of an aqueous- or organic-continuous phase depends on the phase in which the agitator impeller is 

located when the mixing starts. Phase continuity was determined by measuring conductivity. For the Cyanex 272 

extraction studies, pH was controlled by the addition of a concentrated NaOH solution. 

D/2.5 

Figure 5 Dimensions of impellers and baffles used in the mixer-settler system 

(a) (b) 

Ill Organic phase 

0 Aqueous phase 

Figure 6 Schematic representation of (a) aqueous- and (b) organic-continuous phases as used for mixer-settler tests 

The rate of phase separation was determined (after 15 minutes stirring and once the stirrer had been stopped) by 

monitoring the time required to achieve clarity of the aqueous phase and was recorded as a function of the interface 

height between the aqueous and organic phases. After a 5 minute interval, the phases were mixed for 3 minutes and 

the rate of phase separation remeasured. This was repeated 4 times to obtain 6 readings in total. A final sample was 

taken from the aqueous phase for metal ion concentration analysis by ICP-AES. (This procedure is illustrated in the 

text below, see Fig. 13.) 

2.3.2 Procedure 2: Horizontal shaker/ICP-AES 

5 ml each of the aqueous and organic phases were contacted in sealed vessels and agitated overnight on a horizontal 

shaker at 110 rpm. The phases were allowed to separate and the aqueous fraction used for metal ion concentration 

analysis by ICP-AES. Aqueous buffered and unbuffered solutions C2, C3, D2-5, L2 and L3 (see Tables 2 to 4) and 

10 % Cyanex 272, LIX 984N and D2EHPA in Shellsol 2325 or magnetic liquid were used in the study. For the 
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percentage extraction studies, only LIX 984N was used as extractant. The organic volume was varied from 1 to 7 ml 

(in increments of 1 ml) while the aqueous volume was maintained at 5 ml. 

2.3.3 Procedure 3: Horizontal shaker/UV-visible absorbance 

A 2.5 ml aqueous solution was contacted for 5 hours in a sealed vessel on a horizontal shaker at 110 rpm with a 

volume of organic solution such that the ratio of organic to aqueous phase was 6:4, 4:4, 3:4, 2:4 and 1:4. Buffered 

and unbuffered solutions Cl, C2, C3, Ll, L2 and L4 (see Tables 2 and 4) and 10 % Cyanex 272 and LIX 984N in 

Shellsol 2325 or magnetic liquid were used in the study. Sample triplicates were used for solutions Cl and Ll (but 

not for C2, C3, L2 and L4). The phases were allowed to separate and the aqueous fraction metal ion concentration 

analysed using a UV-visible spectrophotometer. The absorbances at 512.89, 647.72 and 809.85 nm were used for the 

determination of the percentage extraction of the Co(II), Ni(II) and Cu(II), respectively, (relative to the absorbance 

of the original aqueous solution at the required wavelength). 

2.3.4 Procedure 4: Vortex mixer/UV-visible absorbance 

The rate of phase separation of the organic and aqueous phases after solvent extraction was also quantified by UV­

visible absorbance studies on the diode array UV-visible spectrometer. The organic (1 ml) and aqueous (2 ml) 

phases were agitated in plastic ICP tubes for 10 s using a vortex mixer. (The variance on the UV-visible absorbance 

measurements for different ICP tubes was found to be 0.1 absorbance units.) UV-visible absorbance measurements 

of four replicates (repeated five times each) were recorded during phase separation. The combination of liquid 

phases as indicated by the shaded areas in Table 5 were contacted with and without the influence of an external 

magnetic field. 

°' < 

Table 5 Combination of organic and aqueous phases contacted for Procedure 4 (illustrated by the shaded areas in 

the table). Compositions of solutions Cl and Ll are given in Tables 2 and 4, respectively. 

~ 

"' ~ 
-= c. 

Water 

Solution Cl 

(MQ water) 

Solution Ll 

(MQ water) 

afive replicates 

bThree replicates 

SS ML 10 % Cyanex 272 

in SS 

a a b 

b 

Organic phase 

10 % Cyanex 272 10 % LIX 984N 10 %LIX 984N 

inML in SS inML 

b b b' 

b 

b b 

The 850, 600 and 800 nm traces were used for the plot of absorbance vs time when the aqueous phase was water, 

LIX 984N metal ion solution Ll and Cyanex 272 metal ion solution Cl, respectively, as these wavelengths showed 
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the least interference from the metal ions contained in solution. (This procedure is illustrated in the text below, see 

Fig. 17.) 

2.3.5 Procedure 5: Vortex mixer/Inductance 

A second alternative to the conventional phase separation method was the determination of the rate of phase 

separation by inductance measurements. 0.5 ml each of the organic and aqueous phases (as indicated by the shaded 

areas in Table 6) were added to four different glass vials and agitated for 20 s using a vortex mixer. Inductance 

measurements were taken at a fixed sample height after agitation with (five replicates) and without (no replicates, 

one sample only) the influence of an external magnetic field. (This procedure is illustrated in the text below, see 

Fig. 23.) 

Table 6 Combination of magnetic liquid and aqueous phases contacted for Procedure 5 (illustrated by the shaded 

areas in the table). Compositions of solutions Cl and Ll are given in Tables 2 and 4, respectively. 

Organic phase 

ML 10 % Cyanex 272 in ML 10 % LIX 984N in ML 

Water 

Solution Cl 
a. 

Co "' (MQ water) co: 
< -= c.. 

Solution Ll 

(MQ water) 

As a comparison, the rate of phase separation of the identical systems with the extractant in Shellsol 2325 was 

measured using the diode array spectrophotometer after agitation (20 s). The 850, 600 and 800 nm traces for all UV­

visible absorbance measurements were used for the plot of absorbance vs time when the aqueous phase was water, 

LIX 984N metal ion solution Ll and Cyanex 272 metal ion solution Cl, respectively. (These wavelengths showed 

the least interference from the metal ions contained in solution.) 

3. Results and discussion 

3.1 Comparison of the percentage extraction of the primaiy metal ion, selectivity and buffering effect determined 

during solvent extraction tests using the magnetic liquid and Shel/sol 2325 systems 

3.1. l Metal ion extraction by Procedure 1: Mixer-settler system/JCP-AES 

Table 7 gives the comparative results of the metal ion extractions by Cyanex 272, LIX 984N and D2EHPA in 

magnetic liquid or Shellsol 2325 from MQ water solutions Cl, Ll and Dl, respectively, using the mixer-settler 

system, Procedure 1 (the primary metal ion to be extracted is highlighted in Table 7). Where possible, the separation 
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coefficient ( aM , (eq. 4) which provides an indication of the selectivity of the extraction of the primary metal ion, 
2 

M
1 

over the secondary metal ion, M 2 ) is given in parentheses in Table 7. The higher the value of the separation 

coefficient, the lower the percentage impurity being extracted from the aqueous phase' 1• If the percentage extraction 

of the secondary metal is negligible (tending to zero), the separation coefficient cannot be determined and is 

therefore not indicated in Table 7. 

([M 2] /[M, Din aqueous .fraction 

([M 2] /[Ml Din organic fi'action 

(4) 

Table 7 Extraction of metal ions by Cyanex 272 (solution Cl, initial pH= 5.7, maintained at pH -5.1 ), LIX 984N 

(solution Ll, pH= 4.0) and D2EPHA (solution Dl, pH= 4.2). The compositions of solutions Cl, Dl and L1 are 

given in Tables 2, 3 and 4, respectively. The separation coefficients (a M , M 2 is the secondary metal ion) are 
2 

indicated in italics in parentheses where possible. 

Extractant Metal Extraction in SS(%) Extraction with ML(%) 

Aqueous- Organic- Aqueous- Organic-

continuous continuous continuous continuous 

Cyanex 272 Co( ID 74 ±3 76± 5 60 ±4 62±4 

Ni(II) <2 (82)a <6 (17)" <l <l 

D2EHPA Zn(II) 42± l 43 ±4 50±4 56±2 

Co(II) <l <4 (14)b <l 17 ± 7 (3)b 

Ca(II) 6 ± 7 (7)° 8 ± 6 (6)° <12 9 ± 6 (7)° 

Cu(II) <l <l <l 9 ± 6 (2)d 

Ni(II) <l <l <l 25 ± 8 

LIX 984N Cu(II) 78 ± 0.2 78 ± 0.1 68±1 69 ± 0.2 

Co(II) <l <l <l <l 

Zn(II) <l (3915)e <2 (390)° <l <l 

Mn(II) <3(172)1 <3 (171)1 <l <l 

It can be seen from Table 7 that the Cyanex 272 extracts Co(II) selectively over Ni(II) while the metal ion extraction 

by D2EHP A and LIX 984N is according to the following selective extraction sequences, respectively: 

Zn(II)>Ca(II)> Cu(Il)-Co(II)-Ni(II) and Cu(II)>Mn(Il)-Co(Il)-Zn(II). This is in accordance with data obtained in 

literature3
• 

9
. The percentage extraction of the primary metal ions Co(II), Zn(II) and Cu(II) by the extractants in 

Shellsol 2325 as compared to the magnetic liquid differ by a maximum absolute value of-14 % while the behaviour 
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of the aqueous- and organic-continuous systems do not differ significantly within the Shellsol 2325 and magnetic 

liquid systems. Selectivities are similar for the extractions with, in general, 0 to approximately 10 % of the 

secondary metal ion being extracted over the primary metal ion. The highest extraction of secondary metal ion is in 

the case of the 25 % extraction ofNi(Il) by D2EHPA in magnetic liquid. Although the Cyanex 272 and LIX 984N in 

magnetic liquid show a slightly lower percentage ptimary metal ion extraction (Co(II) and Cu(II) extractions of -60 

and 70 %, respectively) than the Shellsol 2325 system (Co(II) and Cu(II) extractions of -75 and 78 %, respectively), 

the magnetic liquid system appears to be slightly more selective (less secondary metal ion extracted) than the 

Shellsol 2325 system. The D2EHPA in magnetic liquid shows a higher percentage Zn(II) extraction than the 

extractant in Shellsol 2325 (-50 versus 40 %) but displays a lower selectivity with, in general, a greater extraction of 

the secondary metal ions. 

The slight variation in metal ion extraction ability by the magnetic and non-magnetic systems may be as a result of 

interaction of the extractant molecules with the magnetite surface. In fact, it has been found that Fe(III) forms stable 

complexes with extractants such as Cyanex 272 and D2EHPA9
. Although coordination of the extractants to the 

magnetite may be detrimental in that the extractant loading capacity may be reduced, the addition of a surfactant to 

the magnetite surface may result in the modification of the point of zero charge (PZC) 12 which may be favourable, 

depending on the pH of the solution from which metal ions are to be extracted. Above, below and at the magnetite 

PZC (6 to 8.2) 12
-

16
, the magnetite surface should be negatively charged (FeO-), positively charged (FeOH2l and 

neutral (FeOH2+ groups equals the number of Feo· groups), respectively 12
• Reduction of the PZC by surfactant 

addition would therefore allow for the removal of more cationic metal species by the extractants than by the 

uncoated magnetite. For example, addition of oleic acid 17 to the magnetite su1face lowers the PZC to approximately 

4.5, thereby potentially allowing for the extraction of more cationic metal species at the pH of extractions that we 

have investigated. 

3.1.2 Metal ion extraction by Procedure 2: Horizontal shaker/ICP-AES 

After the solvent extraction mixer-settler tests, it was decided that, because the aqueous solution chemistry could 

potentially affect the magnetite suiface charge which in turn could influence extraction, buffered solutions 

(Procedure 2, horizontal shaker, analysis by ICP-AES) should be used to eliminate or at least reduce potential charge 

effects due to variable pH. 

Fig. 7 gives the metal ion extraction from unbuffered MQ water solution D2 and pH 4 buffered solution D4 (mixed 

metal ion solutions of which the compositions are given in Table 3) by D2EHPA in magnetic liquid or 

Shellsol 2325. In general, the trends in extraction by D2EHP A in both the magnetic liquid and Shellsol 2325 

mixture are comparable with Zn(ll) being extracted selectively ( 44 - 49 % extraction) over Ca(II), Co(II), Cu(II) and 

Ni(II) (0 - 13 % extraction). The selectivity for the magnetic liquid and Shellsol 2325 systems improves slightly 

when the buffered solutions are used but it was found that the use of buffered solutions in this case does not 

significantly affect the extent of extraction. The D2EHP A extraction sequence reported in literature3 is followed 
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with Zn(II) being selectively extracted over Cu(II), Co(ll), Ca(II) and Ni(II). (Error bars are determined as the 

unbiased standard deviation from the results of three tiiplicate experiments.) 

100 -·..-------------------------\ 

80 -

,-.. 

D Unbuffered D2EHPA in ML 

GI Buffered D2EHPA in ML 

liil Unbuffered D2EHPA in SS 

C 
60 

_ liil Buffered D2EHPA in SS 
c 
-~ 
u 

"' !::: 40 -
~ 

"" 

Ca(II) Co(Il) Cu(ll) Ni(II) Zn(II) 

Figure 7 Percentage extraction of metal ions from unbuffered and pH 4 buffered mixed metal ion solutions D2 

and D4, respectively, (see solution composition in Table 3) by 10 % D2EHPA in magnetic liquid or Shellsol 2325 

The extent of extraction of the metal ions from the individual metal ion solutions (unbuffered D3 (i-iv) and pH 4 

buffered DS (i-iv), see Table 3) by the D2EHPA in magnetic liquid or Shellsol 2325 presents a different picture 

(Fig. 8). For the unbuffered magnetic liquid system, there is greater than 50 % extraction of all metal ions while the 

extractions decrease for the buffered system (in some cases significantly, see for example, Ca(II), Co(II) and Ni(II)). 

This variation in extraction behaviour may possibly be explained by the interaction of charged species with the 

magnetite surface. Extraction by D2EHPA proceeds with the liberation of H+ ions (see eq. 2). In the unbuffered 

system, the magnetite surface may take up these liberated H+ ions (or the metal cations themselves), become 

protonated and thereby promote continued extraction. In the buffered system, however, the Na+ or H+ ions from the 

buffer itself may saturate the magnetite surface. This could reduce the potential for additional extraction of H+ ions 

liberated by the D2EHP A. (In the mixed metal ion solution, the loading capacity of the magnetic liquid and 

extractant may be approached because of the higher total ionic strength thereby more clearly illustrating the 

selectivity of the extractant towards the metal ions.) 

In the Shellsol 2325 system, the extraction of metal ions increases for the buffered conditions as compared to the 

unbuffered solution (significantly in the case of Co(II), Cu(II) and Ni(ll) where no extraction is observed for the 

unbuffered solution). In the unbuffered system, it is likely that as the concentration of liberated H+ ions increases, 

the solution pH drops and the ability to extract metal ions decreases. In the buffered system, the pH is maintained 

relatively constant and an increased extent of extraction is observed. The percentage extraction by the buffered 

magnetic liquid and Shellsol 2325 systems are closer in value than the unbuffered solutions in most cases. 
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0 Unbuffered D2EHPA in ML El Buffered D2EHPA in ML 

El Unbuffered D2EHPA in SS liD Buffered D2EHPA in SS 

Figure 8 Percentage extraction of metal ions from unbuffered and buffered single metal ion solutions D3 (i-iv) and 

D4 (i-iv), respectively, (see solution composition in Table 3) by 10 % D2EHPA in magnetic liquid or Shellsol 2325 

A comparison of the extraction of Co(II) by Cyanex 272 from two buffered solutions pH 5 to 6 (solutions C2 and 

C3, respectively, see Table 2) and Cu(II) by LIX 984N from water and pH 4 (solutions L2 and L3, respectively, see 

Table 4) is now presented. 

The percentage extraction of Co(Il) as shown in Table 8 increases by approximately 20 % as the pH increases from 

5 to 6 for both the Shellsol 2325 and magnetic liquid systems. There is also a slight increase in selectivity ofCo(II) 

over Ni(II) (a Ni) for both systems (5 to 19 for the Shellsol 2325 and 6 to 12 for the magnetic liquid system). 

Extraction of Co(II) by Cyanex 272 proceeds with the liberation of H+ ions (eq. l), so that a higher pH buffer 

medium allows for the neutralisation of more H+ ions and therefore higher metal ion extraction percentages. The 

percentage extraction of Cu(II) by LIX 984N does not change significantly (variation of 2 - 3 %) in a buffered 

solution as compared to water because the extraction is not pH sensitive as is the case for Cyanex 272. The overall 

extent of extraction by the magnetic liquid systems (for both Cyanex 272 and LIX 984N) is approximately 10 % 

lower than that by the Shellsol 2325 as observed previously and was suggested to be as a result of coordination of 

the extractant to the magnetite surface with a resulting loss in ability to extract metal ions. 
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Table 8 Percentage extraction ofCo(II) and Ni(II) by Cyanex 272 from solutions C2 and C3 (see solution 

compositions in Table 2) and Cu(II) and Co(II) by LIX 984N from solutions L2 and L3 (see solution compositions 

in Table 4) under different buffering conditions. The separation coefficient (a Ni and aco, indicating selectivity of 

Co(II) to Ni(II) and Cu(II) to Co(II), respectively) is indicated in italics in parentheses where possible. 

Extractant Metal Extraction in SS(%) Extraction in ML (%) 

Solution matrix pH 5 acetate pH 6 acetate pH 5 acetate pH 6 acetate 

buffer (C2) buffer (C3) buffer (C2) buffer (C3) 

Cyanex 272 Co(II) 44±3 65 ± 3 34±2 52 ± 5 

Ni(II) 10±6(5)° 3±5(19;a 6±4 (6}° 4±8 (12}° 

Solution matrix Water (L2) pH 4 acetate Water (L2) pH 4 acetate 

buffer (L3) buffer (L3) 

LIX 984N Cu(II) 78±1 81±1 68 ± 0.3 69 ± 1.0 

Co(II) 0 ± 0.4 4 ± l (19/ 0 ± 0.4 0±3 

3.1.3 Metal ion extraction by Procedure 3: Horizontal shaker/UV-visible absorbance 

Fig. 9 gives an indication of the percentage metal ion extraction by the Cyanex 272, where the percentage extraction 

of Co(ll) and Ni(II) by Cyanex 272 (detennined using solutions Cl, C2 and C3 by Procedure 3 making use of the 

horizontal shaker and with analysis by UV-visible absorbance) is given as a function of the ratio of the organic to 

aqueous phase (0/ A). (Enw bars are included for the extraction from solution Cl (three replicates used) but the 

etTor is small and is therefore not visible in Fig. 9. Single samples were used for solutions C2 and C3 and no 

confidence interval is reported for these data.) 

100 -r.=======o;------------, 
-lil-C1,ML -o-c1.ss 
-+-- C2, ML -¢-- C2, SS t 80 - -a-c3 ML -6-C3 SS 

c 
0 . .,, 
~ 60 -

l:l 
i 40 -

-~ - 20 -

0.25 0.5 0.75 1.25 
Ratio of organic to aqueous phase 

(a) 

1.5 

-m-c1. ML -D-c1. SS 

-+-c2. ML -¢-- C2, SS 
_,,_CJ ML -6- CJ SS 

0.5 0.75 1.25 1.5 

Ratio of organic to aqueous phase 

(b) 

Figure 9 Percentage extraction of (a) Co(II) and (b) Ni(II) from water solution Cl, pH 5 acetate buffer C2 and pH 6 

acetate buffer C3 (see solution compositions in Table 2) by Cyanex 272 in the Shellsol 2325 (SS) or magnetic liquid 

(ML) system 
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The magnetic and non-magnetic systems show similar extent of extraction percentages of Co(II) and Ni(II) for the 

buffered solutions (pH 5, C2 and pH 6, C3) as the organic/aqueous (0/ A) ratio increases. The extraction increases 

with increase in pH from 5 to 6 as was also observed in Table 8 (with analysis by ICP-AES). 

Although the buffered Shellsol 2325 and all the magnetic liquid systems showed an increase in extraction of both 

Co(II) and Ni(II) with an increase in 0/A ratio, the unbuffered Shellsol 2325 system (Cl) showed an almost 

constant extraction of Co(II) (-1 - 2 %) and Ni(IT) (-0.5 - 5.5 %) with an increase in O/A ratio. For the 

Shellsol 2325 and water matrix (Cl), the liberation of H+ ions according to eq. 1 may have resulted in a decrease of 

the solution pH. This in tum may have limited further extraction of Co(II) and Ni(IT) by the Cyanex 272. As 

mentioned previously, in the case of the magnetite, it is possible that the magnetite surface itself may act as a buffer, 

becoming protonated by the W ions released by the Cyanex 272 (see eq. 1). This may allow for further 

deprotonation of Cyanex 272 and additional Co(II) and Ni(IT) extraction. 

Table 9 gives the separation coefficients (for the extractions as shown in Fig. 9) which indicate the selectivity of 

extraction of Co(ll) relative to Ni(II) for the magnetic liquid and Shellsol 2325 systems. With the exception of the 

extraction by the Cyanex 272 in Shellsol 2325 for the unbuffered Cl solution, separation coefficients are relatively 

similar (-2) for an increase in 0/A ratio. The extraction by the Cyanex 272 in Shellsol 2325 for the unbuffered Cl 

solution was poor resulting in low selectivities (-0.3 - 3) of Co(II) to Ni(II). 

Table 9 Separation coefficient (a Ni) indicating the selectivity of Co(II) to Ni(II) for the extraction of Co(II) and 

Ni(II) from solutions Cl, C2 and C3 (see solution compositions in Table 2) by Cyanex 272 in Shellsol 2325 (SS) or 

magnetic liquid (ML) with increasing ratio of organic to aqueous phase 

Solution Water (Cl) pH 5 acetate pH 6 acetate 

matrix buffer (C2) buffer (C3) 

O/A 1 :4 2:4 3:4 4:4 6:4 1:4 3:4 6:4 1:4 3:4 6:4 

aNi (SS) 0.3 0.4 0.3 l 3 1.6 2 2 2 2 2 

aNi (ML) 1 2 2 2 2 1 2 2 1 2 2 

Figs 10 (a) and (b), respectively, give the percentage extraction of Cu(IT) and Co(II) by LIX 984N as a function of 

the 0/A ratio (determined using solutions Ll, L2 and L4 by Procedure 3 using a horizontal shaker and with metal 

ion analysis by UV-visible absorbance). Solution Ll contained Co(II), Cu(IT), Mn(II) and Zn(II) while L2 and L4 

contained only Co(II) and Cu(JI). (No data are reported for Mn(II) and Zn(Il). Unbiased standard deviation en-or 

bars are included for the extraction from solution Ll (three replicates used) but the en-or is small and is therefore not 

visible in Fig. 10. Single samples were used for solutions L2 and L4 and no confidence interval is therefore repo1ted 

for these data.) 
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Figure 10 Percentage extraction of (a) Cu(II) and (b) Co(II) from water solution Ll, water solution L2 and pH 4 

acetate buffer solution L4 (see solution compositions in Table 4) by LIX 984N in the Shellsol 2325 (SS) or magnetic 

liquid (ML) system 

The extent of extraction of Cu(II) from the water solutions (Ll and L2) by LIX 984N compares to the extraction 

from the pH 4 acetate buffer (L4) for both the Shellsol 2325 and magnetic liquid systems. This is in contrast to what 

was observed for the Cyanex 272 extraction system, where the extraction from the water solution Cl by the 

Shellsol 2325 system was lower than that for the magnetic liquid system. Unlike for the Cyanex 272 extraction 

system where pH control is required (and is believed to take place by adsorption of the H+ ions onto the magnetite 

surface), the neutralisation of liberated W ions is not required for LIX 984N extraction. Cu(II) extraction for the 

unbuffered (Ll and L2) as well as the buffered (L4) solutions therefore increases with an increase in 01 A ratio. An 

01 A ratio of approximately 1.5 is required for greater than 90 % extraction. (This compares with the results obtained 

using ICP-AES for analysis where a 1.4 times 0/A ratio with 10 % Cyanex 272 extractant appears to be sufficient 

for 100 % removal of the Cu(II) ions.) 

The percentage extraction of Cu(II) and Co(II) by LIX 984N as a function of the 01 A ratio as determined using UV­

visible absorbance spectra (Procedure 3) after 20 days is given in Figs 11 (a) and (b), respectively. (Single samples 

were used for solutions L2 and L4 and no confidence interval is therefore reported for these data.) A 'negative 

extent of Co(II) extraction' is observed after the extended contact period. The negative percentage extraction 

reported for the Co(II) at higher magnetic liquid concentrations is very likely as a result of leaching of magnetite 

from the magnetic liquid into the aqueous phases thereby forming a dilute aqueous magnetite suspension. 

Absorbances for the iron oxides goethite, lepidocrocite, akagneite, ferrihydrite, haematite and maghemite are 492, 

489, 502, 504, 542 and 495/512 nm, respectively (run on thin samples in transmission mode) 11
• Magnetite very 

likely also absorbs at a wavelength close to these iron oxides and most likely very close to the absorbance of 

maghemite (495/512 nm). The extent ofCo(II) extraction is determined according to: 
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C ( //) 
. ("1 ) [Co(//) i11 i11i1ial sample J - [Co(//) i11 final sample J * I OO 

o extrac/1011 10 = 
[ Co(//)i11 i11i1ial sample J 

(5) 

Co(II) absorbs at a similar wavelength (512 nm) to magnetite or maghemite and the resultant absorbance as 

determined in these studies may be a sum of the absorbance of both the Co(II) and the iron oxide. The concentration 

of Co(II) in the final sample may therefore be calculated to be higher than the initial concentration, resulting in the 

dete1111ination of a negative extent of Co(II) extraction. The dete1111ination of Co(II) extraction using UV-visible 

spectra is therefore not optimal especially when larger volumes of magnetic liquid or extended contact times are 

used. However, more importantly, this phenomenon highlights the fact that some unwanted magnetite may become 

suspended in the aqueous phase during processing. 
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-+-- L2, ML --0- L2, SS 
-A- L4 ML --o-- L4, SS 

0 -·~. ---.----~---.----~----i 

0.25 0.5 0.75 1.25 1.5 

100 --------·------:::=======::;""' 
80 

60 -

-40 -

-60 -

-80 

-£1--LI, ML -0-Lt, SS 
-+-- L2 ML --o-- L2 SS 
__.__ L4: ML --0-- L4: SS 

------ ------··------_j 
~------R_a_ti_o_of_o_rg~an_i_c_to_a~q'_'e_o_us~p_has_e ----~ L _______ R_a_ti_o _of. organic to aqueous phase 

(a) (b) 

Figure 11 Percentage extraction after 20 days of (a) Cu(II) and (b) Co(II) from water solution LI, water solution 

L2 and pH 4 acetate buffer solution L4 (see solution compositions in Table 4) by LIX 984N in the Shellsol 2325 

(SS) or magnetic liquid (ML) system 

Table 10 compares the initial separation coefficient and that after 20 days indicating the selectivity of extraction of 

Cu(II) relative to Co(II) for the Shellsol 2325 system. No separation coefficients could be determined for the 

magnetic liquid system, because of the negative extent of Co(II) extraction observed. Separation coefficients are 

relatively similar for an increase in 0/ A ratio in the Shell sol 2325 system. 
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Table 10 Initial separation coefficient ( <Xco, 0 ) and separation coefficient after 20 days ( <Xco, 20 ) indicating the 

selectivity of Cu(II) relative to Co(II) for the extraction of Cu(II) and Co(II) from solutions Ll, L2 and L4 (see 

solution compositions in Table 4) by LIX 984N in Shellsol 2325 (SS) with increasing ratio of organic to aqueous 

phase 

Solution Water (Ll) Water (L2) pH 4 acetate buffer (L4) 

matrix 

O/A 1:4 2:4 3:4 4:4 6:4 1 :4 3:4 6:4 1:4 2:4 3:4 4:4 6:4 

Metal Extraction in Shellsol 2325 (%) 

<Xco,O (SS) 2 6 5 6 7 10 NE 26 43 43 19 NE 18 

-

<Xco,20 (SS) 13 14 11 13 17 6 10 14 5 5 10 9 12 

NE: No extraction ofM2 (Co(II)) 

3.2 Comparison of the kinetics of metal ion distribution from the aqueous to the organic phase determined during 

extraction tests using the magnetic liquid and Shel/sol 2325 systems 

Figs 12 (a) to (c) give the percentage extraction of Co(II), Zn(II) and Cu(II) by Cyanex 272, D2EHPA and 

LIX 984N, respectively, as a function of time determined by Procedure l (from solutions Cl, Dl and Ll in Tables 2 

to 4, using the mixer-settler system and under aqueous-continuous and organic-continuous conditions as described in 

Section 2.3.1). Extraction was found to be rapid with maximum extraction occutTing within 10 minutes for all 

systems. 

The LIX 984N samples were kept unstirred in the dark for 20 days and the metal ion concentrations remeasured. In 

all cases, the percentage extraction of Cu(II) by the LIX 984N in Shellsol 2325 increased by a maximum of 0.5 % 

while that in magnetic liquid increased by up to 9 %. The percentage Co(II) extraction increased by 11 and 30 % for 

the non-magnetic and magnetic systems, respectively. The greater percentage extraction after 20 days contact time 

of both the Cu(II) and the Co(II) by the magnetic liquid system is probably as a result of the diffusion of metal ions 

into particle aggregates or crystal nanopores 12
• 
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Figure 12 Kinetics of metal ion distribution for the extraction of (a) Co(II) using Cyanex 272, (b) Zn(II) using 

D2EHPA and (c) Cu(II) using LIX 984N in a mixer-settler system (see Procedure 1, Section 2.3.1) with 

Shellsol 2325 (SS) or magnetic liquid (ML) under aqueous-continuous and organic-continuous conditions 

In summary then, a comparison of the percentage extraction of the primary metal ion, selectivity of extraction of the 

primary metal ion over secondary metal ions in solution and kinetics of metal ion extraction as determined using the 

magnetic liquid and Shellsol 2325 systems (Sections 3.1 and 3.2) show similar results. A noticeable 'buffering 

effect' was observed in some cases for the magnetic liquid system where it appears that the magnetite surface may 

provide for the neutralisation of H+ ions released during extraction. Based on these preliminary positive results, 

investigations were then extended to compare the kinetics of organic/aqueous phase separation for the magnetic 

liquid and Shellsol 2325 systems. 

3.3 Comparison of the kinetics of organic/aqueous phase separation using the magnetic liquid and Shellsol 2325 

systems 

A variety of factors, such as interfacial tension, relative densities and viscosities of the two phases, degree of 

agitation, temperature, etc., affect the rate of phase separation of the organic and aqueous phases after mass transfer 
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of the metal ion has taken place from the aqueous to the organic phase3
. In this section, the relative rates of phase 

separation of the organic and aqueous phases are compared using three evaluation techniques: the mixer-settler 

system, UV-visible absorbance measurements and inductance measurements. 

3.3. l Rate of phase separation using the mixer-settler system (Procedure 1) 

The rate of phase separation using the mixer-settler system was determined by agitation of the organic and aqueous 

phases to form an emulsion and then recording, as a function of time, the phase interface height (emulsified 

organic/aqueous layer) of the organic/aqueous emulsion. The experimental method is illustrated in Fig. 13. After 

stirring, the initial phase inte1face height (h1i) is recorded at time ti (initial time). The successive decrease in interface 

height (hii+I · .. h ti+n) is recorded with time (ti+I · .. ti+n) until the phases have separated (h1r) at time tr (final time). The 

change in phase interface height as a function of time can then be plotted. The interface height is measured with a 

ruler and relies on a visual determination by the investigator. 

Figure 13 Schematic illustration of the method of measurement of phase separation in the mixer-settler system: the 

emulsified layer is measured visually using a ruler. The initial interface height (h1i), subsequent heights (h1i+I · .. hti+n) 

and final height (h1r) are recorded and plotted as a function of time 

Figs 14 to 16 indicate the rate of phase separation as a function of the inte1face height for the conventional and 

magnetic liquid systems in the mixer-settler system (Procedure 1). (The phases were contacted with real metal ion 

solutions Cl, DI and LI, see compositions in Tables 2, 3 and 4, respectively.) Phase separation for the 

Shellsol 2325 system is indicated as an S-shaped curve showing the decrease in phase interface height with time. In 

the magnetic liquid system, the externally applied magnetic field pulls the magnetic liquid towards the base of the 

beaker without a clear phase interface during phase separation. The time required for phase separation for the 

magnetic liquid systems is therefore represented as a single dashed line at the time at which phase separation had 

been achieved, e.g., in Fig. 14 (a), phase separation for the aqueous-continuous system for Cyanex 272 in 

Shellsol 2325 took approximately 60 s while phase separation for the Cyanex 272 in magnetic liquid system was 

achieved in just over 30 s. 
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Figure 14 Phase separation rate for Shellsol 2325 (indicated by an S-shaped curve) and magnetic liquid system 

(indicated by a single dashed line) for the (a) aqueous- and (b) organic-continuous extraction in the mixer-settler 

system (see description in Section 2.3.1) using Cyanex 272 as the extractant 
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Figure 15 Phase separation rate for Shellsol 2325 (indicated by an S-shaped curve) and magnetic liquid system 

(indicated by a single dashed line) for the (a) aqueous- and (b) organic-continuous extraction in the mixer-settler 

system (see description in Section 2.3.1) using D2EHPA as the extractant 
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Figure 16 Phase separation rate for Shellsol 2325 (indicated by an S-shaped curve) and magnetic liquid system 

(indicated by a single dashed line) for the (a) aqueous- and (b) organic-continuous extraction in the mixer-settler 

system (see description in Section 2.3.1) using LIX 984N as the extractant 
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The difference in rate of phase separation between the Shellsol 2325 and the magnetic liquid systems was calculated 

as follows: 

Difference in rate of extraction between Shel/sol 2325 and magnetic liquid system (%) 

= Phase separation time) Shel/sol 2325 svsiem - Phase separation time) ma<meiic liquid spsiem *l OO ( 6) 

Phase separation time) Shel/sol 2325 sysiem 

The phase separations for the magnetic liquid system under aqueous-continuous conditions with Cyanex 272, 

D2EHP A and LIX 984N were found to be 48, 86 and 49 % faster, respectively, than the Shellsol 2325 system. For 

the organic-continuous phases with Cyanex 272, D2EHPA and LDC 984N, the magnetic liquid phase separations 

were found to be 51, 68 and 39 % faster, respectively, than the Shellsol 2325 system. 

3.3.2 Rate of phase separation using UV-visible absorbance measurements (Procedure 4) 

The rate of phase separation as determined using the mixer-settler system relies on an optical detem1ination of phase 

interface height as a function of time (Procedure 1). Because of errors in parallax and possible bias, the rate of phase 

separation was also determined by UV-visible absorbance measurements in order to obtain a more objective 

assessment of phase separation. Fig. 17 provides a schematic illustration of the experimental measurement method. 

A sample consisting of the organic and aqueous phase was agitated in an ICP tube in a vortex mixer. The sample 

was then placed into a single beam diode array UV-visible spectrophotometer where the UV-visible absorbance was 

measured at set intervals over a period of time. The absorbance decreases with time as the phases separate and the 

UV-light is transmitted through the aqueous phase rather than through the emulsified interface layer. The 

absorbance at a specific wavelength was then plotted as a function of time. Firstly, the phase separation rate of the 

Shellsol 2325 or magnetic liquid as contacted with water was determined. Tests were then extended to samples 

consisting of Shellsol 2325 or magnetic liquid with extractant contacted with water and then with the metal ion 

solutions. 

vortex 
mixer 

single beam diode array UV­
visible spectrophotometer 

·1.00. ···················· Wavelength (nm) 

Figure 17 Schematic illustration of method of determining phase separation using the single beam diode array UV-

visible spectrophotometer: after mixing, the decrease in sample absorbance as the organic and aqueous phases 

separate is measured as a function of time 
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In order to allow for comparison of phase separation times, three settling time parameters were defined: 

1. Time t 50 , was defined to be where the absorbance is 50 % of the initial absorbance, i.e.: 

50 
absorbance, = - absorbance;11;1;01 50 100 

(7) 

2. In some cases, the magnetic liquid coated the sides of the ICP tube and although phase separation had occurred, 

the final absorbance was not zero. A time t P50 , was therefore defined where the absorbance is 50 % of the average 

of the initial and final absorbances, i.e.: 

( 

absorbanceinitial + absorbance final J 
absorbance

1 
= 

.~ 2 
(8) 

3. To determine whether phase separation had occurred, a time t0.5 , was defined where the change of absorbance 

between two consecutive times t; and t;+i was less than 0.5 % of the initial absorbance, i.e.: 

0.5 
!labsorbance 1 = absorbance 1. - absorbance 1. = -- absorbance initial 

0.5 .+I ' 100 
(9) 

If a sample failed to satisfy condition 3, it was assumed that phase separation was still taking place. 

If the condition t 50 , t P50 or t0.5 was not reached, i.e., the absorbance did not drop to 50 % of the initial absorbance, 

the absorbance did not drop to 50 % of the average of the initial and final absorbances or the change of absorbance 

between two consecutive times was not less than 0.5 % of the initial absorbance, respectively, the statement 'not 

reached' is reported in the Tables 11 - 14. In some cases, all three of the settling time parameters were not reached 

and this is reported in the Tables 11 - 14 as 'no separation observed over the measurement time'. 

A one-way analysis of variance (ANOVA) was used to determine whether mean settling times between different 

samples were statistically significantly different from one another. The p-value reported for these data indicates the 

statistical significance of the result and represents the probability of error that is involved in accepting the observed 

result as valid, e.g., a p-value of 0.05 indicates that there is a 5 % probability that the relation between the variables 

found in the sample is coincidental. For these studies, a p-value of 0.05 was treated as an acceptable error level. 

3.3.2.1 Rate of phase separation using UV-visible absorbance measurements for Shellsol 2325 or magnetic liquid 

contacted with water 

Table 11 gives the settling times as defined by eqs 7 to 9 and p-values for the phase separation times of the 

Shellsol 2325 or magnetic liquid contacted with water. The t 50 , t P50 and t0.5 conditions were detem1ined for the 

four replicates (runs 1-4, 5-8, 9-12, 13-16 and 17-20) of the five different samples tested. 
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Table 11 Mean settling times, t 50 , t P50 and t 0_5 as given by eqs 7 to 9 for the contact of Shellsol 2325 or magnetic 

liquid with water (time ins) 

Condition Run 
t50 t p50 to.5 

Shellsol2325 1-4 55 53 109 

(no magnet) 5-8 35 33 85 

9-12 53 49 109 

13-16 71 69 125 

17-20 31 31 89 

Shellsol 2325 1-4 63 61 153 

(with magnet) 5-8 35 35 91 

9-12 31 27 111 

13-16 81 79 141 

17-20 45 43 99 

Magnetic liquid 1-4 

(no magnet) 5-8 

9-12 
No separation observed over the 

measurement time 
13-16 

17-20 

Magnetic liquid 1-4 9 9 37 

(with magnet) 5-8 9 7 37 

9-12 7 7 47 

13-16 11 11 51 

17-20 5 5 31 

p-value 0.00123 0.001493 0.00063 

a excluding magnetic liquid without magnet 

The p-values as determined in Table 11 exclude the magnetic liquid system with no magnetic field as no t50 and 

t P
50 

values were obtained and condition 3 is violated (see also Fig. 18). It is therefore assumed that the phases have 

not separated completely. The p-values obtained for the t 50 , t P50 and t 0_5 conditions were 0.0012, 0.00149 and 

0.0006, respectively, indicating that there is a difference in phase separation between the different conditions 

(Shellsol 2325 setup vs. magnetic liquid setup). There is approximately an 86 % percentage improvement in settling 

rate (determined using the average of the means) for the magnetic liquid system under the influence of an external 

magnetic field as compared to the Shellsol 2325 system. 
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The change in absorbance with time determined for these measurements is shown in Fig. 18 (a) with the error bars 

(95 % confidence interval) excluded in Fig. 18 (b) for clarity. There is a relatively large variation in absorbance 

measurements between 20 and 60 seconds. This is as a result of the variation in mixing and the variation in sample 

properties with time. (With each consecutive agitation, a more emulsified mixture may form leading to a slightly 

different phase separation time. It was for this reason that five new samples were used and phase separation was 

performed four consecutive times for each of these samples.) Despite the variation in absorbance readings, the 

overall trends show that the separation of the magnetic liquid from water under the influence of a magnetic field is 

the most rapid as was confirmed by the p-values (Table 11). 

2.5 

~ l.S 

-e g 
~ I -

0.5 -

20 40 60 

··············································1 

--o- Shcllsol 2325 with water (no magnet) 

-- Shcllsol 2325 wilh wntcr (with magnet) 

-0- Magnetic liquid with water (no magnet) 

~~-Magnetic liquid wilh water (with magnet) 

so 100 IH IW IU IW 
Timc(s) 

(a) 

2.l ,-------------------~ 

-Shcllsol 232.S with water (no magnet) 

-- Shcllsol 2325 with water (with magnet) 

-<>-Magnetic liquid with water (no magnet) I 
"::....._ --Magnetic liquid with water (with magnet) ! 

~ i 
·-..... ...................... __ ... ~... • • j 

----·· ~ ............. Hll ... 111; 

01---~-~-~-~~-~~~-~-~---; 

O.l · 

20 40 60 80 100 IH IW IH IW 
Time(s) 

(b) 

Figure 18 Change in absorbance versus time for Shellsol 2325 and magnetic liquid contacted with water (a) with 

the 95 % confidence intervals and (b) without the e1Tor bars for cla1ity 

3.3.2.2 Rate of phase separation using UV-visible absorbance measurements for Shellsol 2325 or magnetic liquid 

containing Cyanex 272 or LIX 984N and contacted with water 

With the addition of an extractant to the Shellsol 2325 or to the magnetic liquid, the time required for phase 

separation increases significantly as shown in Figs 19 (a) and (b) for Cyanex 272 and LIX 984N, respectively. 
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Figure 19 Change in absorbance versus time for (a) 10 % Cyanex 272 and (b) 10 % LIX 984N in Shellsol 2325 and 

magnetic liquid contacted with water 
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It is likely that the slightly polar extractants in the non-polar hydrocarbon Shellsol 2325 and magnetic liquid interact 

with the water phase thereby increasing the time required for phase separation. For example, depending on solution 

conditions such as pH and salt concentration 11
, Cyanex 272 may exhibit some solubility in aqueous solutions: as the 

salt concentration decreases and the pH increases, the solubility of the Cyanex 272 increases as a result of its acidic 

nature. The viscosity, relative densities and interfacial tension, however, are most likely the more important effects. 

An ANOV A performed to test for significant differences between the means of the various settling conditions for 

the organic phase with Cyanex 272 or LIX 984N in Shellsol 2325 or magnetic liquid and water yielded the p-values 

as given in Table 12. 

The p-values (Table 12) for the conditions t P50 and t0_5 (0.00065 and 0.00006) for Cyanex 272 show that the 

differences in terms of phase separation times for the different conditions can be accepted. According to parameter 3 

(time t 0_5 where the change of absorbance is less than 0.5 % of the original absorbance), it appears that only the 

magnetic liquid with magnet system achieved phase separation. There is a percentage improvement of 

approximately 94 % in settling rate (determined using the average of the means) for the magnetic liquid with magnet 

as compared to the Shell sol 2325 system. No p-value for the condition t 50 was calculated as only the magnetic 

liquid with magnet complied with this criterion. 

The p-values (Table 12) for the conditions tP 50 and t 0_5 (0.00218 and 0.00013) for LIX 984N show that the 

differences in tem1s of phase separation times for the different conditions can be accepted. There is a percentage 

improvement of approximately 84 % in settling rate (based on t P50 and determined using the average of the means) 

for the magnetic liquid with magnet as compared to the Shellsol 2325 system. Again, no p-value for the condition 

t 50 was calculated as only the magnetic liquid with magnet complied with this criterion. 
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Table 12 Mean settling times, t50 , t P50 and t0.5 as given by eqs 7 to 9 for the contact of Shell sol 2325 or magnetic 

liquid containing Cyanex 272 or LIX 984N with water (time ins) 

Condition Run 
t50 t p50 to.5 t50 

Cyanex 272 

Shellso12325 1-4 392 592 372.1 

(no magnet) 5-8 292 Not reached 

9-12 412 Not reached 

Shellsol2325 1-4 392 592 

(with magnet) 5-8 Not reached 312 572 
Not reached 

9-12 492 542 

Magnetic 1-4 Not reached Not reached 

liquid (no 5-8 Not reached 592 

magnet) 9-12 592 Not reached 

Magnetic 1-4 22.2 22 212 62.1 

liquid (with 5-8 12.1 12 172 52.1 

magnet) 9-12 32.1 32 222 62.1 

p-value - 0.00065" 0.00006b -
•excluding magnetic liquid without magnet 

b excluding Shellsol 2325 without magnet and magnetic liquid without magnet 

c excluding Shellsol 2325 with magnet and magnetic liquid without magnet 

t p50 t0.5 

LIX984N 

222 572 

362 582 

422 582 

322 Not reached 

372 Not reached 

302 592 

572 582 

Not reached Not reached 

Not reached 592 

52 262 

52 262 

52 322 

0.00213• 0.00013c 

3.3.2.3 Rate of phase separation using UV-visible absorbance measurements for Shellsol 2325 or magnetic liquid 

containing Cyanex 272 or LIX 984N and contacted with a metal ion solution Cl or Ll 

When the extractant in Shellsol 2325 or magnetic liquid is added to the metal ion solution, Cl or Ll, the time 

required for phase separation decreases as compared to that when the organic phases are contacted with pure water. 

This is shown in Figs 20 and 21 for Cyanex 272 and LIX 984N, respectively. After extraction, the neutral, less polar 

metal extractant complex may be more stable in the organic carrier diluent which promotes more rapid phase 

separation. 
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Figure 20 Mean settling times for 10 % Cyanex 272 in Shellsol 2325 and magnetic liquid contacted with solution 

Cl (see solution composition in Table 2) (a) with the 95 % confidence intervals and (b) without the error bars for 

clarity 
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Figure 21 Mean settling times for 10 % LIX 984N in Shellsol 2325 and magnetic liquid contacted with solution Ll 

(see solution composition in Table 4) (a) with the 95 % confidence intervals and (b) without the error bars for clarity 

Various p-values were detennined for Shellsol 2325 and the magnetic liquid with extractant (with and without the 

magnet). These data are reported in Table 13. Visually it appears from Figs 20 and 21 that the Shellsol 2325 system 

exhibits faster phase separation. However, the variety of p-values determined for the different conditions (with the 

exception of the two values highlighted in Table 13) did not show a statistically significant difference in data. It was 

noticed, during these last tests that the mixing in this system resulted in bubble fom1ation. (The magnetic liquid also 

coats the sides of the plastic ICP tube but this contributes to a lesser extent.) As a result of the bubble formation, 

although the bulk of the phase has separated, the UV-visible spectra may report inflated absorbances. An alternative 

method, namely, the inductance measuring device used in Procedure 5 is not influenced by these factors and it was 

decided to repeat these studies using this device. The results will be discussed in the subsequent section. 
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Table 13 Mean settling times, t 50 , t P50 and t0_5 as given by eqs 7 to 9 for the contact of Shell sol 2325 or magnetic 

liquid containing Cyanex 272 or LIX 984N with metal ion solutions Cl and Ll, respectively (solution compositions 

are given in Tables 2 and 4 and time is ins) 

Condition Run t50 t p50 to.5 t50 tp50 to.5 

Cyanex 272 LIX984N 

Shellsol 2325 (no 1-4 22 12 182 32 32 122 

magnet) 5-8 42 32 102 42 32 102 

9-12 42 42 122 42 32 82 

Shellsol2325 1-4 12 12 42 42 92 

(with magnet) 5-8 32 32 Not reached 32 32 82 

9-12 22 12 42 42 82 

Magnetic liquid 1-4 172 112 182 

(no magnet) 5-8 142 122 Not reached 
No separation observed over the 

measurement time 
9-12 182 112 Not reached 

Magnetic liquid 1-4 22 22 32.075 92 

(with magnet) 5-8 12 12 72.1 52 

9-12 12 12 92.05 52 

p-value 0.09891 a 0.39730a 0.07867b 0.09540° 

0.05534b 0.23056b 0.12397b 

0.37404c 0.67854c 0.12392d 

a excluding magnetic liquid without magnet 

b excluding Shellsol 2325 with magnet and magnetic liquid without magnet 

c excluding Shellsol 2325 without magnet and magnetic liquid without magnet 

ct excluding Shellsol 2325 and magnetic liquid without magnet 

3.3.3 Rate of phase separation using inductance measurements (Procedure 5) 

82 

42 

32 

0.34561° 

0.26034b 

0.44094d 

142 

152 

112 

0.02926" 

0.11606b 

o.01s94d 

The device manufactured for the measurement of inductance and used to obtain a comparative estimate of phase 

separation to that obtained using UV-visible measurements is shown in Fig. 22. A schematic illustration of this 

measurement method is given in Fig. 23 while the details of the principle of operation are desc1ibed in the appendix. 

After agitation, the emulsified organic/aqueous sample for measurement is placed concentric to a coil through which 

an electric cu1Tent flows thus generating a magnetic field. As the phases separate, the current induced in the coil by 

the magnetic phase decreases as it settles out of range of the coil and in this way it can be determined once the 

phases have separated. Although the formation of bubbles after mixing may affect the inductance measurement 

slightly, the measurements will not be affected as significantly as for the UV-visible measurements because the 

magnetic component in the bubble is small. Therefore, the contribution to the flux density will be negligible. 
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Figure 22 Inductance unit used for the determination of relative rates of organic/aqueou phase separation 

vortex 
mixer 

chain for positioning coil 
around the sample tube 

emulsified sample 

coil generating a 
magnetic field 

inductance measuring 
device with 

organic/aqueous 
emulsion in sample tube 

aqueous phase 

organic phase 

inductance 
measuring device 
once phases have 

separated 

Figure 23 Schematic illustration of method of determining pha e separation using the inductance measuring device: 

after mixing, the emulsified sample i placed concentric to a coil through which a current flows thereby generating a 

magnetic field. As the pha es eparate, the current induced in the coil by the magnetic phase decreases as the 

magnetic phase settles out of range of the coil. 

A magnetic liquid sample both with and without Cyanex 272 or LIX 984N extractants was contacted with various 

aqueou phases with or without the influence of a magnetic field (the pem1anent magnet in the etup in Fig. 23 can 

be removed as required). The inductance device measured the change in relative den ity with time of the magnetic 

liquid mixture (corre ponding to the rate of phase eparation) and the data are given in Figs 24 (a) to (g). It can be 

seen that the relative density decreases more rapidly when a magnetic field is applied to the magnetic liquid than 
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when no field is applied. Confidence intervals are indicated for the phase separation with the magnet as four 

replicates (repeated five times each) were used. Only single measurements were performed for the phase separation 

without the influence of the external magnetic field and no confidence intervals are indicated for these data. 
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Figure 24 Phase separation indicated by change in relative density for magnetic liquid with (a) water, (b) 

Cyanex 272 metal ion solution Cl and (c) LIX 984N metal ion solution Ll with the application of a magnetic field 

( o) and without the magnetic field ( o ). Cl and Ll solution compositions are given in Tables 2 and 4. 
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Figure 24 (cont.) Phase separation indicated by change in relative density for magnetic liquid with (d) Cyanex 272 

extractant and water, (e) LDC 984N extractant and water, (f) Cyanex 272 extractant and Cyanex 272 metal ion 

solution Cl and (g) LDC 984N extractant and LDC 984N metal ion solution LI with the application of a magnetic 

field ( o) and without the magnetic field ( o ). Cl and LI solution compositions are given in Tables 2 and 4. 

Figs 25 to 27 (a) give the settling rates (relative densities from inductance measurements) for the magnetic liquid 

system and 25 to 27 (b) and (c) give the settling rates (comparative absorbances from UV-visible spectra) for the 

Shellsol 2325 system under the same conditions, i.e., same volumes of liquids, agitation times, etc. 
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Figure 25 Settling rates in term of (a) relati ve densities fo r the magnetic liquid system and (b) ab orbances for the 

Shell sol 2325 system with water, Cyanex 272 extractant and water and LIX 984N and water and (c) excluding 

confidence intervals for clari ty 
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Figure 26 Settling rates in terms of(a) relative densities for the magnetic liquid system and (b) absorbances for the 

Shellsol 2325 system with Cyanex 272 metal ion solution Cl (see solution composition in Table 2) and Cyanex 272 

extractant and Cyanex 272 metal ion solution Cl and (c) excluding confidence intervals for clarity 
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Figure 27 Settling rates in terms of (a) relative densities for the magnetic liquid system and (b) absorbances for the 

Shellsol 2325 system with LIX 984N metal ion solution Ll (see solution composition in Table 4) and LDC 984N 

extractant and LIX 984N metal ion solution Ll and (c) excluding confidence intervals for clarity 

It can be seen from Table 14, which compares the time conditions for phase separation from the data in Figs 25 to 27 

( t 50 , t pSO and t0.5 for the extractants and aqueous phases in different combinations using inductance for the 

magnetic systems and UV-visible absorbance for the non-magnetic systems), that the separation is fastest for the 

system of the magnetic liquid with magnet by up to 99 % (based on the t0.5 values). The t 50 values indicate that, in 

general, the rate of phase separation decreases when the extractant is added to the organic phase in contact with 

water but increases again once the metal ion solution is used. As mentioned previously, this is most likely as a result 

of the interaction of the slightly polar organic extractants in the organic phase with water. However, after contact 

with the metal ion solutions, the less polar metal organic complex is stabilised more in the organic phase than in the 

more polar aqueous phase allowing for more rapid phase separation. 
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Table 14 Mean separation times for organic phase with extractants and aqueous phases in various combinations 

Condition t 50 t p50 1o.5 150 t p50 1o.5 t 50 tp50 1o.5 % change 

Magnetic liquid Magnetic liquid Shellsol 2325 in 

(with magnet) (without magnet) (without magnet) separation" 

Water 1 1 2 44 4 7 74 13 56 96 

Cyanex 272 metal ion solution Cl 28 1 2 14 3 6 19 9 43 95 

LIX 984N metal ion solution Ll 1 1 2 6 5 9 7 8 39 95 

Cyanex 272 extractant and water 1 1 3 63 51 568 145 2 105 97 

LIX 984N extractant and water 1 1 2 NR 163 164 NR 29 159 99 

Cyanex 272 extractant and Cyanex 

272 metal ion solution Cl 1 1 3 9 6 44 14 10 1 -67b 

LIX 984N extractant and 

LIX 984N metal ion solution Ll 1 1 3 28 21 574 1 10 33 91 

NR: Not reached 

a Based on the t0_5 values, for the magnetic liquid with magnet and the Shellsol 2325 without magnet 

b Negative percentage occurs because the difference in phase separation times, t0_5 , is only 2 seconds. 

4. General discussion and conclusions 

4.1 Metal ion extraction 

The magnetic and non-magnetic extraction systems showed similar percentage metal ion extractions throughout. In 

the mixer-settler system, the extraction of Co(Il) by the Cyanex 272 was in the range of 60 - 75 %, Zn(II) by 

D2EHPA 42 - 56 % and Cu(II) by LIX 984N 68 - 78 %, with the magnetic liquid Cyanex 272 and LIX 984N 

systems showing a lower extraction and the D2EHP A showing a higher percentage extraction than the Shellsol 2325 

system. The difference in extraction observed when using the different extractants could be as a result of the 

interaction of the extractant molecules with the magnetite surface or the coating in a complex, and, as yet not 

understood, mechanism. Extraction selectivities were similar for these tests. 

Extractions by D2EHPA from the buffered mixed metal ion solutions were similar for the magnetic and non­

magnetic systems. The individual metal ion solutions, Ca(II), Co(Il), Cu(ll), Ni(II) and Zn(II), however, showed a 

variation for the buffered and unbuffered systems. In the magnetic liquid system this is expected to occur as a result 

of the magnetite which may neutralise the Ir ions liberated during extraction thereby promoting further extraction. 

The Shellsol 2325 system shows an increase in metal ion extraction for the buffered system where liberated Ir can 

be neutralised thereby increasing the percentage metal ion extracted. In the unbuffered solutions, the pH decreases 

upon liberation ont ions by the D2EHPA thereby limiting further extraction. 
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In the Cyanex 272 buffered system, extraction and selectivity increase by 10 - 20 % with an increase in pH from 5 -

6. The higher pH solutions allow for increased neutralisation of liberated Ir thereby increasing extraction. An 

increased O/A ratio results in an increased extraction of the primary and secondary metal ions with no change in 

selectivity. In an unbuffered solution (water), the magnetite surface becomes protonated with liberated H+ and is 

able to act as a type of buffer while the Shell sol 2325 system shows no increase in extraction with increased 0/ A 

ratio as liberated H+ ions cannot be neutralised. 

The LIX 984N buffered solution shows no change in extraction between a buffered pH 4 and water solution 

indicating that the extraction is not pH sensitive. With an increase in 0/ A ratio, there appears to be an increased 

extraction of both primary and secondary metal ions, however, m this system, leached magnetite affected 

absorbance readings and the results are inconclusive. The use of UV-visible absorbance is therefore not 

recommended for extraction studies involving Co(Il) and ICP-AES analysis would be a more accurate analysis tool. 

Close to maximum metal ion extraction into the organic phase for all three extractants and magnetic and non­

magnetic systems occurrs within approximately 10 minutes. With a further 20 days contact time, the magnetic 

LIX 984N system showed an increased extraction of all metal ions, very possibly as a result of adsorption of the ions 

into magnetite pores. 

4.2 Rate of phase separation 

Investigations into the rate of phase separation using the magnetic liquid systems showed very promising results 

with an improved rate of phase separation being exhibited for the magnetic liquid system: 

• In the conventional mixer-settler system, phase separation was found to improve by 48 - 86 % for the 

magnetic liquid system. 

0 Using UV-visible absorbance measurements, it was found that there is a greater than 80 % increase in 

phase separation for the magnetic liquid in contact with water and the magnetic liquid containing 

Cyanex 272 or LIX 984N in contact with water when an externally applied magnetic field is used to effect 

separation. There was no statistically significant difference in extractions when the extractants in organic 

carriers were contacted with solutions containing metal ions for extraction. This could be as a result of the 

experimental setup and owing to the fact that bubble formation occurs in the magnetic liquid system which 

influences the UV-visible absorbances. Inductance measurements were therefore used to further investigate 

the phase separation rate. 

• The inductance measuring device (for the measurement of phase separation of the magnetic liquid systems) 

as compared to the phase separation by the non-magnetic system using the diode array UV-visible 

spectrometer showed an increased phase separation by the magnetic liquid systems by up to 99 % with only 
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one case where the phase separation time was slower by 2 s (magnetic liquid with Cyanex 272 extractant 

and Cyanex 272 metal ion solution Cl). 

In the conditions investigated here, the use of the magnetic liquid system promotes rapid phase separation without 

loss of extraction ability or selectivity. Its use in an extraction processes would have to be carefully determined 

depending on the requirements and bearing in mind that the system may behave differently from conventional 

solvent extractant diluents as a result of the amphoteric magnetite surface charge (as was observed especially in the 

buffered systems). Consideration of the optimal use of a magnetic liquid as a diluent would not be unlike the 

considerations that must be borne in mind when using diluents containing aromatics. Such diluents have shown to 

associate the extractant itself or influence selectivity through interaction with the metal-extractant complex in the 

organic phase3
• 

A disadvantage of the magnetic solvent extraction system as seen from the UV-visible absorbance studies is that 

there is a possibility that the magnetic liquid will be unstable over time and magnetite may become suspended in the 

aqueous phase. In addition, in certain preliminary investigations, the formation of a relatively stable emulsion was 

observed ifthe OJA ratio was too low (this emulsion could be broken up by increasing the aqueous phase volume). 

Finally, because magnetite is soluble at pHs lower than approximately 4 18
, there is a limitation as to its chemical 

compatibility with various process streams which operate at a pH outside the stability region for magnetite. 

Cyanex 272 and LIX 984N which operate under higher pH conditions may therefore be more favourable for 

magnetic liquid solvent extraction processes. The resistance of the magnetite and magnetic liquid, however, to 

various common reagents, e.g., acids, may be limited 18
, particularly in view of the fact that strong acids, e.g. 

1800 g r 1 H2S04, are used for stripping of the organic phases. In Chapters 6 and 7, steps have been taken to improve 

the resistance of the magnetite to acidic media. 

Appendix 

Principle of operation of inductance measuring device 

The principle of operation of the inductance measuring device as used to determine relative rates of phase separation 

(Section 3.3.3) is described here. An elect1ic current (I) flowing through a coil generates a magnetic field in the 

area enclosed by the coil. The inductance of the coil ( L ), is dependent on the flux density ( B ), the number of turns 

per unit length ( n) and the volume enclosed by the coil ( V ): 

BnV 
L=-

1 
(10) 
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The total flux density when a magnetic liquid is placed inside such a coil is the sum of the flux densities of the 

magnetic component of the magnetic liquid magnetite (of volume fraction m ), the carrier fluid in which the 

magnetic particles (of volume fraction c) are suspended and the air between the sample and the coil (of volume 

fraction a): 

Btotal = 8 magnetite + 8 carrier fluid + 8 air 
(11) 

B = µnl (where µ is the magnetic permeability) and eq. 11 can therefore be written as: 

B /OWi = nl ( /11 µmagnetite + cµ carrier fluid + aµ air) (12) 

The magnetic permeability of air and kerosene is approximately l.26X10-6 H m·1 as compared to approximately 

l.26X10-4 H m· 1 for magnetite and the last two terms can therefore be disregarded. Eq. 12 reduces to: 

B101a1 :::: nf(mµmagnetite) (13) 

By combination ofeqs 10 and 13, 

2 
L = /1 Vm µmagnetite (14) 

n, V and µmagnetite are constants and only m contributes to the inductance, i.e., L oc m. 

Variations in the inductance of a coil, L, (induced by variations in the volume of magnetic material in a sample 

internal to the coil, 111) will result in a resonance frequency shift in an oscillator circuit. This allows one to obtain an 

indication of the change of magnetic material over the length of a tube and can be related to the density of a sample. 

Calibration could be performed to obtain absolute densities, but, for example in the application of interest which is 

to determine phase separation, the determination of the presence or lack of magnetic material at a specific point in 

the tube will be sufficient to determine whether or not phase separation has taken place. Densities are therefore 

reported as relative densities, i.e., the density relative to the original density at time t = 0 s is plotted. 
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Chapter 6 

'fhe preparation of silica-coated, diethylenetriamine functionalized magnetic nanoparticle 

ion exchangers 

Abstract 

Various methods of coating magnetite nanoparticles with silica were investigated in order to provide an acid­

resistant shell around the magnetic core particles (which are otherwise soluble in acidic media) for their subsequent 

use in metal ion extraction. Stabilisation of particles with citric acid followed by two wet-method silica coatings 

using tetraethoxysilane improved the particles' acid resistance by 80 % compared to the bare magnetite. Attempts 

were made to further improve acid resistance through providing multiple silica coatings and through silica sintering, 

however, these techniques did not provide any significant improvement in terms of acid resistance. Silica-coated 

particles were functionalised with diethylenetriamine for use in metal ion extraction. Finally, a recommendation and 

preliminary calculations are made for an alternative method for dry coating of the magnetite which could lend itself 

more readily to scale-up of the magnetic ion exchanger synthesis. 

1. Introduction 

Magnetite particles are soluble in slightly acidic aqueous solutions1 at a pH < 4. This limits the operating window 

for use of magnetic liquids in solvent extraction as discussed in Chapter 5. In addition to improving the chemical 

stability and resistance of magnetite particles to acid attack, a coating of silica or other inert material may also 

prevent their aggregation in suspension. The silanol group on the surface may be useful for the covalent attachment 

of ligands to the surface of the coated nanoparticles providing functionalised silica-coated particles. 

There are a number of examples where the prope11ies of silica and magnetic particles have been combined for a 

specific application: 

0 

Silica particles in which iron oxide was captured into the pores and onto which amino acid groups were 

introduced have been used for radionuclide separation from liquid wastes2
• 

Magnetic silica particles have been used for the binding ofproteins3 or enzymes4
, for DNA extraction5 and 

as biocatalysts6
. 

Magnetic particles have also been enclosed in a silica-gel matrix for high gradient magnetic separation 

processes 7 . 

The aim of the work in this chapter is to provide the magnetite with a protective silica coating. This coating could be 

functionalised with an anion exchange ligand and the final pa11icle used as an ion exchanger. Coated nanomagnetic 
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ion exchanger particles would be capable of providing a larger surface area compared to micron-sized ion exchanger 

particles typically used in applications such as metal ion extraction. This could allow for a modified approach to 

chemical processing. For example, the particles could extract metal ions in a stirred tank and be removed from 

suspension using a magnet, as opposed to the conventional packed column processing route where even micron­

sized particles may yield large pressure drops across columns8
• 
9

. 

Silica coating of the magnetite particles may proceed via a number of different routes, such as laser-induced 

pyrolysis of ferrocene and tetraethoxysilane (TEOS) aerosols 10
, through microemulsion systems in which micelles 

or inverse micelles are used to confine and control the coating of particles 11 and via a popular synthesis method, the 

SWber process, where silica is formed via hydrolysis and condensation from a sol-gel precursor12
• Processes such as 

pyrolysis are relatively complex and it may be difficult to separate the surfactant from a microemulsion system. For 

ease and simplicity, the liquid-based sol-gel process was selected for investigation. 

St6ber et al. 12 investigated the synthesis of monodisperse suspensions of silica spheres in the colloidal size range via 

the hydrolysis (eq. 1) and condensation (eq. 2) ofTEOS under alkaline conditions in ethanol 13
• 

14
: 

(1) 

(2) 

With overall stoichiometric reaction: 

(3) 

Recent models explain the chemical and physical growth of silica via two steps of nucleation and growth. Two 

models: that of monomer addition and controlled aggregation have been proposed. In monomer addition, there is an 

initial phase where nucleation takes place 15
-
17 followed by the addition of hydrolysed monomer to the silica surface. 

In controlled aggregation, nucleation occurs throughout the reaction 14
• 

17
' 

18 and a narrow size distribution is prepared 

by the aggregation of primary particles or nuclei with one another or with larger aggregates 19
• Chen et al. have 

proposed that the Si(OH)4 does not actually take part in the silica growth or form silica particles directly, (according 

to eq. 2) but that an inte1mediate species Si,Oy(OH)z deposits on the surface of silica particles or fom1s new particles 

depending on its concentration as indicated schematically 15 in Fig. 1. 
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TEOS 

l 
Si(OH)4 

I 
.------ Deposit onto silica particle surface 

Concentration 
exceeds some 

value 

Form new particles 

Figure 1 Schematic15 of proposed deposition of silica on existing particle surfaces or formation of new silica 

particles from SixO/OH)z 

Hydrolysis (eq. 1) with water alone is very slow and the reaction is therefore usually acid or base catalysed 13. In 

acid-catalysed reactions, the condensation of silane groups produces chain-like or open-branched polymers which 

are considered to be gel phases and not particles. In base-catalysed reactions, a morphological catalyst results in 

internal condensation and cross-linking, producing spherical particles with an interior consisting of four silicon­

oxygen bonds with hydroxyl groups attached to the surface of the particles 13 . We were interested in the precipitation 

of spherical particles and therefore selected the base-catalysed ammonium hydroxide solution system for the 

synthesis of the coated magnetite particles, which also helped protect the magnetite particles. 

A variety of discussions have originated on the reaction mechanism and effect of various solution chemistry factors 

(such as concentration of TEOS, nature of alcohol solvent, initial water concentration and amount of ammonia 

catalyst present) that control the reaction kinetics and silica sphere diameter15' 20
• 

21 . These parameters are important 

in determining the time before the initial nucleation of silica particles takes place and the subsequent particle growth 

ratel3, 19. 

In this chapter, 

0 

0 

0 

0 

Five methods (Methods la-c, 2, 3, 4 and 5, see Sections 2.2.1 to 2.2.5) for coating magnetite with silica 

(referred to as FeSi) were investigated and evaluated such that a simple, reproducible and most cost 

effective synthesis method can be established. 

Two of the more promising methods (Methods 4 and 5) were selected to further investigate the influence 

on FeSi synthesis of experimental parameters such as increased magnetite and varying volumes of 

ammonium hydroxide solution or ethanol. 

The FeSi resistance to dissolution in acid was dete1mined and compared to potential improvements in terms 

of acid resistance through providing multiple silica coatings and through silica sintering. 

Finally, the functionalising of the FeSi particles with an anion exchange ligand, diethylenetriamine, and the 

resistance of this functionalised coated material (referred to as FeSiDETA) to acid dissolution are 

discussed. 
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2. Experimental 

2.1 Reagents and analytical methods 

All reagents and solvents were purchased from commercial sources and were used without further purification. 

FeC13.6H20, FeS04.7H20 and 25 % NH40H (all obtained from Merck) were used for the precipitation of magnetite. 

Ultrapure Milli-Q water (MQ > 18 M.Q) was used for the preparation of aqueous solutions. Sodium silicate, 

tetraethoxysilane (TEOS), tetramethyl ammonium hydroxide (TMA), N' -(3-trimethoxysilylpropyl)diethylene­

triamine (DETA) {all Aldrich) and citric acid (from Merck) were used for the coating and functionalising of the 

magnetite particles. 

Transmission electron micrographs {TEM) were obtained using a JEOL 200CX and LEO EM912 electron 

microscope. Magnetic measurements were obtained on a SQUID magnetometer. Elemental compositions were 

dete1mined by scanning electron microscopy energy dispersive spectrometry (SEM-EDS) using back scatter 

detection and an INCA Analyser. Fourier Transform Infrared {FTIR) spectra were recorded on a Nexus Nicolet 

Fourier Transform Infrared Spectrometer using dried powder dispersed in a KBr matrix and compacted as thin 

pellets or on a Nicolet Avator 330 FTIR using a ZnSe sample holder. Elemental analyses (Fe, C, H and N) were 

carried out by the Microanalytical Laboratory of the University College Dublin. Two replicates were obtained per 

sample. Thermogravimetric analysis (TGA) was perfom1ed using a Perkin Elmer TGA 7 unit. The chamber was 

purged with nitrogen at 20 ml min- 1
• Fe concentrations in aqueous solutions were detennined using an Inductively 

Coupled Plasma-Atomic Emission Spectrometer (Varian Liberty II ICP-AES) and a linear calibration method. 

2.2 Coating of magnetite with silica 

For a typical preparation of approximately 0.45 g magnetite, 1.05 g FeC13.6H20 and 0.54 g FeS04.7H20 were added 

to 25 ml water and the resultant solution heated to 35 °C. 5 ml 25 % ~OH was added to the iron solution with 

rapid agitation. The resultant precipitate was stirred for 10 minutes and washed via magnetic decantation four times 

with 100 ml MQ water. This will be termed the 'standard magnetite procedure' (SMP). 

Various different procedures have been reported for the coating of magnetite particles with silica
4

• 
20

• 
22

-
26

. Five types 

of methods have been grouped as follows: 

o Method la-c: coating with sodium silicate alone (based on the methods of Atarashi22
, Bruce

23 
and Liu

4
), 

o Method 2: coating with TEOS alone (based on the method ofTaylor4
), 

o Method 3: coating with sodium silicate and TEOS (based on the method of Philipse20
), 

o Method 4: coating with TEOS after stabilising with citric acid (based on the method of van Ewijk
25

) and 

o Method 5: coating with sodium silicate and TEOS after stabilising with citric acid (based on the method of 

Sun26
). 
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2.2.1 Coating with sodium silicate alone 

2.2.1.1 Coating based on the method of Atarashi22 (Method la) 

Magnetite was prepared using two times the SMP and diluted to 1.4 g r 1 with MQ water. Sodium silicate solution 

(1.5 mass%) was added dropwise to 169 ml of the suspension whilst controlling the pH between 8 and 11 (pHinitial = 

9.2, pHfinal = 10.3). The suspension was heated to 80 °C and washed with ethanol by magnetic decantation. 

2.2.1.2 Coating based on the method ofBruce23 (Method lb) 

After magnetite preparation using two times the SMP, the pH was raised to 13 by the addition ofTMA and diluted 

to 1.5 g r 1 with MQ water (total volume 1.2 1). A Duolite C-26 ion exchange resin (Aldrich) was regenerated with 

500 ml hot MQ water, 500 ml 3 M HCl and 500 ml MQ water at room temperature. 200 ml sodium silicate solution 

(1.12 mass% Si02) was passed through the ion exchange resin and the first 20 and last 47 ml discarded. The pH of 

the retained solution was raised to 9.5 by the addition of a few drops of the original sodium silicate solution. 133 ml 

of this solution was added to the precipitate and stirred. The resulting mixture was titrated to pH 10 by the addition 

of 0.5 M HCI over 1 hour and then stirred for 2 hours. The suspension was stable and could not be separated on a 

magnet and so could not be washed with a mixture ofTMA and ammonia solution. 

2.2.1.3 Coating based on the method ofLiu4 (Method le) 

Magnetite was prepared using two times the SMP and diluted with MQ water to 600 ml after washing. Sodium 

silicate (1.17 mass% Si02) was added to the magnetite which was ultrasonicated for 30 min before being heated to 

80 °C. 0.5 M HCl was added dropwise to reduce the pH to 6.6. The mixture was washed with MQ water by 

magnetic decantation and dispersed in 50 ml methanol. Sample preparation for TEM analysis involved washing by 

magnetic decantation and resuspension in ethanol. 

2.2.2 Coating with tetraethoxysilane based on the method of Taylor24 (Method 2) 

Two times the SMP was used to precipitate approximately 0.9 g Fe30 4. After washing, the supernatant of the 

suspension was removed by magnetic decantation and the magnetite added to 230 ml of a 10 % v/v TEOS solution 

and 200 ml ethanol. The pH was lowered to 4.6 by the addition of glacial acetic acid. The mixture was stirred and 

heated at 90 °C for 2 h under nitrogen. After cooling, the precipitate was washed two times each with 500 ml MQ 

water, 300 ml methanol and 500 ml MQ water. 

2.2.3 Coating with sodium silicate and tetraethoxysilane, based on the method by Philipse20 (Method 3) 

Magnetite was prepared using two times the SMP, diluted to 1.4 g r 1 by addition of 643 ml MQ water and the pH 

raised to 12.8 by the addition ofTMA. A Duolite C-26 ion exchange resin was regenerated as described previously. 

300 ml sodium silicate solution was passed through the ion exchange resin and the first 150 and last 20 ml 

discarded. The pH of the retained solution was raised to 9.5 by the addition of a few drops of the original sodium 

silicate solution. 31 ml of this solution was then added to 170 ml of the precipitate. The resulting mixture was 
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titrated to pH 10 by the addition of 0.5 M HCI over 1 hour and stirred for 2 hours. The ample was dialysed with 

TMA for 2 days. The solution was refreshed after 1 day. Owing to the expense of the TMA, the TMA was diluted 

approximately 50 % with 25 % ammonia solution. 11.5 ml of the su pension was added to 42 ml ammonia solution 

(25 %), 1 I ethanol and 1 ml TEOS and stirred for 1 day. 4, 8, 16 and 32 µI TEOS were then added to four 10 ml 

sample. 

2.2.4 Coating with tetraethoxysilane after stabilising with citric acid, based on the method by van Ewijt!5 

(Method 4) 

Twice the SMP was used to precipitate approximately 0.9 g Fe30 4. After washing, 500 ml 0.01 M citric acid 

solution was added to the magnetite suspension and TMA added to raise the pH to 7. The magnetite suspension 

concentration was approximately 1.8 gr'. 160 ml of the magnetite suspension was added to 268 ml ethanol, 72 ml 

MQ water and 18 ml ammonia solution (25 %). One day later, 0.4 ml TEOS and 0.7 ml TEOS were added to the 

uspen ion. 

2.2.5 Coating with sodium silicate and tetraethoxysilane after stabilising with citric acid, based on the method by 

Sun26 (Method 5) 

The SMP was used to prepare a 2 g r' suspension of Fe30 4 in water. After washing, the pH was adjusted to 3.2 by 

the addition of 0.1 M HCI. Citric acid (2.0 g in 250 ml MQ water) was added to the precipitate, while stirring, over 

4 h. The final precipitate was wa hed by magnetic decantation 3 times and the final volume made up to 200 ml. 2 ml 

of this su pension was di persed in 200 ml ethanol and 120 µI Na10.Si01 (0.22 wt % Si01) was added to the ethanol 

under vigorous mechanical stirring. After 2 h, 4 ml MQ water, 1.4 ml 25 % ammonia solution and 50 µI TEOS were 

added to the mixture. After 30 minutes, a further 250 µI TEOS was added to the mixture. The mixture was stirred for 

14 h before the precipitate wa eparated and washed by magnetic decantation four time . 

TEM micrographs for a visual indication of the morphology and effectiveness of coating and FTIR spectra for 

information regarding particle compo ition were obtained for all syntheses. 

2.3 Investigation into the effect of various experimental parameters on the silica coating of magnetite 

After preliminary investigations into the various different syntheses methods, a number of parameters were 

investigated in terms of their effect on the synthe is of FeSi particles using the citric acid tabilised methods 

(Methods 4 and 5). Decrea ed volumes of the initial sodium silicate olution, initial TEOS and water, ethanol and 

ammonia olution (decrea ed cataly t) as well as increased volumes of initial TEOS, citric acid stabilised magnetite 

and water, ethanol and ammonia olution (increased catalyst) were inve tigated using Methods 4 and 5 (summarised 

in Table 1). 
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For Method 4, magnetite prepared by the SMP was diluted to a final volume of 80 ml (5.6 g Fe30 4 1"1
) with MQ 

water. To this volume, 320 ml 0.02 M citric acid solution was added. The pH was increased from pH 3 to pH 7 by 

addition of TMA to redisperse the precipitate. The final magnetite concentration was approximately 1.1 g r 1
• 4 ml 

volumes of this dispersion ( -4.5 g Fe30 4) were used for the parametric investigation. 

For Method 5, the precipitate was diluted to -2.3 g r 1 with MQ water up to a final volume of 200 ml. The pH was 

adjusted to 3 by the addition of 0.5 M HCI. 250 ml of a 0.04 M citric acid solution was added to the magnetite 

suspension. After 2 h, the suspension was washed by magnetic decantation 3 times and made up to 200 ml with MQ 

water (-2.3 g 1" 1
). 2 ml volumes of this dispersion (-4.5 mg Fe30 4) were used for the parametric investigation 

(except for runs Pld and P2d where a 20 and 10 ml magnetite dispersion, respectively, i.e., -22.5 mg Fe30 4 was 

used for the tests). 

Magnetite volumes were added to the ethanol and water and ultrasonicated before the ammonia solution and sodium 

silicate solution or TEOS addition. In the case where sodium silicate (0.27 mass %) was added, the first TEOS 

volume was added 4 hours after the sodium silicate was added. In all cases, the second TEOS volume was added a 

day after the first TEOS volume. 

Table 1 Volumes used to investigate the effect of various parameters on the silica coating with magnetite 

Run Change Fe304 EtOH H20 NH40H Sodium First Second 

(ml) (ml) (ml) soln (ml) silicate TEOS TEOS 

(µI) coating coating 

(ml) (ml) 

Pla None 4 270 72 18 NIA 0.35 0.7 

Plb TEOS X3 4 270 72 18 NIA 1.07 2.1 
..,,. 
"O Plc TEOSl3 4 270 72 18 NIA 0.12 0.2 
0 -= Pld 20 NIA 0.7 - Fe304 X 5 270 72 18 0.35 a; 

~ 
Ple H20, NH40H soln X 3 4 270 216 54 NIA 0.35 0.7 

Plf H20, NH40H solnl3 4 270 24 6 NIA 0.35 0.7 

P2a Increased EtOH 2 333 4 1.4 120 0.05 0.25 

P2b TEOS X 3, increased EtOH 2 333 4 1.4 120 0.15 0.75 

P2c TEOSl3, increased EtOH 2 333 4 1.4 120 0.045 0.08 

in P2d Fe304 X 5, increased EtOH 10 333 4 1.4 120 0.05 0.25 
"O 
~ P2e EtOH/1.5 2 200 4 1.4 120 0.05 0.25 -.:: 
a; 

~ P2f H20, NH40H soln X 3, 2 333 12 4.2 120 0.05 0.25 

increased EtOH 

P2g H20, NH40H soln 13, 2 333 1.3 0.5 120 0.05 0.25 

increased EtOH 
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2.4 Functionalisation of silica-coated magnetite particles with diethylenetriamine and 'medium' and 'large' scale 

synthesis 

After results were obtained from the base case scale parametric studies for the functionalisation of the silica­

magnetite particles, the scale on which the particles had originally been produced was tripled and the mass of 

magnetite added to the ethanol increased fivefold. Magnetite produced by the standard procedure was diluted to 

5.6 g Fe30 4 r 1 and 80 ml final volume. 1.05 g citric acid was dissolved in 320 ml water and added to the magnetite 

precipitate whilst stirring. The initial pH of 2.8 was raised to 7.5 by the addition of TMA to redisperse the 

precipitate. The final volume of 400 ml had a magnetite concentration of -1.1 g r 1
• 

To determine whether the FeSiDETA synthesis could be scaled up (only approximately 15 mg FeSiDETA was 

produced using the preliminary syntheses methods), a 'medium' and 'large' scale synthesis of FeSiDETA was 

attempted for the synthesis of approximately 70 and 170 mg FeSiDETA, respectively. For FeSiDETA synthesis on a 

'medium' scale, 60 ml of the magnetite suspension (-70 mg magnetite) was added to 810 ml ethanol, 216 ml water 

and 54 ml ammonia solution (25 %) and stirred. 1.1 ml TEOS followed by 2.15 ml TEOS one day later was added to 

the suspension. After washing and drying at room temperature through evaporation of the solvent, 10.2 mg FeSi 

particles were resuspended in 105 µI ethanol (5 - 10 ml solvent/g FeSi) before 5 µl DETA was added to the FeSi 

particles (approximately 1.7 mmol DETA/g FeSi)27
• 

28
. After 2 days the samples were washed by magnetic 

decantation and dried. For FeSiDETA synthesis on a 'large' scale, 150 ml of this magnetite suspension (-170 mg 

magnetite) was added to 2.025 1 ethanol, 540 ml water and 135 ml ammonia solution (25 %) and stirred. 2.65 ml 

TEOS followed by 5.35 ml TEOS one day later were added to the suspension. After washing and drying at room 

temperature through evaporation of the solvent, 60 mg FeSi pa11icles were resuspended in 600 µI ethanol (5 - 10 ml 

solvent/g FeSi) before 15 µI DETA was added to the FeSi particles (approximately 1.7 mmol DETA/g FeSi)
27

• 
28

. 

After 2 days the samples were washed by magnetic decantation and dried. In general, for DETA functionalising, 

10 ml solvent (ethanol) and 1.7 mmol DETA were added per gram ofFeSi. Samples were left to stand in excess of 

24 hours before magnetic washing with 80 % ethanol in MQ water. 

2.5 Multiple tetraethoxysilane coatings 

In order to potentially improve the acid resistance of the FeSi particles, paiticles were coated with multiple silica 

layers. Magnetite prepared by the SMP was made up to 5.6 g r 1 by dilution to 80 ml. To this was added, whilst 

stirring, 1.05 g citric acid dissolved in 320 ml water. The pH (2.6) was raised to 7 .0 to redisperse the precipitate by 

addition ofTMA. The final volume (400 ml) contained -1.1 g r 1 magnetite. 

20 ml magnetite suspension was added to 270 ml ethanol and 72 ml MQ water. The mixture was ultrasonicated 

before the addition of 18 ml ammonia solution (25 %). 0.36 ml TEOS was added with rapid stirring. One day later, 

0.72 ml TEOS was added to the suspension. After 1 day, the FeSi suspension was washed with 150 ml ethanol by 
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magnetic decantation, dried and resuspended in 270 ml ethanol and 72 ml water using an ultrasonic bath. 18 ml 

ammonia solution (25 %) and 0.72 ml TEOS were added to the mixture. This was repeated two more times (5 TEOS 

coats in total). 

2.6 Silica-coated magnetite particle sintering 

Besides the multiple TEOS coatings, a second method was attempted to improve the acid resistance of the FeSi 

particles: that of sintering the silica coating on the magnetite surface. Sintering was performed in a TGA unit where 

a 7.0 mg sample was heated at 20 °C per minute from 45 °C to 920 °C in a chamber purged with nitrogen at 

20 ml min-1
• Mass loss was determined as a function of temperature, the sample was analysed by TEM and FTIR 

and its resistance to acid determined. TGA mass loss profiles were then used to estimate appropriate conditions for 

sintering in a vertical tube furnace. Sintering in the vertical tube furnace was performed at 800 and 1100 °C for 

30 minutes after purging the furnace with argon. 

2. 7 Resistance of silica-coated magnetite particles to acid 

The resistance of the silica-coated particles to acid was investigated by addition of 25 mg each of magnetite, FeSi 

and FeSiDETA to 10 ml of0.5, I, 2 and 3M HCI for 30 minutes; 25 mg portions of multiply-coated and sintered 

FeSi (from the TGA and vertical tube furnace) was also added to IO ml of the 0.5 M HCI solution. The supernatant 

was collected for Fe concentration determination by ICP-AES for estimation of the percentage magnetite 

dissolution. 

3. Results and discussion 

3.1 Coating of magnetite particles with silica 

The selection of a method for the coating of the magnetite with silica was based on the following criteria: 

• Morphology and extent of coating of particles from TEM micrographs 

0 Material composition from FTIR spectra 

0 Ease and cost of synthesis 

3.1.1 Coating with sodium silicate or tetraethoxysilane alone (Methods la-c and Method 2) 

Methods Ia-c and 2 (no prior stabilisation of the magnetite) yielded magnetite particles approximately IO nm in size 

embedded in an amorphous mass of silica (see Fig. 2). Isolated particles were not visible and the silica coating was 

very thin. The point of zero charge (PZC) of magnetite29
-
33 is in the range of 6 to 8.5. If no stabilisation of the 
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magnetite occurs through coating with a urfactant, agglomeration of particles is possible. ilica will then coat the 

agglomerated magnetite core, which is believed to have happened in these cases, as shown by the TEM image 

(Fig.2). 

(a) (b) (c) 

Figure 2 FeSi particle produced by (a) Method la, (b) Method le and (c) Method 2 (where magnetite particles 

were coated with odium ilicate only) 

3.1.2 Coating with sodium silicate and tetraethoxysilane alone (Method 3) 

The coating of magnetite with sodium si licate followed by TEOS (Method 3) also appeared to result in the 

embedding of magnetite particles in a silica mass (Fig. 3 (a)) with isolated si lica particles forming (Fig. 3 (b)). The 

PZC of silica31 is 2.0 and providing the magnetite particles with an initial silica layer through coating with sodium 

silicate should result in a reduction in zeta potential. This corresponds to an increase in the coulombic repulsion 

between particle which hould tabilise the particles before the econd coating with TEOS. Dialysing with TMA 

should al o provide repulsion between particles. Condition were satisfactory for ilica particle production as 

indicated by Fig. 3 (b) and it is therefore possible that insufficient tetramethyl ammonium hydroxide (TMA) was 

used during dialysis resulting in particle agglomeration before coating. 

(a) (b) 

Figure 3 (a) FeSi particle and (b) free silica produced by Method 3 (where magnetite particle were coated with 

sodium silicate and TEOS) 

3.1.3 Coating with tetraetlio:>.ysilane after stabilising with citric acid (Method 4) 

Method 4, which involved stabilising the magnetite with citric acid (which is believed to attach to the oxide surface 

by as ociation to the surface hydroxyl groups of the citrate ions) before coating with TEOS, yielded more defined, 
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but till irregularly-shaped silica-coated particles, containing multiple magnetite particles at their centre. Adjacent 

particles appeared to have agglomerated in some cases. Two clear regions of different electron den ities can be 

identified in the TEM micrograph (Fig. 4). The electron dense core corre pond to the magnetite particles while the 

le dense shell region is the ilica coating. 

Figure 4 FeSi particles produced by Method 4 (where magnetite particle were coated with TEOS after stabilising 

with citric acid) 

The hydrolysis of TEOS and polymerisation of ilica on the magnetite surface take place in an alkaline 

ethanol/water system. At this pH, the PZC of the magnetite (6 to 8.5) is such that the uncharged magnetite surface is 

unlikely to provide an electrostatic repulsive force allowing the particles to be dispersed in the reaction mixture. 

Coating the particle with citric acid is expected to lower the solution pH and the coated magnetite PZC to 

approximately f 5
. In thi acidic su pension (pH = 2 - 3), the two free carboxyl groups of the citric acid (assuming 

ju t one citric acid carboxyl group is attached to the magnetite surface) are uncharged (pK = 4.30, 5.65) and since 

the coated magnetite particle bear no charge, flocculation may re ult. The addition of TMA raised the suspension 

pH to 7 so that the electrostatic repulsion of the now anionic citrate ions allowed for a table uspension of 

magnetite coated particles34
. These stable, isolated particles are clearly seen in the TEM micrograph (Fig. 5) of the 

citric acid-coated magnetite produced prior to silica coating. The citrate ion coating should inhibit nucleation, 

particle growth and agglomeration and assist in the formation of isolated FeSi particles upon further coating with 

silica, which appears to have happened using Method 4. 

Figure 5 Citric acid-coated magnetite prior to ilica coating 

The irregularly-shaped FeSi material in Fig. 4 appears to contain more than one magnetite particle at the core. 

According to van Blaaderen, particle grow via a reaction-limiting mechanism 14 with particle ize increasing at the 
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same rate regardle of initial size. Therefore, if the magnetite particle u ed as initial eeds have a narrow size 

distribution and are not agglomerated, the resultant silica-coated particle should be monodisperse35
. Coating with a 

preliminary surfactant, such as by coating with a ilicic acid layer, i considered a necessary, but in ufficient, 

condition for maintaining colloidal tability2°. So, although the citric acid coating as i ts in providing stability to the 

magnetite, the magnetite may still agglomerate if the urface coating is incomplete (as may al o occur if the 

magnetite particle concentration in suspension is too high). The resultant magnetite core seed may thus consist of 

more than one magnetite particle and grow to a final irregular shape20 as is likely to have occurred in the sample in 

Fig. 4. For our application, a core containing several magnetic particle is no less desirable and in fact may be more 

beneficial than a single magnetic core as a lower magnetic field may be required for attraction of the particles. 

It i assumed that the silica attaches it elf to the magnetite urface in areas where no citric acid is present
25 

as there 

are still urface hydroxyl groups available with which the alkoxysilanes condense to form Si-0-Si bonds. It is 

suspected that some agglomeration of the particles in Fig. 4 may have occurred as a result of oligomeri ation of the 

silanol groups on adjacent particles. This reaction may occur as a competing reaction to the covalent binding of the 

silica to the magnetite urface. 

3.1.4 Coating with sodium silicate and tetraethoxysilane after stabilising with citric acid (Method 5) 

Method 5, which involved the coating of citric acid tabili ed magnetite particles with sodium silicate followed by 

TEOS, yielded particles similar in appearance (see Fig. 6), but of les uniform shape than those citric acid stabilised 

pa1ticles coated only with TEOS (Fig. 4). 

Figure 6 FeSi pa1ticles produced by Method 5 (coating magnetite particles with sodium silicate and TEOS after 

stabilising with citric acid) 

In summary then, 

• Coating with sodium silicate or TEOS alone without prior tabili ation of the magnetite (Methods la-c and 

2, re pectively) tended to yield an unacceptably thin silica layer on the magnetite urface. 

• Coating the magnetite with sodium silicate followed by TEOS also without prior stabili ation of the 

magnetite (Method 3) resulted in a magnetite-silica agglomeration. 
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° Citric acid stabilised magnetite that was coated with TEOS alone (Method 4) and that coated with both 

sodium silicate and TEOS (Method 5) yielded the most defined particles although the particles were 

irregularly-shaped. As a further advantage, this method was one of the simplest and most cost effective. 

Methods involving preparation of silicic acid by ion exchange and using TMA require greater amounts of 

preparation time and are more expensive. 

It was therefore decided to continue investigations using Methods 4 and 5. 

3.2 Parametric study for silica coating of magnetite using Methods 4 and 5 (stabilising with citric acid prior to 

coating with silica) 

As mentioned previously, the reaction kinetics of silica deposition and the silica sphere diameter are controlled by 

the solution chemistry13' 19. A study was conducted to detem1ine the effect of some of the reaction conditions 

(volumes of sodium silicate solution, TEOS, water, ethanol, ammonia solution and citric acid stabilised magnetite) 

on the synthesis of FeSi by Methods 4 and 5. Table 2 summarises the observed effects of the various parameters 

investigated on the formation ofFeSi. 

Table 2 Effect of various parameters on the silica coating of magnetite 

Run Change Observation 

Coating with TEOS after stabilising with citric acid (based on Method 4) 

Pla No change Magnetite encapsulated in silica. Particles agglomerated extensively. 

Plb TEOS X 3 Magnetite not easily visible, large amorphous masses of silica visible. 

Plc TEOS/3 Encapsulated magnetite with less silica clustering visible (Fig. 7 (a)). 

Pld Fe30 4 X 5 Easily visible magnetite enclosed in silica (Fig. 7 (b)). 

Ple Water, ammonia solution X3 Magnetite encapsulated in silica. Agglomeration of particles (Fig. 7 (c)). 

Plf Water, ammonia solution/3 Magnetite encapsulated in silica. Agglomeration of particles (Fig. 7 (d)). 

Coating with sodium silicate and TEOS after stabilising with citric acid (based on Method 5) 

P2a Increased EtOH Magnetite pa11icles with very thin silica coating. 

P2b TEOS X 3, increased EtOH Magnetite pat1icles with very thin silica coating. Empty silica particles formed. 

P2c TEOS/3, increased EtOH Magnetite pa11icles with very thin silica coating. Empty silica pa11icles formed. 

P2d Fe30 4 X 5, increased EtOH Magnetite pa11icles with very thin silica coating. Empty silica pa11icles formed. 

P2e Ethanol/1.5 Magnetite encapsulated amorphous material. Similar in appearance to Plf 

(Fig. 8 (a)). 

P2f Water, ammonia solution X Empty amorphous silica formed (Fig. 8 (b )). 

3, increased EtOH 

P2g Water, ammonia solution/3, Isolated silica pa11icles and magnetite coated with a thin layer of silica 

increased EtOH (Fig. 8 (c)). 
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100 nm 

(a) (b) (c) (d) 

Figure 7 FeSi particles from run (a) Plc, (b) Pld, (c) Pie and (d) Plf(see run descriptions in Tables 1and2) 

JOO nm 

(a) (b) (c) 

Figure 8 FeSi particle from run (a) P2e, (b) P2f and (c) P2g (see run descriptions in Tables 1 and 2) 

Although si lica is not clearly identifiable in all TEM micrographs, FTIR confirmed the presence of a ilica coating 

by characteristic lR absorbances for all pa11icles prepared (see data in Table 3). The spectra l region from 400 to 

1300 cm·1 usually corresponds to the absorption bands associated with iron oxide and silicon oxide networks36
. All 

samples Pl a-f and P2a-g (see descriptions in Tables 1 and 2) contain Si-0-Si as observed especially from the 

absorbance at - 1080 - 1090 cm·1
• 

Table 3 FTlR data from parametric study indicating the presence of siloxane structures for runs Pl a-f and P2a-g 

( ee descriptions in Tables I and 2) 

Max absorbances (cm- 1
) Assignment 

Pla Plb Plc Pld Ple Plf 

464 465 465 462 466 465 Bending of siloxane bridges Si-0-Si jo, j7 and Fe-0 j/·j, 

1086 1089 1085 1080 1086 1082 Si-0-Si asym stretchJo,J~.•u, Si-o•u, Si-O-CH3 or Si-O-Rj»• 1 

1637 1637 1637 1637 1637 1636 Si-OH, Fe-OH and water'·J~.•-

P2a P2c P2d P2e P2f P2g 

451 451 450 452 466 452 Bending of iloxane bridges Si-0-Si j6
.J ' and Fe-0 j f-» 

1079 1080 1082 1090 1089 1073 Si-0-Si asym stretchJo,J~.•u, Si-04 u, Si-O-CH3 or Si-O-Rjj,• 1 

1631 1634 1631 1631 1632 1631 Si-OH, Fe-OH and wate1..1t·J~ . •-
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From the experimental studies, an increase in initial TEOS added results in a large amorphous silica mass forming 

(run Plb), while a decrease in the initial TEOS added appears to result in more uniform particle formation (run Plc, 

Fig 7 (c)). StOber et al. observed that smaller particles can be produced by decreasing the volume ofTEOS 12 while 

Chen et al. 43 observed that the growth of monodisperse silica particles is controlled by the reaction of soluble 

condensed silica precursor species on the surface of existing silica particles: if the concentration of silica particles is 

low, paiticles of different size grow at the same rate. Thus, limiting the TEOS volume may limit the formation of 

new silica nuclei so offering greater control of particle morphology, i.e., silica will condense on the initial magnetite 

cluster that is present, with the cluster size and morphology determining the final FeSi particle size and morphology. 

With limited TEOS, the silica thickness of the final particle will be similar, regardless of the size of the nucleus. 

It appears that an increase in magnetite concentration (run Pld, Fig 7 (b)) was beneficial to the formation of isolated 

and more uniformly sized FeSi particles. The larger volume of magnetite may have provided more nuclei centres or 

seeds for silica condensation. There appears to have been some magnetite agglomeration prior to condensation as the 

FeSi nuclei contain more than one magnetite particle. 

Runs Ple and Plf (Figs 7 (c) and (d)) with varying water and ammonia solution volumes did not yield well-defined 

FeSi particles. Final particle size and size distribution is influenced by the silica surface potential and by the reaction 

medium ionic strength during growth 14
' 

17
, factors that are directly related to the concentration of ammonia and 

water. Ammonia affects the pa1ticle surface charge and resulting electrostatic particle interaction which affects 

intermediate particle colloidal stability14 thereby influencing the particle morphology, size and size distribution. (In 

the absence of ammonia, irregularly-shaped floes of silica form in the conventional StOber synthesis.) For run Ple 

with the higher initial concentration of water and ammonia solution, smaller FeSi particles with a thin silica coating 

were formed. Increasing the ammonia concentration may provide the particles with a negative surface stabilising 

charge 14 through dissociation of silanol groups: 

(4) 

Because these particles (run Ple) are more stable, a smaller number of particles grow to a larger final size and the 

su1face is smoother because more TEOS is available per particle14
. For run Pl f, with the decreased initial ammonia 

concentration, relatively large masses of amorphous silica were fom1ed. At low water and ammonia concentrations, 

smaller particles are produced 12
, as is observed when comparing the TEM micrographs of runs Ple and f (Figs 7 (c) 

and (d)). The particles are stable and a larger number of particles therefore grow to a smaller final size with a rough 

surface because only a thin layer of TEOS is deposited on the particle14
. 

For runs P2a-g (with the exception of run P2e) where the ethanol volume was increased, the magnetite concentration 

as compared to the prelimina1y experiments was reduced from 20 to 13.5 mg r 1 (with a volumetric ratio of 

magnetite to ethanol of 0.02 and 0.015, respectively). It is believed that reduced silica deposition occurs because 
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there are now fewer magnetite nuclei seeds in the more dilute suspension upon which initial silica deposition can 

take place. Silica particles were formed instead as silica condensed on silica seeds instead of on magnetite nuclei. 

Runs P2f and P2g (Figs 8 (b) and (c)) with increased and decreased ammonia solution, respectively, yielded 

amorphous silica alongside magnetite with a very thin silica coating partly as a result of the increased ethanol 

volume and reduced initial concentration of magnetite in the reaction mixture. 

The initial water and catalyst concentrations have the largest influence on the rate of hydrolysis of the TEOS 12 with 

the reaction being first order with respect to the ammonia concentration and between first and second order with 

respect to the water concentration 13
. Increasing the water concentration relative to the ammonia concentration would 

promote a faster hydrolysis of TEOS 19
• Increasing the ammonia concentration relative to the water concentration 

would increase the initial nucleation rate19 because the anion of the TEOS monomers hydrolysed by the ammonia 

and the ammonium cation itself are less soluble resulting in nucleation of silica particles (see eq. 4). In cases Ple, 

Pl f, P2f and P2g, both the water and ammonia volumes were increased by the same ratio. The reaction rate should 

therefore not have been affected as significantly as the particle morphology and size would have been. 

From results of the above experimental study, it was decided to increase the initial magnetite concentration fivefold 

(as this appeared to result in a greater concentration of magnetite particles in the silica core) whilst maintaining the 

water, ammonia and ethanol concentrations unchanged. A volume ratio of 1:67:250 was used for the total 

TEOS:water:alcohol. It was also decided to continue with the coating of the particles using the TEOS alone as this 

method was the simplest and yielded positive results. 

To confirm the optimum conditions selected, additional batches of FeSi were prepared and particles examined for 

consistency. A modification was also introduced for the TEM sample preparation in that previously, samples had 

been suspended in ethanol until measurements were made whilst in the modified TEM sample method, samples 

were dried at room temperature after synthesis and then resuspended in ethanol for TEM measurements. The latter 

method of sample preparation limited particle agglomeration during storage as can be seen in Fig. 9. The TEM 

micrographs again indicate that the silica forms a relatively homogeneous layer on the magnetite surface and the 

particles appear to adopt the shape of the original magnetite core. Particles have an average diameter of 63 ± 13 nm. 

The number of magnetite paiticles (each of approximately 10 nm diameter) in the magnetite core varies such that the 

mean FeSi core diameter is 28 ± 10 run while the silica shell is 35 ± 3 nm thick. Nanoparticles are generally termed 

'monodisperse' where the particle size deviates by less than 15 % from the average value44 and are said to have a 

'narrow size distribution' when the standard deviation from the mean pa1iicle size is approximately 20 %. By 

definition therefore, the FeSi particles are not monodisperse but do exhibit a narrow size distribution (see inset of 

Fig. 9), acceptable for the purposes of this study. 
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)S-40 40-4S 4S-SO SO-SS H-60 60-fiS 6S-70 70-7S 75-10 10-15 85-90 

Figure 9 FeSi sample produced by Method 4 and with modified TEM sample preparation with in et of particle 

size di stribution 

The magnetisation curve (Fig. l 0) indicates that the FeSi is superparamagnetic45
. At zero applied field , the remanent 

magneti sation is very small at a value of - 0.5 emu g-1
, i.e., the material will exhibit almost no magneti sation when 

the external applied field is removed. 
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Figure 10 Magnetisation curve ofFeSi sample 

3.3 Functionalisation of silica-coated magnetite particles with diethy/enetriamine 

3 

The coating of magnetite occur via condensation of the hydroxyl silanes that react with the iron hydroxyl groups to 

form a iloxane linkage46 and i illu trated chematically in Fig. 11 with the overall reaction described by: 
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CH3CH29 
+ CH3CH,O-~i-OCH3CH2 

OCH2CH3 

(5) 

Figure 11 Coating of magnetite particles with silica by the Stober sol-gel process using citric acid to stabilise 

magnetite particles 

(Interestingly, the condensation reaction can be observed to be occurring after the addition of the second volume of 

TEOS by the increasing bluish-white opalescence of the mixture which indicates the presence of silica.) 

A typical silane coupling agent has the structure XrSi-(CH2)n-Y. The Si-X3 group (where Xis the alkoxy or halide 

group) hydrolyses readily to form silanol groups in the presence of water and a catalyst. Y, the organic functional 

group can be chosen specifically to determine the chemical character of the surface and may include amines, thiols, 

hydroxide, carboxylic and phosphate groups33
• 

47
. The FeSi particles prepared as discussed in Section 3.2 were 

functionalised with the silane coupling agent, diethylenetriamine (DETA). The available hydroxyl groups on the 

silica surface couple to DETA via siloxane bonds. DETA could have been bound directly to the magnetite surface, 

M: upon dehydration, the trialkoxy group of the organosilane could bind covalently to the free hydroxyl group on 

the smface to form a Si-0-M bond thereby providing the functional Y group on the surface. However, it was 

decided to use an additional preliminary TEOS coating to provide protection to the magnetite core against harsh 

chemical environments. The overall reaction, illustrated schematically in Fig. 12, can be described by: 

+ 

H CH30 
CH,o, I /'v''N "'v'NV" NH 
CH

3
0..--S1 H 2 

Figure 12 Functionalisation ofFeSi particles with DETA 

(6) 
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The extent ofDETA bound to the FeSi particles as determined by elemental analysis performed on two separate sets 

of FeSi and FeSiDETA samples indicated a ligand concentration of 0.05 - 0.07 mmol g-1 ion exchanger (Table 4). 

(Sample 2 was used for subsequent extraction studies in Chapter 7 .) The percentage carbon and nitrogen determined 

from elemental analysis provide an indication of the amount of DETA on the FeSi particles, from which the ligand 

concentration can be estimated. 

Table 4 Elemental analysis for two FeSi and FeSiDETA samples 

Ligand 

concentration 

Fe(%) c (%) H(%) N(%) (mmol g-1)" 

Sample 1 FeSi 12.6-12.8 4.1 1.4 0.7-0.8b -

FeSiDETA 12.3 5.8-5.9 1.7-1.8 1.0 0.07 

Sample 2 FeSi 16.5-17.0 3.6 1.4 0.9 b -

FeSiDETA 16.4-16.5 3.7-3.8 1.4-1.5 1.0-1.1 0.05 

•based on the difference in nitrogen percentage between the FeSi and FeSiDETA 

bN present in the FeSi is believed to originate from the ammonia solution used in the FeSi 

synthesis 

FTIR data confim1 the silica coating of magnetite by silica in the synthesis of FeSi (see Table 5), however, because 

the Si functional group absorbances may overlap with the amino functional group absorbances, FTIR is inconclusive 

for determining whether the particle surfaces have been functionalised by DETA. 

Table 5 FTIR data for bare magnetite, citric acid-coated magnetite, FeSi and FeSiDETA 

Max absorbances (cm-1
) Assignment 

Fe30 4 Citric acid- FeSi FeSiDETA 

coated Fe304 

451 466 466 Bending of siloxane bridges Si-0-Si 36
• 

37 and Fe-0 37
-
39 

573 578 F e-OJ6, JY, 40 

1085 1083 Si-0-Si asym stretchJ6,J~, 4u, Si-040
, Si-O-CH3 or Si-0-RJJ, 41 

1631 1620 1637 1637 Si-OH, Fe-OH and waterJ/-JY, 4
-

2849 2849 2849 2850 CH3 sym stretch (OCH2CH3)J3
'
42

, N- CH3
42

, CH2 sym 

stretch33 

2917 2918 2918 2918 CH2 asym41 

The attempt to increase the mass ofFeSiDETA synthesised in the laboratory from -15 mg (base case) to -70 mg on 

a 'medium' scale (see Section 2.4) was successful, as indicated by the pa1iicles in the TEM micrograph (Fig. 13 (a)), 
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the agitation provided in the large scale FeSiDETA synthe i was insufficient, leading to condensation of silica on 

adjacent particles and subsequent agglomeration of particle . 

200 nm 

Figure 13 TEM image from the (a) ' medium' and (b) 'large' scale synthesis ofFeSiDETA (see Section 2.4) 

3.4 Multiple tetraethoxysilane coatings 

SEM-EDS analy is of material produced from the multiple coatings of the magnetite with TEOS gives the element 

abundances in ma s percent (normalised to 100 ma s %) a compared to laboratory-synthe ised bare magnetite, 

5 µm magnetite as purchased from Sigma-Aldrich and FeSi with two TEOS coatings as shown in Table 6. 

Table 6 Comparison of the composition of multiply-coated FeSi as obtained by SEM-EDS to bare magnetite and 

FeSi with two TEOS coatings 

Percentage mass(%) 

Sample c Si Mn Fe 0 

Laboratory sythe ised magnetite 10.6 - - 47.6 41.9 

5 µm magnetite purchased from Sigma-Aldrich 9.7 - 0.7 49.4 40.2 

FeSi (two TEOS coating ) 10.1 19.5 - 16.5 53.9 

Multiply-coated FeSi 8.5 25.1 - 11.7 54.7 

The nano ized magnetite synthe ised in the laboratory and the 5 µm magnetite as upplied by Sigma-Aldrich have 

relatively s imilar compositions (unusually, the Sigma-Aldrich sample appears to contain trace of Mn). Although, in 

general, ample were relatively homogeneous, the magnetite did not completely cover the tape on which the sample 

was mounted, resulting in a recorded C percentage. The FeSi samples show an increase in the Si and 0 compo itions 

with a corresponding decrease in Fe percentage. The multiply-coated FeSi hows the greatest increa e in Si and 

decrease in Fe percentage ma ses, indicating that a thicker coating of silica is pre ent on the magnetite surface. 
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3.5 Silica-coated magnetite particle sintering 

The decrease in mass percent FeSi versus temperature, as determined by TGA and shown in Fig. 14, can be 

explained as follows48
: up to 200 °C, there is a removal of hydrogen bonded and absorbed water; up to 500 °C, all 

vicinal silanol groups (Si-OH) are completely condensed and above 600 °C, isolated Si-OH groups are removed and 

the silica surface is fully dehydrated. This material was tested for acid resistance (see Section 3.6) to determine 

whether the resistance had improved as a result of the sintering through reduction of the porosity in the outer silica 

coating. 

95 -
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Figure 14 TGA plot for FeSi sample with two silica coats 

A TEM micrograph of the sintered FeSi sample is shown in Fig. 15 (a). It appears that sintering may have resulted in 

the fusion of adjacent particles as compared to unsintered particles in Fig. 9. During sintering, adjacent particles may 

be bridged by the formation of a neck between particles but this may not necessarily reduce the porosity of the silica 

matrix itself to a significant extent49
. This is illustrated schematically in Fig. 15 (b). In addition, sintering may be 

detrimental in that the high temperatures used may result in oxidation of the magnetite and removal of the surface 

hydroxyl groups which are required for further functionalisation. In fact, despite repeated flushing of the vertical 

tube furnace with argon (which was tested in addition to sintering using TGA), sintering yielded a material with a 

slightly reddish colour as compared to the original FeSi. It is possible that oxidation of the magnetite took place to 

yield haematite. Because of the potential variation in material prope1iies, the method of sintering using a vertical 

tube furnace was not investigated fu1iher. 
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Figure 15 (a) TEM micrograph of sintered FeSi sample and (b) schematic of potential effect ofsintering on the 

porosity of the FeSi materiala 

3.6 Resistance of silica-coated particles to acid 

The solubility of magnetite in aqueous solutions' at low pHs (less than approximately 4) is clearly illustrated in 

Fig. 16 (a) where the magnetite resistance to acid decreases as the acid molar strength increases from 0.5, 1, 2 up to 

3 M HCI. The FeSi and FeSiDETA show a highly improved resistance to the acid with, for example, the Fe 

dissolution decreasing from above 80 % down to approximately 1 % in the 3M HCl solution (shown in Fig. 16 (b)) . 

The acid resistance of the multiply-coated and sintered FeSi samples (Fig. 16 (b)) detennined using only the 

0.5 M HCI) do not appear to possess a significantly greater ability to resist acid attack although the resistance 

appears to have improved over that of the FeSi with two silica coatings. The acid resistance is approximately the 

same as that of the FeSiDET A. 
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Figure 16 (a) Resistance to 0.5 , 1, 2 and 3M HCI of magnetite (in black • ), FeSi (in grey D) and FeSiDETA (no 

colour o) with (b) enlarged area below 1.2 % dissolution showing in particular the multiply-coated FeSi (downward 

diagonal51) and sintered FeSi (upward diagonalO). Note the different scale on the y-axis in (a) and (b). 
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4. Conclusions 

A variety of synthesis methods and experimental conditions were investigated for the silica coating of magnetite 

nanoparticles. The relatively simple citric acid stabilisation of magnetite nanoparticles and subsequent coating by the 

Staber process using a TEOS sol-gel precursor was chosen for FeSi synthesis with subsequent functionalising of the 

particles using diethylenetriamine. Optimum reagent volumetric ratios for FeSi synthesis were determined to be 

-1: 17:67:250 for TEOS:NH40H solution: water: ethanol, with the magnetite concentration being relatively low at 

-60 mg r1 total solution in order to prevent the agglomeration of particles during coating. 

When comparing the resistance to dissolution of the iron in the uncoated magnetite as well as the FeSi and 

FeSiDETA in a variety of concentrations of acidic media, it was found that the FeSi and FeSiDETA offer a 

significant improvement (> 80 %) in resistance to acid attack while attempts to improve acid resistance through 

routes such as multiple silica coatings and sintering did not offer any distinct advantage. These coated and 

functionalised FeSiDETA particles will be used in the extraction of metal ions from aqueous solutions (discussed in 

Chapter 7). 

5. Recommendation for the preparation of silica-coated magnetite via a dry synthesis route 

A drawback of the wet Steber synthesis route is that large solution volumes are required to prevent agglomeration of 

the magnetite in suspension, resulting in the synthesis of small masses of FeSi (at most -70 mg FeSi was produced 

per laboratory synthesis). Although, on a laboratory scale, FeSi synthesis is relatively simple and cost-effective, 

scale-up of such a process would be difficult and expensive. Preliminary calculations are provided here for the 

tetramethylsilane (TMS) d1y coating of magnetite which would lend itself more easily to scale-up. No expe1imental 

test work was performed in this regard as it was beyond the scope of this work but it is recommended that this 

preliminaiy design be used for further investigations into dry FeSi synthesis. 

Silica coatings are commonly deposited using plasma enhanced chemical vapour deposition (CVD) at high 

temperatures (> 250 °C) with TEOS or silanes as reagents50
. Silanes are easily metered using mass flow controllers, 

but the deposition can be potentially hazardous as silanes are toxic and pyrophoric. TEOS has a low vapour pressure 

(0.3 Pa), cannot be metered out with conventional mass flow controllers and requires heated delivery lines and 

chambers to prevent TEOS deposition. Magnetite is rapidly oxidised to maghemite51 at temperatures greater than 

approximately 60 °C and high temperature CVD would therefore be unsuitable for silica coating of magnetite unless 

an inert atmosphere were used. TMS allows for the lower temperature deposition of silica. In addition, TMS is non­

toxic, non-pyrophoric and has a higher vapour pressure (77 Pa) which allows for metering using conventional mass 

flow controllers. 
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A setup as shown in Fig. 17 was proposed. Tetramethylsilane as transported by argon gas and magnetite can be 

injected into a vertical perspex tube using a mass flow controller with coated magnetite particles collected at the 

outlet by means of magnets. 

Exhaust 

Ar+TMS in 
Scrubber 

Magnetite particle reservoir 

Ar in 

Figure 17 Deposition setup for coating of magnetite with TMS 

The minimum velocity required for turbulent flow of argon and TMS for transport of the magnetite along the length 

of the reactor is calculated from: 

R 
P1ransport gasDvtronsport gas >-

30 e t11rb11/ent .flow = 
µ 

(7) 

With a 100 mm diameter tube, the velocity of the argon transport gas is calculated to be ~4.65 mm s·
1
• 

The minimum tluidisation velocity u mf for tluidisation of the magnetite in the magnetite particle reservoir by argon 

is calculated in two manners52
. The first is using the following equation which holds if Re .r < 20: p,m.1 

d~ (p Fep4 - Ptransport gaJg ( € \p; J u - ---
nif - 150 µ (1 - €) 

.(8) 

kg 
using p transport gas = pair = 1.29-

3 
, € = 0.4 - 0.45, <l> s = 1 and d P = 1 µm, u nif is calculated to be equal to 

m 

0.0028 mm s· 1 _ This value of u 1111 gives a Re p,nif of 1.8Xl0-7 and the equation is therefore valid. 

A second method of calculating the minimum tluidisation velocity is from: 

( _ ) = PtransportgasU~if [ 150(1-i::)µ +1.75] 
P Fe30 4 P transport gas g <l> d 3 <l> d 

s pf: s punif Pf 
(9) 
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Again, u mf is found to be equal to 0.0028 mm s-1. 

Thermodynamic calculations petformed using HSC Chemistry software and the parameters as given in Table 7 (with 

1000 mo! (CH3)4Si(l) and 0 2(g) added initially) indicated that Si02 should form at equilibrium (Fig. 18) from the 

chosen starting materials. However, from preliminary tests using TMS (with analysis by SEM-EDS), it is believed 

that owing to kinetic constraints, Si02 does not form. It is possible that higher temperature conditions are required 

for silica deposition on the magnetite sutface and it is recommended that this premise be tested using a heated 

deposition reactor. 

Table 7 Input parameters for HSC Chemist1y software design 

Parameter Value 

Temperature range 25 - 1025 °C 

Initial temperature 298.15 K 

Pressure 1 bar 

Number of steps 501 steps 

Possible reagents or products 

(CH3)2SiH2(g) CH20(g) H20(g) SiC(g) 

(CH3)4Si(l) CH30H(g) HCOOH(g) SiC2(g) 

C2H2(g) CH4(g) O(g) SiH4(g) 

C2H4(g) CH6Si(g) 02(g) SiO(g) 

C2H402(ACAg) CO(g) Si(g) Si02 

C2H6(g) C02(g) Si2H6 Si02(g) 

C3H IOSi(TMSg) H2(g) Si2H6(g) Si02.H20 

C6H1sOSi2(HMSg) H10 

Additional potential reaction products that are not available in 

the HSC database list 

Si2(CH3)Hs Si2(CH3)2~ Si2(CH3)3H3 Si2(CH3)4H2 

Si2(CH3)sH Si2(CH3)6 Si20(CH3)Hs Si20(CH3)2H4 

Si20(CH3)3H3 Si20(CH3)4H2 Si20(CH3)sH1 
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Reagent or 
product 
(kmol) 

References 

2.0 

1.5 

1.0 

0.5 

0.0 
0 100 200 300 400 500 

Temperature (0 C) 

Figure 18 Equilibrium amount of potential products formed 
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Chapter 7• 

Diethylenetriamine-functionalised silica-coated magnetite nanoparticles for selective 

palladium (II) ion extraction from chloride-rich aqueous solutions 

Abstract 

The extraction of Pd(II) and Cu(II) from Pd(II), Cu(II) and mixed Pd(II)/Cu(II) solutions was investigated using a 

nanosized (-70 nm diameter) superparamagnetic ion exchanger material consisting of particles with magnetite core 

modified by diethylenetriamine-functionalised silica (FeSiDETA). The extent of extraction, selectivity and acid 

resistance of the FeSiDETA was compared to that of unmodified magnetite and silica-coated magnetite (FeSi), 

showing very promising results. FeSiDETA was found to quantitatively extract Pd metal ions as compared to the 

extraction by the magnetite and FeSi with high selectivity towards Pd(II) over Cu(II) at relatively low pH (pH< 4). 

Moreover, the FeSiDETA resistance to iron dissolution for single-stage extractions is up to 87 % higher than that of 

unmodified magnetite in 3 M HCI. The material robustness is improved considerably, since complete dissolution 

was observed for the uncoated magnetite particles. Nevertheless, up to 55 % iron dissolution occurs during four 

successive recovery cycles as a result of the harsh conditions used for desorption (2 M HCl). We are confident that 

degradation may be fu1ther reduced if less acidic desorbents or a more impenetrable silica coating is used. 

FeSiDETA particles could potentially provide ion exchanger surface areas orders of magnitude greater than 

conventional ion exchangers and offer alternative novel magnetic processing techniques. 

I. Introduction 

Packed columns are often used in industrial ion exchange processes1
• The diameters of commercial ion exchanger 

particles used in the packed columns generally range from 0.3 to 1.2 mm2
• 

3
. A compromise in ion exchanger particle 

size is usually required as small particles display faster ion exchange rates and are less susceptible to abrasion and 

fragmentation during processing while coarser particles may be required to minimise head loss at high flow rates 1
' 

2
. 

Superparamagnetic nanoparticles are becoming increasingly important in a variety of different applications such as 

magnetic storage media4
, catalysis5 and medical applications4

• 
6

• 
7

. A nanosized ion exchanger with 

superparamagnetic prope1ties could provide particles with surface areas orders of magnitude greater than 

•Based in part on the papers, Vatta, L. L.; Kramer, .!., Koch, K. R., Diethylenetriamine functionalised silica coated 
magnetite nanopartic/es for selective palladium ion extraction ji-om aqueous solutions. In press. Separation Science 
and Technology 2007 and Vatta, L. L.; Sanderson, R. D.; Koch, K. R., Magnetic nanopartic/es: Properties and 
potential applications. Pure Appl. Chem. 2006, 78, (9), 1791-1799. 
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conventional ion exchanger materials. In addition, the magnetic nature of the ion exchanger could allow for the use 

of novel processing technologies, e.g., magnetic fields could be used for the mixing and extraction of ion exchange 

particles from solutions. This could eliminate problems associated with pressure drops across packed columns, 

blockages and potential scale-up issues as experienced when larger diameter commercial ion exchangers are used3• 

Platinum, palladium and the other platinum group metals (PGMs) are highly valuable, rare precious metals and are 

used in a number of industrial applications, such as auto-catalyst manufacture and jewellery fabrication8
•
10

• PGM 

recoveries involve difficult mining conditions and laborious refining processes 11
• The major PGM deposits are the 

Bushveld igneous complex (South Africa) and the Ni-Cu-PGM sulphide deposits in the Russian Arctic, with smaller 

deposits found in the Ural mountains (Russia), Sudbury (Canada), the Hartley mine (Zimbabwe), the Stillwater 

complex (USA), the Northern Territory (Australia) and the Zechstein copper deposit (Poland)9. Increased amounts 

of costly PGMs are required annually to replace material lost in processing, for increased capacity in industry and 

for new applications9
. It is for this reason that we have become interested in the improved recovery of PG Ms from 

process streams and effluents. In addition, the high value of PGMs would justify the cost of making nanosized 

magnetic ion exchanger materials if these could be recycled. 

A variety of unmodified and functionalised micron- and nanosized-magnetic particles have been used, for example, 

in turbidity and colour removal3
• 

12
•

14 and cadmium 15
, mercury1 5

, chromium 16
, zinc 16

, aluminium 17
, iron 17

, copper17
-
19

, 

nickel20
, cobalt20 and silver18

• 
19

• 
21 extraction through chelating and electrostatic interactions. Although very recently 

some work has been perfom1ed on the extraction of PG Ms using nonylthiourea-coated magnetite nanoparticles22
, to 

our knowledge, no investigation into PGM extraction using diethylenetriamine-functionalised silica-coated 

nanosized superparamagnetic ion exchange materials has yet been attempted. 

In this chapter, a preliminary assessment is performed as to the use of a silica-coated, diethylenetriamine­

functionalised nanosized magnetite ion exchanger for, amongst others, PGM extraction. Since PGM extraction using 

(poly)amines generally takes place under acidic conditions 11 and as magnetite pat1icles are soluble23 in aqueous 

solutions at pHs less than approximately 4, it was necessary to provide the magnetite with a protective silica coating. 

We have investigated the extraction efficiency, selectivity, resistance to various aqueous solution matrices and 

longer term performance of the functionalised magnetite ion exchanger compared to that of unmodified magnetite 

and silica-coated magnetite through the extraction of Cu(II) and Pd(II) from Cu(II), Pd(II) and a mixed Cu(II)/Pd(Il) 

solutions. 
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2. Experimental 

2.1 Reagents and analytical methods 

All reagents and solvents were purchased from commercial sources and were used without further purification. 

FeCl3.6H20, FeS04.7H20 and 25 % NILiOH (Merck) were used for the precipitation of magnetite. Sodium silicate, 

tetraethoxysilane (TEOS), tetramethyl ammonium hydroxide (TMA), N' -(3-trimethoxysilylpropyl)diethylene­

triamine (DETA) (Aldrich) and citric acid (Merck) were used for the coating and functionalising of the magnetite 

particles. Ultrapure Milli-Q water (MQ > 18 MQ) was used for the preparation of aqueous solutions. 

Transmission electron microscopy (TEM) micrographs were obtained using a LEO EM912 electron microscope. 

Particle size was determined using the TEM micrographs and ImageJ, a public domain image processing program24. 

Fourier Transform Infrared (FTIR) spectra were recorded on a Nexus Nicolet Fourier Transfo1m Infrared 

Spectrometer using dried powder dispersed in a K.Br matrix. The1mogravimetric analysis (TGA) was performed on a 

7 mg FeSi sample heated at 20 °C per minute from 45 °C to 920 °C in a Perkin Elmer TGA 7 unit. The chamber was 

purged with nitrogen at 20 ml min-1. Magnetic measurements were obtained on a SQUID magnetometer. Elemental 

analyses (Fe, C, H and N) were carried out by the Microanalytical Laboratory of the University College Dublin. 

Two replicates were obtained per sample. 

2.2 Ion exchanger synthesis: immobilisation of diethylenetriamine on silica-coated magnetite 

The selected preparation method for the DETA-functionalised silica-magnetite material as discussed in Chapter 6 is 

summarised here. Nanosized magnetite (Fe30 4) particles were prepared by the method of Massart25 as follows: for a 

typical preparation of approximately 0.9 g Fe30 4, 2.1 g FeCl 3.6H20 and 1.1 g FeS04.7H20 were added to 50 ml 

water. The resultant solution was heated to 35 °C. 10 ml 25 % NH40H was added to the iron solution with rapid 

agitation. The resultant Fe30 4 precipitate was stirred for 10 minutes and washed via magnetic decantation four times 

with 200 ml water. The magnetite pa11icles were then coated with silica by the sol-gel method26 modified as follows: 

after washing the precipitate, the magnetite was diluted to 5.6 g Fe30 4 r 1 (80 ml total volume). 1.1 g citric acid was 

dissolved in 320 ml water and added to the magnetite precipitate whilst stirring. The initial pH of -2.8 was raised to 

-7 by the addition of TMA to redisperse the precipitate. The final volume of 400 ml had a magnetite concentration 

of ca. 1.1 g r 1
• 150 ml of this magnetite suspension (approximately 0.17 g magnetite) was added to 2.025 I ethanol, 

540 ml water and 135 ml ammonia solution (25 %) and stirred. 2.7 ml TEOS was added to the mixture and after 

approximately 24 h, a further volume of 5.4 ml TEOS was added to the suspension. The silica-coated magnetite will 

be referred to as FeSi. The FeSi was washed with an 80 % ethanol in water solution and excess liquid removed by 

magnetic decantation. The FeSi was dried by evaporation of the solvent at room temperature. 

140 

Stellenbosch University  https://scholar.sun.ac.za



For immobilisation of diethylenetriamine (DETA) onto the silica surface, 60 mg FeSi particles were resuspended in 

600 µl ethanol (5 - 10 ml solventJg FeSi) before 15 µl DETA was added to the FeSi particles (approximately 

1.7 mmol DETNg FeSi)27
' 

18
. After 2 days the samples were washed with an 80 % ethanol in water solution by 

magnetic decantation and dried by evaporation of the solvent at room temperature. The functionalised silica-coated 

magnetite will be referred to as FeSiDETA. 

2.3 Extraction using FeSiDETA particles 

To determine extraction potentials, 50 mg of Fe30 4, FeSi and FeSiDETA particles were added to 20 ml of the 

following solutions (prepared using 1000 mg 1'1 Cu(II) and Pd(II) solution standards in 4 % HN03 and 10 % HCI, 

respectively): 

20 mg r 1 Cu(II) solution in a 0.6 M NaOAc/HOAc buffer matrix (pH 4 and pH 6) (solution I), 

0 7.5 mg 1'1 Pd(II) in a 0.5, l, 2 and 3 M HCI, 0.6 M NaCl/HCl (pH 2) and 0.6 M NaOAc/HOAc buffer 

solution (pH 3 - 6) (solution II) and 

0 7.5 mg r 1 Pd(II)/7.5 mg 1'1 Cu(II) solution in a 0.5, l, 2 and 3 M HCI, 0.6 M NaCl/HCI (pH2) and 0.6 M 

NaOAc/HOAc buffer solution (pH 3 - 6) (solution Ill). 

The ligand: total metal ion molar ratios for solutions I, II and III were 0.5, l.7 and 0.6, respectively. 

The effect of pH (solution matrix type) on the extraction efficiency, the selectivity and the Fe dissolution during 

extraction and from materials handling were investigated. Samples were agitated in sealed polytops at 110 rpm on a 

Labcon horizontal shaker for approximately 24 hours to attain equilib1ium. Samples were then placed on a fenite 

magnet for approximately 2 minutes to allow for magnetic sedimentation. 5 ml of the supernatant was added to 5 ml 

1.8 M H1S04 solution and analysed for Cu(II), Pd(II) and Fe using an Inductively Coupled Plasma-Atomic Emission 

Spectrometer (Va1ian Libe1ty II ICP-AES) and a linear calibration method. Calibration standards were prepared in 

0.9 M H1S04. 

2.4 Successive recove1y extraction studies 

All FeSiDETA samples from the extraction studies were used for successive extraction and desorption studies for 

solutions I to Ill (excluding the 2 and 3 M HCl solutions). Four successive extraction studies (El to E4) were 

perfo1111ed with the conditions and analyses as described previously with the exception of a sho1ter contact time of 

one hour for extraction. Samples were desorbed (after each extraction cycle, i.e., desorption cycles 1 to 4: Dl to D4) 

using a 2 M HCI solution (5 ml) by agitation on the horizontal shaker for one hour. Supernatant samples were used 

for metal analysis by ICP-AES as described in Section 2.3. An average relative standard deviation in all the 
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extraction samples of approximately 10 % is determined, based on a comparison of different spectral lines for each 

element and the measurement of four replicates29
• 

The percentage extraction and desorption of metal ions was calculated from the initial and final concentrations of 

metal ions in the supematants. The percentage iron dissolution from the magnetite (unmodified or coated) was 

calculated as a percentage of the Fe in the supernatant compared to the initial Fe mass present using values obtained 

from ICP-AES analysis. Final samples were weighed to obtain an overall Fe mass balance. 

3. Results and discussion 

3.1 FeSiDETA synthesis 

Characterisation of the FeSi and FeSiDETA was performed by TEM microscopy, TGA, SQUID magnetometry, 

elemental analysis and FTIR. These data have been reported in Chapter 6, Figs. 9, 10, 13 and 14 and Tables 4 and 5. 

3.2 Single-stage extraction from the Cu(Il), Pd(!!) and mixed metal ion solutions 

3.2.1 Extraction ofCu(ll).fi·om solution I 

The percentage Cu(II) extraction for Fe30 4, FeSi and FeSiDETA from the Cu(II) solution I (0.6 M NaOAc/HOAc 

pH 4 and 6 buffer) is illustrated in Fig. 1. Since a 0.5 ligand:Cu(II) ion molar ratio was used for the extraction 

experiments, a maximum extraction of only 50 % of the Cu(II) initially present in solution can be attained, assuming 

maximum binding of one metal ion per ligand molecule. 

70 -·~~~~~~~~~~~~~~~~~~-\ 

60 -

~so -
'-.../ 

i:: 
.g 40 -
g 
~ 30 -
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;:I 
u 20 -
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0 -1---""''-="---''---r-~==='--~-'--...,----'""""'-"-~-'--l 

FeSi FeSiDETA 

Figure 1 Percentage Cu(II) extraction by Fe30 4, FeSi and FeSiDETA from buffered solution I at pH 4 (in grey G) 

and pH 6 (no colour D). A ligand to Cu metal ion molar ratio of 1 to 2 has been applied. 
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As discussed in Chapter 4, the magnetite surface charge is established by the dissociation or ionisation of surface 

hydroxyl groups corresponding to the adsorption or desorption of protons depending on the pH of the solution30
. The 

point of zero charge (PZC) for magnetite30
·
34 has been reported to be in the range of 6 to 8.2. At a pH less than the 

PZC, the FeOH/ groups predominate. At a pH greater than the PZC, the FeO- groups predominate. When the pH 

equals the PZC, the number ofFeOH/ groups equals the number ofFeO- groups30
. 

It is likely that the blue-green cationic aqua ion [Cu(H20)6]2+ would be present in solution8
• 

11
• 

35 and the percentage 

Cu(II) extraction by the magnetite most likely increases with an increase of pH from 4 to 6 as illustrated in Fig. 1 as 

more Feo· groups become available on the unmodified magnetite surface for cation extraction. 

The FeSi particles show a lower percentage Cu(II) extraction at both pH 4 and 6 than the unmodified magnetite and 

FeSiDETA as a result of their silica surface covering. It is unlikely that the silica coating provides complete 

shielding of the iron oxide from the Cu(II) solution and the higher percentage extraction occurring at pH 6 compared 

to that at pH 4 for the FeSi particles is probably as a result of ion pairing with exposed or uncoated Feo- groups and 

non-specific surface adsorption of Cu(II) complex species by the silica coating. Alternatively, Sjoberg reports that at 

a pH higher than the PZC of silica (-pH 2), cation adsorption by an electrostatic interaction with negatively charged 

SiO- may take place36 with Cu(II) adsorption increasing significantly above pH 6. The increased extraction of Cu(JI) 

by the FeSi at pH 6 could therefore possibly also be as a result of the electrostatic interaction of the Cu(II) ions with 

the surface Sio-. A third possibility is that, at higher pH, Cu(OH)2 precipitates fonn thereby reducing the dissolved 

Cu(II) in solution. 

On the other hand, the FeSiDETA shows the highest overall extraction compared to the unmodified magnetite and 

FeSi particles at these pHs. Extraction at this pH 4 - 6 is believed to occur through a complexing or chelating 

mechanism where coordination to the cationic Cu(II) readily takes place via the lone pairs of the amine groups37 

rather than through an anion ion pairing mechanism since the DETA amine groups are unlikely to be fully 

protonated. Extraction therefore increases with an increase in pH as the amino groups become increasingly less 

protonated. 

3.2.2 Extraction of Pd(!!) from solution II 

The percentage Pd(II) extraction from the Pd(II) solution II (0.5, 1, 2 and 3 M HCI and pH 2 to 6 buffer solution) is 

illustrated in Fig. 2. Theoretically, the 1.7 ligand:Pd(II) ion molar ratio should allow for complete extraction of the 

Pd(II) ions by the DETA-containing extractant. 
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Figure 2 Percentage Pd(II) extraction by magnetite (in blackl!!l ), FeSi (in grey El) and FeSiDETA (no colouro) 

from solution II 

Pd(II) readily forms [PdCl4]2- anionic complexes in acidic chloride media8
. In the acidic solutions, it is believed that 

the positively charged amine groups of the FeSiDETA extract the [PdC14f from solution via an anion exchange 

mechanism between the anionic Pd(II) chlorocomplex and the chloride or acetate counterion (as illustrated 

schematically in Fig. 3). In the 2 and 3 M HCI solutions, no extraction occurs as the high concentration of chloride 

ions compete with the [PdC14f for binding to the ion exchanger by mass action35
' 

37
• 

38
. Nevertheless using 

FeSiDETA, up to quantitative Pd(II) removal could be effected at pH 2 and 3. The percentage extraction decreases 

somewhat at higher pH, where it is possible that the increasing anionic acetate ions may compete for extraction or 

extraction may occur increasingly through a chelating ion exchange mechanism and the [PdC14f tends to dissociate 

to [Pd(H20)nC14.n](2+nl-. Furthem1ore coordination of the amine groups to cationic Pd(II) ions may take place via the 

lone pairs of the amine groups, as the pH increases37
. 
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Figure 3 Schematic illustration of extraction of [PdC14f by the positively charged FeSiDETA amine groups 
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3.2.3 Extraction of Pd(!!) and Cu(JJ) from solution III 

The percentage Pd(II) and Cu(II) extraction from mixed metal ion solution III (0.5, 1, 2 and 3M HCI and pH 2 to 6 

buffer solution) is illustrated in Figs 4 (a) and (b), respectively. (Data for the Cu(II) extraction at pH 2 are excluded 

from Fig. 4 (b) owing to unreliable results obtained from the ICP-AES measurements.) 
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Figure 4 pH-dependent competitive (a) Pd(II) and (b) Cu(II) extraction from mixed solution ID for magnetite (in 

black!:!), FeSi (in grey D) and FeSiDETA (no colour D) 

A ligand:total metal ion (Cu(II) + Pd(II)) molar ratio of 0.6 was used and some degree of selectivity of the DETA 

towards one of the metal ions might be expected. It was found that the FeSiDETA preferentially extracts Pd(II) 

(Fig. 4 (a)) with a higher binding constant8 under these conditions as compared to Cu(II) (Fig. 4 (b)) from solution 

III. With increasing pH and decreasing protonation of the amine groups, there is an increased Cu(II) extraction37
, 

presumably as a result of Cu(II) binding by coordination of amine groups. The Pd(II) to Cu(II) selectivity is greatest 

in acidic media, where the DETA is sufficiently protonated to form ion pairs, with the anionic Pd(II) chlorocomplex 

being favoured, whilst Cu(II) tends to form aquated cationic species mainly, which are not significantly extracted by 

FeSiDETA under these conditions. (Cu(II) ions fotm weak anionic complexes, [CuCl4]2-, in acidic chloride 

solutions8.) The observations are consistent with the extraction patterns observed for the single metal solutions I and 

II. 

In general, the FeSi shows low Pd(II) extraction (< 15 %, Fig. 4 (a)) with some Cu(II) extraction at pH 5 and 6 

(Fig. 4 (b)). As in the case of the magnetite, extraction probably takes place via electrostatic interaction with 

uncoated magnetite at the FeSi centre (Fe0H2+ or Feo· depending on the pH) or via electrostatic adsorption by 

negatively charged SiO- at higher pH36
. 

The unmodified magnetite shows some extraction of Pd(II) in most solutions (< 30 %, Fig. 4 (a)) except from 

chloride-rich solutions containing 2 and 3 M HCI. Depending on the magnetite suiface charge, Pd(II) would be 
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extracted as either anionic [PdC14]2- or cationic Pd2+. Increased cationic Cu(II) extraction by the increasing magnetite 

surface Feo- groups is observed above pH 430 (Fig. 4 (b)). 

Because an almost quantitative percentage of Pd(II) is extracted using the 50 mg FeSiDETA sample, no significant 

additional Pd(II) is extracted when the FeSiDETA mass is increased to 100 mg at pH 4 for solution III. Instead, the 

additional DETA results in an increased degree of Cu(II) extraction, up to 24 % with a corresponding decrease in 

selectivity, k Pd/Cu, from 7.4 to 2.1 where the selectivity is defined as: 

[PdJ1x [CuJsol 
kPd/Cu = 

. [Pd] 801 [Cu] 1x 
(1) 

with ion-exchanger concentrations, [metal ion]1x, in mmol g- 1 and solution phase concentrations, [metal ion]80 i, in 

1-1 39 mg . 

With double the extractant mass, the percentage Pd(II) extraction increases by approximately 15 % for the magnetite 

and FeSi, probably as a result of the additional magnetite surface available for extraction. There is no further uptake 

of Cu(II) by the magnetite or FeSi. At pH 4 with the FeOH/ predominating, the anionic [PdC14]2- will most likely be 

extracted in preference to the cationic [Cu(H10)6]/. 

In summary then, it is possible with careful choice of conditions to selectively and quantitatively extract Pd(II) from 

a Pd(II)/Cu(II) mixed metal ion solution at relatively low pH (pH< 4) using the FeSiDETA ion exchanger material. 

3.3 Extractionji-om the Cu(Il), Pd(II) and mixed metal ion solutions during successive recove1y studies 

In practice, ion exchanger materials would be used for the extraction of a metal ion species, followed by desorption 

or stiipping of the extracted metal ion and reuse of the ion exchanger. Four successive extraction-desorption cycles 

(El-Dl, E2-D2, E3-D3 and E4-D4, described in Section 2.4) were therefore used to obtain an idea as to the 

robustness of the FeSiDETA for reuse as an ion exchanger extractant. 

The successive percentages of extraction (cycles El to E4) and desorption (cycles Dl to D4) of Pd(II) and Cu(II) 

from solution Ill in four successive recovery cycles are illustrated in Figs 5 (a), (b), (c) and (d). 
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Figure 5 pH dependent successive percentage (a) Pd(II) extraction, (b) Pd(II) desorption, (c) Cu(II) extraction and 

(d) Cu(II) desorption by FeSiDETA from solution III with ligand:total metal ion ratio of0.6 

A high (> 75 %) to quantitative extraction of Pd(II) is achieved in extraction cycle El (Fig 5 (a)), with the 

percentage extraction decreasing over successive cycles. The possible reasons for this decrease in extraction are 

threefold: 

The desorption takes place using 2 M HCl which provides large quantities of competing Cr anions to strip 

the Pd(II)35. However, some dissolution of the Fe in the FeSiDETA may occur, resulting in a deterioration 

of the FeSiDETA over an extended period of time. DETA-functionalised silica no longer possessing a 

magnetic core may be lost in the magnetic decantation washing process resulting in a decreased extraction 

potential in successive cycles. (Fe losses are discussed in Section 3.4.) 

0 A second possible reason for the decrease in extraction with successive cycles is that the ion exchanger 

may become saturated with extracted Pd(TT). As can be seen from the first desorption cycle Dl (Fig 5 (b)) 

and for all solution matrices, less than ~ 70 % of the extracted Pd(II) is desorbed from the surface of the 
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material. There are therefore, not as many available sites on the ion exchanger in the subsequent extraction 

cycle E2 ((Fig 5 (a)), for Pd(ID extraction. 

° Finally, the decrease in Pd(!D extraction at higher pH (Fig 5 (a)) may occur as a result of competition from 

Cu(II) for binding sites. In fact, this decrease in Pd(II) extraction above pH 5 is slower in solution II 

containing only Pd(II) and no Cu(II) (data not presented here) as compared to solution ill very likely 

owing to the lack of competing metal ions. 

The initial percentage Pd(II) desorption (D 1, Fig 5 (b)) is less than - 70 % for most cases and shows a decrease in 

extent of desorption with time. This could occur for two reasons: 

0 The percentage desorption in the second desorption cycle, D2 (Fig 5 (b )), is calculated as a function of the 

mass of Pd(II) extracted in the previous cycle E2 plus any Pd(II) remaining on the extractant after 

desorption in cycle Dl. It is possible that some Pd(II) binds irreversibly to the FeSiDETA through more 

stable chelated complexes which are difficult to desorb, thereby impairing the capacity of the material for 

extraction during subsequent cycles. (Desorption of anions from the surface with a change of anion 

concentration in solution may be slow because of the high energy of required to desorb multidentate 

surface complexes and because adsorbed ions may diffuse slowly out of the nanopores30
.) 

• An additional possibility is that FeSiDETA loaded with Pd(II) is lost during materials handling, since up to 

10 % Fe is lost from materials handling (losses from materials handling are discussed in Section 3.4). The 

removal of this Pd(II) from the system via FeSiDETA losses is not taken into account in desorption 

calculations (based on a Pd(II) mass balance and assuming the mass of ion exchanger substrate is constant) 

and may therefore result in an under-reported desorption percentage. 

The percentage Cu(II) extraction is low for most extraction cycles (Fig. 5 (c)) with Pd(II) being selectively extracted 

from solution over Cu(II) with a decrease in pH. As for the percentage Pd(II) desorption (Fig. 5 (b)), the percentage 

Cu(II) desorption (Fig. 5 (d)) also decreases with time possibly owing to the buildup of Cu(II) on the extractant 

surface. The percentage desorption at pH 4 and 6 for the first desorption cycle (Dl) is greater than 100 %. A 

potential experimental error may have arisen in these calculations owing to the relatively low mass of Cu(II) 

extracted in cycles El (< -10 % for pH 4 ). Because low masses of Cu(II) are extracted originally, the liberation of 

even small quantities of Cu(II) could inflate desorption percentages. In addition, the deterioration of FeSiDETA 

under the harsh desorption conditions may result in the liberation of extracted Cu(Il) into the supernatant which is 

then reported as being desorbed material. 

Similar trends are observed for subsequent extraction and desorption cycles (E3 to E4 and D3 to D4) across all 

solution matrices. The percentage successive Pd(II) and Cu(II) extraction and desorption from solutions I and II was 

also determined. The data are not presented here because these results indicated similar trends as for the mixed metal 

ion solution. 
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3.4 Fe dissolution and losses during extraction, deso1ption and materials handling 

During the Pd(II)/Cu(II) extraction from the mixed metal ion solution III, a significant amount (75 - 88 %) of iron 

dissolution from the Fe30 4 is observed in the lower pH solutions (0.5, 2 and 3 M HCl solutions, see Fig. 6 (a)), while 

in comparison, the Fe dissolution from the FeSi and FeSiDET A material is greatly reduced for these solutions 

(< 3 % iron dissolution, see Fig. 6 (b)). This translates to an improvement in resistance to Fe dissolution offered by 

the silica coating of up to 87 %. The fact that some Fe dissolution does still take place indicates that the FeSiDETA 

is slightly porous and magnetite could be leached out from the core depending on the contact time and nature of the 

contact solution. In this case, the contact time of 24 hours during extraction in specifically the 0.5, 1, 2 and 3 M HCl 

media and pH 2 and 3 buffer solutions resulted in dissolution of the unmodified magnetite within approximately 

1 hour (also noticeable from the solution which became yellowish in colour). (Similar Fe dissolution patterns were 

observed for the Pd(II) solution II and the data are therefore not presented here. For the Cu(II) solution I (pH 4 and 

6 buffers), the Fe dissolution from the magnetite, FeSi and FeSiDETA particles is less than -1 % owing to the low 

magnetite solubility23 at and above pH 4.) 
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Figure 6 (a) Percentage Fe dissolution during extraction studies for magnetite (in black Bl), FeSi (in grey 0) and 

FeSiDETA (no colour a) from solution III with the Fe dissolution below 3 % enlarged in (b). Note the different 

scale on the x and y axes. 

Table 1 gives the cumulative percentage Fe dissolution from FeSiDETA after successive cycles of extraction at 

varying pH and with desorption using 2 M HCl for solutions I to III. In general, the cumulative Fe dissolution (after 

cycle 4) is approximately 40 % with the 0.5 M HCl solution matrix showing the greatest Fe dissolution(> 60 %). 
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Table 1 Cumulative Fe dissolution ofFeSiDETA from solutions I to ill after each recovery cycle (one recovery 

cycle consists of one extraction cycle at varying acidity and one desorption cycle using 2 M HCI) 

Cycle Cumulative Fe dissolution(%) 

O.SMHCI pH2 pH3 pH4 pHS pH6 

Solution I (Cu(II), pH 4 and pH 6 buffer solutions) 

1 - - - 4 - 6 

2 - - - 8 - 16 

3 - - - 14 - 29 

4 - - - 25 - 44 

Solution II (Pd(II), 0.5, 1, 2 and 3M HCI and pH 2-6 buffer solutions) 

1 7 5 5 5 4 4 

2 22 14 14 14 11 13 

3 43 28 27 29 21 27 

4 63 44 43 48 34 43 

Solution Ill (Pd(II) and Cu(II), 0.5, 1, 2 and 3M HCI and pH 2-6 buffer solutions) 

1 7 6 5 7 5 5 

2 22 16 13 19 13 14 

3 44 32 26 36 26 28 

4 65 48 43 53 43 44 

The dissolution of iron from magnetite, FeSi or from FeSiDETA (as given in Table 1) takes place during the three 

stages of ion exchange: during an extraction or desorption cycle and during materials handling (washing, magnetic 

decantation, etc.). It is, however, the desorption stage that gives rise to the highest percentage Fe dissolution. For 

example, the dissolution of Fe from FeSiDETA that occurred during the Pd(II)/Cu(II) extraction and desorption 

cycles (solution Ill) is shown in Fig. 7. During the extraction cycles (Fig. 7 (a)), the maximum overall Fe dissolution 

is less than 4 % with the percentage dissolved Fe from the FeSiDETA being highest in the 0.5 M HCI and pH 2 and 

3 solutions, lowest in the higher pH buffers(< 0.1 %), and in general, increasing with successive extraction cycles. 

By comparison, the Fe dissolution in successive desorption cycles (Fig. 7 (b)) rises up to -20 % with a steady 

increase in dissolution per cycle and the sum of the Fe losses from the four desorption cycles being as high as 50 %. 

The increase in dissolution is ve1y likely the result of successive attack and entry of the relatively strong acidic 

desorbent solution (2 M HCI) into the pores of the FeSiDETA extractant and could be minimised by implementing 

one or more of the following options: 

0 An alternative less acidic solution with high anion counterion concentration or less acidic desorbent such as 

thiourea, thiourea/HCI, HN03 or NaCI04 could be used22
. 

150 

Stellenbosch University  https://scholar.sun.ac.za



... 
4.0 

'·' 
3.0 

'·' 

0 The desorption time could be decreased to minimise diffusion of acid desorbents into FeSiDETA pores. In 

addition, the extractant could be washed more thoroughly to remove the acid desorbent from the pores 

(although this could potentially lead to increased materials handling and an increased possibility of 

additional material loss). 

0 The acid resistance of the magnetite particles could be improved by increasing the silica coating thickness 

on the magnetite particles. There is, however, a limitation as to the thickness of silica that can be applied to 

particles as this has an influence on the magnetic response of the particles in a magnetic field. (Preliminary 

attempts at sintering particles in a vertical tube furnace were discussed in Chapter 6, but sintered material 

did not yield FeSiDETA with a greatly improved acid resistance and caused material agglomeration.) 

0 Finally, the magnetite could be coated with a more resistant polymeric material before being functionalised 

withDETA . 
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Figure 7 Successive percentage Fe dissolution ofFeSiDETA during (a) extraction and (b) desorption (note 

different scales on y-axis) of Pd(II) and Cu(II) from the mixed metal ion solution ill 

The third factor causing Fe losses, that of material losses from handling, could be minimised by modifying the 

experimental method used, e.g., through the use of stronger rare earth magnets as opposed to ferrite magnets for 

better retention of magnetic FeSiDETA extractants or through the use of a column setup as opposed to batch 

magnetic decantation of samples. 

The degradation as observed for the FeSiDETA material also occurs in commercial resins which are subject to 

chemical degradation (oxidation, reaction of the resins with organic material present in the process solution or 

thermal instability) and physical degradation (expansion and contraction by variation in osmotic pressure, attrition 

during transpotiation such as in a moving-bed system, precipitation of inorganic solids inside or outside the bead)3. 

To obtain additional information as to the longer-term petformance of the FeSiDETA, the extent and rate of 

deterioration of the nanomagnetic resin could be evaluated against that of a commercial resin with both resins under 

similar operating conditions. 
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4. Conclusions 

Nanosized, DETA-functionalised silica-coated magnetite ion exchange particles synthesised as described in 

Chapter 6 were used successfully for extraction studies. These studies have shown that more Pd(II) is extracted 

consistently by the FeSiDETA as compared to the unmodified magnetite and FeSi. In very acidic media (2 and 3M 

HCl solutions), no extraction occurs as the chlorides compete with the anionic [PdC14]2- for binding to the ion 

exchanger whereas under slightly less acidic conditions up to quantitative extractions could be achieved. In addition, 

Pd(II) is extracted selectively to Cu(II) with the greatest selectivity occurring in more acidic media. Increasing the 

molar ratio of ligand:total metal ion in a solution of Pd(II) and Cu(II) ions still results in the quantitative extraction 

of Pd(II) and an increased extraction of Cu(II) as compared to the case where stoichiometric ligand:Pd(II) ion is 

used. To further improve extraction efficiency, the FeSi ligand loading could be increased, i.e., increase functional 

group density. 

In general, for the successive recovery extraction/desorption tests, good (> 80 %) to quantitative Pd(II) extraction is 

observed, decreasing with successive cycles. This decrease may occur as a result of deterioration or loss of the 

FeSiDETA ion exchanger with time thereby decreasing the capacity for successive extraction. Secondly, the ion 

exchanger may become saturated with the extracted metal ion due to incomplete desorption. The selective extraction 

of Pd(II) to Cu(II) is again observed in the successive recovery studies. The selectivity is greatest in acidic media 

where the DETA is sufficiently protonated to bind through ion pairing with the [PdC14f whilst the Cu(II) forms 

non-extractable cationic [Cu(H20)6f+ complexes under these conditions. 

Fe dissolution for the silica-coated magnetite particles is reduced from up to 88 % to below 3 % for a single-stage 

extraction. Fe dissolution during the successive recovery studies is greatest during desorption (maximum of 55 %) 

followed by materials handling (maximum of 18 %) and extraction (maximum of 10 % in 0.5 M HCI) across all 

solution matrices. Fe dissolution may pose a problem for continuous or long-term processing in acidic media. 

However, a less acidic desorbent, shorter desorption time, thicker silica coating or more resistant polymeric coating 

material could be investigated to reduce FeSiDETA deterioration. 

With the judicious selection of operating parameters, the FeSiDETA pa1ticles could, in future, potentially provide an 

ion exchanger surface area orders of magnitude greater than conventional ion exchangers and, with their unique 

magnetic properties, offer alternative novel processing techniques as compared to, for example, packed columns. 
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Chapter 8 

Project summary, evaluation and general discussion 

In this thesis, the synthesis of magnetite nanoparticles and the development of systems containing these particles for 

transition and platinum group metal ion extraction were investigated. 

The factorial design experiment in Chapter 2 highlighted the importance of the Fe(III):Fe(II) ratio on the saturation 

magnetisation and percentage magnetite precipitated, with a lower Fe(III):Fe(II) ratio favouring magnetite 

formation. Although the Fe(III):Fe(II) ratio and iron and ammonia solution concentrations were found to be 

significant in terms of the resultant particle size of material, the actual particle size variation was found to be only 2 

nm which would be insignificant for our applications. 

The parameters highlighted in Chapter 2, were taken into account in the high pressure impinging stream reactor test 

work in Chapter 3. Reactor shape and volume were found to be critical in the large-scale, continuous precipitation 

of magnetite with the circular and kite-shaped reactors providing precipitate of highest percentage magnetite and 

saturation magnetisation. 

In Chapter 4, it was shown that magnetite, magnetic liquid and an Aliquat 336/magnetic liquid mixture can be used 

for the extraction of [Co(NCS)4(H20)2]2- from an aqueous solution to form the [Co(SCN)4f complex in the organic 

phase. An increased volume of extractant showed an increase in percentage Co(II) extraction. MIBK extraction 

proceeded with preliminary extraction by MIBK followed by magnetic liquid addition as MIBK scavenger and 

Co(II) extractant. It appears that a trade-off between the concentration of magnetite in the magnetic I iquid or ratio of 

the volume of organic extractant to the aqueous phase and the extraction time or degree of mixing may have to be 

made to ensure sufficient phase contact. 

In Chapter 5, it was found that the use of a magnetic liquid in a solvent extraction setup as compared to a 

conventional non-magnetic system appears to promote rapid phase separation without loss of extraction potential or 

selectivity. Extraction kinetics were rapid with maximum extraction occurring within 10 minutes. It was found that 

in some cases, the rate of phase separation using the magnetic liquid system increased by up to 80 %. 

In Chapter 6, a silica-coated diethylenetriamine-functionalised magnetite ion exchanger was synthesised through 

cittic acid stabilisation of magnetite, coating by tetraethoxysilane and functionalising with diethylenetriamine 

(DETA). Resistance to acid dissolution of the iron in the magnetic core was increased by approximately 80 %, as a 

result of the silica coating while sinte1ing and applying multiple coats to the particles did not significantly enhance 

the acid resistance. 
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The DETA-functionalised silica-coated magnetite ion exchanger particles were used in Chapter 7 for the selective 

extraction of Pd(II) over Cu(II) with the greatest selectivity occurring in more acidic media. In general, for the 

successive recovery extraction/desorption tests, good (> 80 %) to quantitative Pd(II) extraction is observed, 

decreasing with successive cycles. The ion exchanger may deteriorate, be lost during materials handling or become 

saturated with the extracted metal ion due to incomplete desorption thus decreasing successive extraction capacity. 

Fe dissolution is again shown to decrease by approximately 80 % for single-stage extractions. 

Evaluation of thesis objectives 

The research aims of this thesis were: 

1. to synthesise magnetite nanoparticles on a larger scale than current conventional laboratory batch syntheses 

methods and to characterise the precipitated material 

Synthesis of the magnetite nanoparticles on a larger scale by means of the impinging stream reactors as 

compared to the popular conventional laboratory batch magnetite synthesis proved successful with scale up 

from a batch precipitation of -50 g to a continuous synthesis of magnetite of at least 3 kg h- 1
• The 

impinging stream reactors also allow for the continuous precipitation of particles of 8 - 12 nm diameter, 

suitable for use in industrial applications. 

2. to synthesise and investigate the use of a magnetic liquid system for transition metal ion extraction 

From the investigations conducted, it can be concluded that the magnetically modified solvent extraction 

system shows promise in terms of the potential it offers for more rapid organic/aqueous phase separation 

after solvent extraction of base metal ions. The magnetic liquid system would function optimally for the 

extraction of cationic metal ion species in aqueous solutions of pH> 4 (to limit magnetite solubility), with 

the magnetic liquid itself acting as a metal ion extractant through coordination to the magnetite surface. A 

potential limitation as to the use of the magnetically modified solvent extraction system, would be the 

acidity of aqueous solutions with which the magnetic liquid is contacted (process streams or stripping 

solutions) owing to the magnetite solubility at low solution pH. 

3. to synthesise and investigate the use of a superparamagnetic ion exchanger for transition and/or platinum 

group metal ion extraction 

The synthesised superparamagnetic DETA-functionalised ion exchanger material, FeSiDETA, shows great 

potential for use as a selective platinum group metal ion exchanger material. Alternative FeSiDETA 

synthesis methods should, however, be investigated as the small-scale laboratory preparation of such a 
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material is laborious and it would be difficult to scale such a system up for a commercial application. In 

addition, modifications to the FeSiDETA material, for example, in terms of acid resistance of the ion 

exchanger, may allow for extended reuse of this material in industrial applications of successive metal ion 

extraction and desorption. One of the greatest advantages of superparamagnetic ion exchangers is that they 

can be used in novel processing embodiments as compared to current conventional ion exchanger unit 

operations. Metal ion extraction could be effected by contacting such particles in, for example, a stirred 

tank reactor and then using an external magnetic field for removal or retention of the magnetic ion 

exchanger in the vessel whilst removing the supernatant. The potential for an alternative novel ion 

exchange processing technique allows for the ion exchanger particle size to be reduced, a factor which is 

currently avoided owing to the large pressure drops experienced over packed columns associated with 

small particle size. The small particle size which is an inherent characteristic of the FeSiDETA ion 

exchanger also allows for a greatly increased surface area with correspondingly increased ligand 

concentration per mass of ion exchanger. 

The potential use of these magnetic nanoparticles in solvent extraction and ion exchange technology therefore holds 

great promise primarily because their superparamagnetic nature allows for particle manipulation and novel 

processing techniques without loss of performance under carefully selected conditions. 
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