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Abstract
For over a century, cyanidation was known to be the most established method for leaching
gold from various ores. However, due to its toxicity and ineffectiveness in leaching gold from
refractory carbonaceous ores, a need for an alternative lixiviant arose over time. In the search
for an environmentally friendly alternative, thiosulfate seemed to show some promise as a
lixiviant for leaching gold from refractory carbonaceous ores. Recently, a calcium thiosulfate
and air based leaching system became an industrial reality at Barrick Gold’s Goldstrike
operation in Nevada, USA. This system is being used to treat double refractory (sulfidic and
carbonaceous) gold ores after pre-oxidation in autoclaves.
Although gold leaching by thiosulfate is considerably well understood, gold recovery from
pregnant leaching solutions has not been sufficiently explored. A gold thiosulfate complex
shows only a very low affinity towards activated carbon (AC), making the well-established
carbon in leach (CIL) and carbon in pulp (CIP) processes undesirable for use in gold recovery
from thiosulfate leach solutions. Despite the inherent limitations associated with ion exchange
(IX) resins, strong base anion exchange resins are able to recover gold from thiosulfate
solutions. However, the elution of gold from IX resins is complicated and requires higher
eluant concentrations. The use of resin beads necessitates filtration steps in the process.
Therefore, the main objectives of this study were to prepare an adsorbent to recover an anionic
gold complex from thiosulfate leach solutions that could then be eluted using a lower
concentration of eluants. Furthermore characterisation of the adsorbent, reuse of the adsorbent
and determination of the adsorption mechanism were accomplished.
To take advantage of magnetic separation process, iron oxide magnetic nanoparticles (MNPs)
were chosen for use as the adsorbent core. This avoids many of the intermediate filtration steps
which are currently used. In thiosulfate leaching solutions, gold exists as an 𝐴𝑢 𝑆 𝑂
anionic complex. However, adsorption of an anionic complex in an alkaline solution is
challenging, due to the negative surface charge of many of the adsorbents at higher pH
solutions. Magnetic iron oxide nanoparticles are not an exception in this scenario. Therefore,
in order to retain a positive surface charge, even in alkaline solutions, suitable surface
functionalisation was essential. Due to its high cationic charge density, availability of an ample
amount of amine groups that could be protonated and due to its high point of zero charge
(pHPZC), polyethylenimine (PEI) was used as the surface functionalisation agent in the
presence of citrate groups, as the intermediate coating layer. The one-pot functionalisation
method used was simple and straightforward.
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Deagglomeration of MNPs, prior to surface functionalisation form an important part of the
uniform surface coating process. An ultrasonic dispersion technique was used for bare
(uncoated) nanoparticle dispersion, and longer ultrasonication durations yielded lower
hydrodynamic sizes, fairly closer to individual particle diameters. Well dispersed bare MNPs
subsequently coated with trisodium citrate, followed by PEI.
The

functionalised

magnetic

nanoparticles,

hereinafter

termed

PEI-MNPs,

were

comprehensively characterised. X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy results revealed the crystalline structure to be
pure iron oxide, mainly consisting of magnetite (Fe3O4) and maghemite (γ-Fe2O3). Successful
surface functionalisation with citrate and PEI was verified by X-ray photoelectron
spectroscopy (XPS) and FTIR techniques. Following the PEI coating, the surface charge
changed to positive, resulting in a significant increase in the point of zero charge (pHPZC) to
pH 11. This indicates the potential for using PEI-MNPs in anionic gold complex recovery. The
saturation magnetisation of bare MNPs and PEI-MNPs was 60.5 and 52.3 emu/g respectively.
Thermogravimetric analysis (TGA) revealed that approximately 10% (weight basis) of
functional groups are available on the nanoparticle surfaces. Successful gold loading on to
PEI-MNPs was verified by XPS and atom probe tomography (APT) analysis techniques.
A series of laboratory scale batch adsorption experiments was conducted to recover gold from
synthetic leach solutions, as well as from a gold ore leachate. The effect of solution pH,
temperature, free thiosulfate concentration, copper concentration and adsorbent dosage as well
as gold adsorption isotherms, adsorption kinetics and thermodynamic properties were
investigated in synthetic leaching solutions. Almost 100% gold adsorption was achieved in
pure gold thiosulfate solutions using a 5 g/L adsorbent dosage, with 78% adsorption efficiency
in simulated leach solutions using a 20 g/L adsorbent dosage. An adsorbent dosage equivalent
to 75 g/L was able to adsorb almost 100% of the gold from a simulated leaching solution in
less than 30 minutes. Low free thiosulfate concentrations and high adsorbent dosages yielded
greater gold adsorption. The competitive adsorption of some copper and sulfur species was
observed in simulated leach solutions. Gold adsorption kinetics were extremely fast,
irrespective of the solution composition. The maximum adsorption capacity was 33.8 mg
(gold)/g (PEI-MNPs) at 50 °C which was calculated using the Langmuir isotherm model. The
adsorption process was spontaneous, exothermic and the adsorption mechanism was
determined as physical adsorption through isotherm and thermodynamic approaches.
Adsorption experiments with a gold ore leachate were performed based on a central composite
design (CCD) and optimisation of the process parameters was carried out using a response
surface methodology (RSM). The optimisation results revealed that higher adsorbent dosages
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enhance gold adsorption efficiency. Successful gold adsorption from real ore leachates and
effective gold elution were corroborated by these experiments.
Selective copper and gold elution was performed using a two-step elution process; copper preelution followed by gold elution. Almost 100% selective copper elution was accomplished
with 0.02 M ethylenediamminetetraacetic acid (EDTA) solution, while 0.01 M NaOH was
capable of eluting 100% gold in the following process. This level of elution enhances the
potential for using this adsorbent for gold recovery from thiosulfate leaching systems. Elution
kinetics were sufficiently fast to attain 100% in 15 minutes for both gold and copper in batch
operations. The reuse of PEI-MNPs for adsorption was evaluated and only a 12-15% drop in
adsorption efficiency was observed after six cycles.
In summary, this is the first time, as far as it is known, that the use of PEI coated iron oxide
magnetic nanoparticles for anionic gold (I) adsorption from non-ammoniacal thiosulfate
leaching solutions in alkaline pH solutions has been explored. This study hopes to lay the
foundations for further exploration of the use of functionalised magnetic nanosorbents for gold
recovery from thiosulfate leaching solutions in the future. The fast kinetics, simplicity of the
metal elution process and ease of solid-liquid separation by magnetic separation are some of
the main advantages with this adsorbent. The overall results of this study have revealed the
possibility of considering PEI-MNPs as a potential adsorbent in gold recovery.
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Chapter 1
1.1

Introduction

Background

For more than a century, cyanidation has been the preferred method for leaching gold from
different types of ores. Yet, cyanidation of complex double refractory gold ores, specifically
carbonaceous and sulfidic ores, has proven to be ineffective as a result of the high affinity of
gold cyanide complex to carbon. For example, a gold-cyanide complex will readily adsorb
onto carbonaceous materials such as humic acid, graphite, bitumins and asphaltic compounds
in the ore itself; a process known as preg-robbing. This leads to higher reagent consumption
and gold losses to tailings (Aylmore and Muir 2001, Ji et al. 2013). Furthermore, there are
restrictions on the use of cyanide for gold leaching in some areas of the world, owing to its
adverse environmental impact (Oraby 2009). This has prompted the development of
alternative lixiviants to cyanide.
The use of thiosulfate as a lixiviant for leaching gold has been known since the late nineteenth
century (Aylmore and Muir 2001). Sodium, ammonium or calcium salt of thiosulfate, with
copper as the oxidant, with or without ammonia are the main reagents used in the thiosulfate
leaching system. The gold-thiosulfate complex does not show a good affinity for carbon,
which makes it a viable alternative lixiviant for the leaching of refractory carbonaceous ores
(Gallagher et al. 1990). Moreover, from an environmental perspective, the use of thiosulfate
as an alternative lixiviant to cyanide for gold leaching shows considerable promise.
However, the addition of both copper and ammonia introduced uninvited problems into the
system making the solution chemistry more complex. The availability of numerous anionic
and cationic complexes, and copper catalysed thiosulfate oxidation leads to the formation of
thiosulfate degradation products such as polythionates, and these, along with volatility and the
environmental impact of using ammonia in the system are just a few of the current problems
faced. Thus, the development of a thiosulfate-based leaching system that has a lower impact
on the environment has been investigated. To achieve this, the possibility of using lesser
amounts of copper, the total or partial elimination of ammonia, and the use of a thiosulfate salt
with the minimum impact on the environment has been considered (Feng and van Deventer
2010b, Ji et al. 2013).
As a result of this, a process was developed using calcium thiosulfate and moderate amount of
air. This process consumes only a low amount of copper whilst no ammonia is required.
Currently this system is industrially implemented at Barrick Gold’s Goldstrike operation in
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Nevada, USA to treat double refractory gold ores after pre-oxidation in autoclaves (Choi
2013). However, gold thiosulfate complex does not adsorb well onto activated carbon. This
makes the well-established carbon in leach (CIL) and carbon in pulp (CIP) processes
unsuitable for gold recovery in the thiosulfate leaching system (Gallagher et al. 1990). This
leads to the finding of alternative gold recovery methods to adsorb gold thiosulfate complex.
Ion exchange resins, modified AC and mesoporous silica were investigated for gold recovery
from thiosulfate leaching solutions. Attempts were made to recover gold thiosulfate with
Cupric ferrocyanide impregnated AC (Parker et al. 2008, Yu et al. 2015) and Silver
ferrocyanide impregnated AC (Yu et al. 2018). However, these adsorbents added cyanide to
the recovery solution. The maximum adsorption capacity of the latter adsorbent was only 3.55
kg/ton. Although the adsorption capacity of mesoporous silica was high, in the near neutral
pH range (6.5 - 7.5), it reduced dramatically when the pH was above 8. It has been
recommended to use this adsorbent in near neutral pH solutions (pH 7.5) for a longer life cycle.
Furthermore, the fine size of the adsorbent made the separation from the pulp difficult (Fotoohi
and Mercier 2014). Weak base ion exchange resins also suffer from poor loading capacities in
alkaline pH solutions. Therefore, at present, a strong base anion exchange resin appears to be
the most promising alternative for gold recovery from a thiosulfate leaching system (Choi and
Chefai 2017).
The resin-in-leach (RIL) operating conditions used in the Goldstrikes plant consist of a
calcium thiosulfate (CaS2O3) concentration of approximately 0.1M, with a low concentration
of copper and a moderate addition of air at a temperature of 50C (Choi 2016). Currently
strong basic ion exchange resins are used for gold recovery from the leach. More detailed
information on this system will be presented in the second chapter of this thesis. The majority
of the experiments conducted in this research study used simulated leaching solutions of
aforementioned calcium thiosulfate leaching system.
Although the amount of polythionate formation is less in this system compared to the
conventional ammoniacal thiosulfate system, resin poisoning with polythionates remains one
of the major challenges to overcome (Daenzer et al. 2016). Furthermore, the competitive
adsorption of copper and the drop in loading capacity due to resin swelling at loading-stripping
cycles are also drawbacks associated with the use of resins. The use of resin beads necessitates
a filtration step where screens are used to separate solids and liquids for further processing.
The metal elution from the strong base anion exchange resin was also found to be complicated
and demanded high reagent concentrations (Jeffrey et al. 2010).
Mainly polythionate, thiocyanate, chloride and nitrate based elution systems have been
proposed for gold elution from strong base IX resins. In addition, combinations of sulfite ions
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with the aforementioned eluants also have been proposed (O'Malley 2002, Fleming et al. 2003,
Jeffrey et al. 2010). The use of concentrated trithionate solutions for gold elution in
polythionate systems makes the solution unstable, leading to the loss of trithionate.
Furthermore, complete regeneration of the resin is required prior to gold adsorption in the next
cycle, as all exchange sites are occupied by trithionate. Unfortunately, thiocyanate elution
system suffers from high reagent costs, and the regeneration of the resin is rather complex. In
the nitrate elution system, the resin returns to adsorption without regeneration. It can therefore
accumulate nitrate in the process water, which ultimately affects gold loading. Gold elution
was very poor, even with 2 M sodium chloride in the chloride elution system. All the systems
consumed high amount of reagents (Jeffrey et al. 2010). The use of sulfite, together with eluant
(NaCl) could solve this problem to some extent, but considerable time still would be needed
to completely elute gold and copper from the resin (Braul 2013). Furthermore, trithionate
accumulation and poisonous chlorine generation during electrowinning are probable with this
system (Dong et al. 2017). An oxygenated ammonia system was proposed for copper preelution, but due to its complexity there was minimal interest in pursuing this option.
Ammonium thiosulfate 0.5 M was proposed for copper elution as it was a simpler solution
compared to the oxygenated ammonia system (Jeffrey et al. 2010).
Adsorption processes associated with magnetic separation have been studied widely for heavy
metal and precious metal removal in environmental and biomedical applications. Nanosized
magnetite and maghemite have often been used as core materials (Gómez-Pastora et al. 2014,
Aghaei et al. 2017). When particle sizes are reduced to the nanoscale range, the properties of
magnetite such as magnetism and specific surface area vary significantly and the nanoparticles
become superparamagnetic (Blaney 2007). It is calculated that the specific surface area of 200
nm of magnetite is only 6 m2/g while for 50 nm magnetite it is around 100 m2/g (Cornell and
Schwertmann 2006, Blaney 2007). Non-magnetic nanoparticles need to be attached onto a
solid matrix such as carbon, zeolites, silica and membranes for effective solid-liquid separation
(Easwaramoorthi and Natarajan 2009, Hu et al. 2017, Gholamali et al. 2018). However, these
additional steps can be avoided by using magnetic nanoparticles which, by their very nature,
can be separated magnetically. Furthermore, with magnetic separation, filtration and
centrifugation steps become unnecessary.
Magnetic nanoparticles are often functionalised with specific surface functional groups which
are suitable for the intended use. The functional group(s) determine the selectivity towards
specific ions and molecules to be adsorbed. Furthermore, surface functionalisation prevents
nanoparticle aggregation and protects the magnetic core from oxidation (Liu et al. 2017).
Polyethylenimine (PEI) was often used as a functional group for magnetic nanoparticles
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(MNPs) and other adsorbents in environmental and biomedical applications for anion
separation (Xu et al. 2011, Zhang et al. 2014, Yang et al. 2017). Moreover, PEI coated
magnetite NPs have been successfully employed for gold NPs adsorption at pH 7 (Goon et al.
2009, Wang et al. 2012).
The amine rich structure of PEI permits protonation even in alkaline pH solutions. It was
reported that 42% and 50% of amine groups protonated in 0.1 M NaCl solutions at pH 7.5 and
pH 6.5, respectively (Radeva and Petkanchin 1997). Similarly, protonation of 32% and 64%
of amino groups was observed in pH 8 and pH 4 solutions, respectively (Hostetler and
Swanson 1974). The point of zero charge (pHPZC) of a PEI molecule is approximately pH 10.811.0 (Lindquist and Stratton 1976, Radeva and Petkanchin 1997). As a result, PEI coated
MNPs demonstrated a high positive surface charge density (20 - 25 mEq/g) even in alkaline
pH solutions (Guillem and Aliño 2004). In addition, PEI coating does not significantly
influence the saturation magnetisation of the magnetic core. In some instances a slight decrease
in saturation magnetisation was observed, but there was still enough for efficient magnetic
separation (Xu et al. 2011, Lu et al. 2014).
Considering the previous usage for the anionic species adsorption, the PEI modified MNPs, as
a potential adsorbent for gold recovery from thiosulfate leaching solutions was considered in
this study. As gold exists as an anionic complex, the adsorbent surface should exhibit a cationic
surface charge to adsorb gold from the leaching solution. Due to its higher cationic charge
density together with a higher pHpzc (pH at point of zero charge) value, PEI showed great
potential, and was selected as the functional group for coating the magnetic core. Moreover
the PEI coating is known to have an insignificant negative effect in the saturation
magnetisation of the magnetic core. This facilitated the easy magnetic separation even after
surface coating. Trisodium citrate was used as the intermediate coating layer to impart a highly
negative surface charge to the already anionic MNPs surfaces which increase the charge
density of the surface which will be augmented subsequent PEI molecule adsorption as the
outer layer. The separation of gold loaded MNPs (Au-PEI-MNPs) was carried out by use of
an external magnetic field. In contrast to the separation of larger particles (resin beads,
activated carbon) by filtration using screens, this proposed method utilises a magnetic field to
separate the nanosized adsorbent. The practical application of this technology is discussed in
the succeeding chapters of this thesis. Furthermore, a comparatively simple and fast two-step
selective metal elution process which consumes low amounts of eluants is also proposed. The
reusability of the nanoadsorbent is also investigated. The chemicals and reagents were
carefully chosen with the purpose of minimising the negative effect on environment. The iron
oxide magnetic core was biocompatible and environmentally benign. Both of the
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functionalising agents, sodium citrate and PEI, have been deemed safe to use and are also often
used for the surface coating of MNPs in biomedical applications. In summary, this research
covers the preliminary work of adsorbent preparation, characterisation, gold adsorption (effect
of reagent concentrations and adsorption process conditions on gold adsorption, gold
adsorption kinetics, gold adsorption isotherms), competitive adsorption of other molecules,
selective metal elution from the adsorbent and reuse of the adsorbent in synthetic leaching
solutions and in actual gold ore leachates.

1.2

Research Question and Hypothesis

Currently, thiosulfate is the main industrially implemented alternative lixiviant to cyanide for
gold leaching from refractory ores. Although numerous studies have been conducted based on
ammoniacal thiosulfate leaching system, the industrially established system is based on
CaS2O3 with a low copper dosage and a mild air supply, operated in slightly alkaline pH
conditions. Resin-in-leach is used to recover gold from the leaching solution using strong basic
anion exchange resins. However, gold elution from IX resins can be challenging. Furthermore,
the use of resin beads necessitates a filtration process to separate from solutions. Activated
carbon cannot be used due to the poor affinity of the gold thiosulfate complex to carbon. Other
conventional recovery methods such as precipitation, cementation, electrowinning and solvent
extraction show little promise due to major drawbacks associated with these techniques, as
discussed in Section 2.6.
Considering the limitations associated with existing/current recovery methods, the exploration
of alternative adsorbents for gold recovery from thiosulfate solutions is obviously worthwhile.
An ideal adsorbent would; be selective for anionic gold complex in alkaline pH solutions,
stable in alkaline pH solutions, have high adsorption capacity, be easy to separate from the
solution, be easy to selectively elute gold and be reusable.
In this study the main research questions were defined as;


Can a polyethylenimine functionalised magnetic nanoadsorbent be used to recover
gold from thiosulfate leaching solutions, taking advantage of magnetic separation?



Would polyethylenimine coated magnetic nanoadsorbents produce effective gold
adsorption capacity along with selectivity?



Would the metal elution process from this particular adsorbent be effective?



Can polyethylenimine coated magnetic nanoadsorbents be reused?
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The use of magnetic nanoadsorbents for biomedical applications and environmental
applications has been extensively studied and reasonably well understood. This is not the case
in metallurgical applications for precious metal recovery where a great deal more development
is needed. Some work has been carried out regarding gold adsorption from aqueous goldchloride solutions in acidic solutions (Zhang et al. 2013c, Roto et al. 2016, Abd Razak et al.
2018). Gold exists in +3 oxidation state in these solutions. Adsorption of Au (I) anionic
complexes from alkaline leaching solutions using functionalised magnetic nanoadsorbents has
not yet gained much attention except for a very recent study (Betancur et al. 2019).
Based on the literature review, it is hypothesised that polyethylenimine coated MNPs can be
effectively used for gold recovery from thiosulfate leaching solutions, followed by selective
elution of gold and possible reuse of the MNPs for further cycles. Gold loaded MNPs can
presumably be separated from the solutions by applying an external magnetic field.
In order to further develop and support the aforementioned hypothesis, several assumptions
were made:


Surface functionalised magnetic nanoadsorbents can be effectively used for anionic
gold complex adsorption from thiosulfate leaching solutions



Bare iron oxide MNPs alone are insufficient to recover anionic gold thiosulfate
(𝐴𝑢 𝑆 𝑂

) complex from alkaline solutions, as the surface charge of bare iron

oxide MNPs is also anionic above pHPZC. A suitable surface coating which introduces
a cationic surface charge is necessary to promote the electrostatic attraction between
the adsorbate and the adsorbent


Polyethylenimine (PEI) will be a suitable surface coating agent to impart a positive
surface charge to a MNP surface even in highly alkaline solutions, as a result of its
high cationic charge density and high pHPZC value



Trisodium citrate can be used as the intermediate coating layer to impart a highly
negative surface charge to the already anionic MNPs surfaces which increase the
charge density of the surface which will be augmented subsequent PEI molecule
adsorption as the outer layer



Citrate and PEI coated nanoparticles can recover gold from the thiosulfate leaching
solutions. Copper thiosulfate complex and any other anionic complex too can adsorb
on to the same adsorbent
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Gold loaded MNPs can be simply separated from the solutions by applying an external
magnetic field.



The loaded gold and copper can be selectively eluted from the nanosorbent using
appropriate eluants. The preliminary elution of copper followed by gold elution would
ensure the purity of the final gold product whilst the eluted copper can be reused for
subsequent leaching circuits.



1.3

The metal eluted MNPs can be reused for several more cycles for gold adsorption.

Objectives of the Study

In this study, the recovery of gold from thiosulfate leaching solutions was attempted using
functionalised MNPs. Polyethylenimine coated iron oxide nanoparticles were used as the
adsorbent to recover gold from the solution. Electrostatic attraction was favoured in this
instance, as the leaching system operated at an alkaline pH range and the PEI coating provided
a positive surface charge to the nanoparticles of up to pH 11, which is the pHPZC of coated
nanoparticles. It was assumed that the electrostatic attraction/physical adsorption would
facilitate easy metal elution at subsequent metal elution stage. The adsorption behaviour of
functionalised nanoparticles towards gold was investigated and the maximum gold adsorption
capacity, gold adsorption kinetics and adsorption isotherms were determined. Gold adsorption
mechanism was explored via a thermodynamic approach. The systematic metal elution from
loaded nanoparticles was conducted and the reuse of nanoparticles for several cycles was
evaluated. Solid-liquid separation was accomplished via magnetic separation.
The main objectives of this study were;
1) To functionalise the magnetic nanoparticles with polyethylenimine in order to adsorb
anionic gold complex from thiosulfate leaching solutions in alkaline pH conditions.
2) To characterise the nanoparticles before and after surface functionalisation and after
the adsorption process.
3) To evaluate the influence of different reagent concentrations and adsorption process
conditions on gold adsorption efficiency from thiosulfate leaching solutions onto
functionalised MNPs.
4) To determine the gold adsorption mechanism onto functionalised MNPs.
5) To selectively elute adsorbed gold from MNPs and to reuse the regenerated MNPs.
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1.4

Scope of the Study

This research focuses on the adsorption of gold from synthetic thiosulfate leaching solutions.
In addition, gold and copper adsorption from a leachate of mild refractory gold ore that does
not yield high gold recoveries in conventional cyanidation, was also investigated. Citrate and
PEI functionalised iron oxide MNPs (PEI-MNPs) were used as the adsorbent. Rather than
evaluating many adsorbents, only the aforementioned adsorbent was used and a
comprehensive particle characterisation was undertaken. Amongst the numerous particle
characterisation techniques used, X-ray photoelectron spectroscopy (XPS) and atom probe
tomography (APT) methods were employed to comprehensively visualise the effectiveness of
surface functionalisation and gold adsorption process. Other characterisation methods were
used to support the conclusions.
The industrially established calcium thiosulfate-air (CaS2O3-air) leaching system was mainly
considered for all the adsorption experiments. Other thiosulfate leaching systems such as the
ammoniacal thiosulfate system, the ferric-EDTA system, the ferric-oxalate system and the
nickel-ammonia system were studied for the purpose of comparison only, and therefore not in
detail. Gold adsorption kinetics, isotherms and thermodynamics were investigated and the
adsorption mechanism was determined. Adsorption from clarified leaching solutions was
considered and pulp application is suggested as a future research interest. Competitive
adsorption of the copper and sulfur species was considered briefly. However, a detailed
investigation was not carried out, as gold was the target adsorbate in this study.
During the elution stage, copper and gold elution was attempted whereas the sulfur species
elution was not considered.
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1.5

Thesis Structure

This thesis comprises eight chapters as outlined below.


Chapter 1 introduces the background and the research question, problems associated
with the current system and the main objectives and scope of the study. The hypothesis
and the organisation of thesis chapters are also included



Chapter 2 presents the literature review on the thiosulfate leaching system, existing
methods for gold recovery from the system, magnetic nanoparticle synthesis,
functionalisation, characterisation and practical application on metal adsorption from
aqueous solutions. A brief introduction to key concepts of essential theories and
methods is also included



Chapter 3 explains the experimental methods, reagents and procedures used for
nanoparticle surface functionalisation, characterisation, metal adsorption and metal
elution studies



Chapter 4 discusses the results of nanoparticle functionalisation, along with
characterisation and deagglomeration studies



Chapter 5 describes the results of the adsorption experiments conducted with
synthetic leaching solutions



Chapter 6 discusses the attempts made towards metal elution from the adsorbent used
in synthetic leaching solutions, and reuse of the adsorbent



Chapter 7 includes the results of processing an actual gold ore sample, from leaching
through to metal elution



Chapter 8 summarises the results and major conclusions derived from this study and
discusses gaps in knowledge and some recommendations for further investigations in
future

A schematic representation thesis chapter arrangement is shown in Figure 1-1.
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Chapter 1
Objectives, Research Question,
Hypothesis, Scope and Thesis Structure

Chapter 2
Literature Review

Chapter 3
Methods

Results

Chapter 4
(Objectives 1 and 2)
Functionalisation and
Characterisation of
MNPs

Chapter 5
(Objectives 3 and 4)
Adsorption
Experiments in
Synthetic Leaching
Solutions

Chapter 6

Chapter 7

(Objective 5)
Metal Elution

(Objective 3)
Adsorption
Experiments in Ore
Leachates

Chapter 8
Conclusions and Recommendations
Figure 1-1. Schematic representation of thesis chapter arrangement
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Chapter 2
2.1

Literature Review

Introduction and Chapter Objectives

In this chapter, some of the existing literature on the subject under study is reviewed. The
literature review mainly consists of two main segments: one exploring the gold
hydrometallurgy and thiosulfate leaching systems (heading number 2.2-2.7) and the other
segment is dedicated for magnetic nanomaterials (heading number 2.8-2.9). In former
segment, some background information is briefly given on the chemistry of gold in aqueous
media, gold hydrometallurgy and different thiosulfate based leaching systems. An introduction
to double refractory gold ores is also included. Current practices of gold recovery from
thiosulfate leaching systems and the problems and challenges associated with the current
methods are also highlighted. This is followed by brief explanations of adsorption process,
theoretical backgrounds of essential mechanisms such as isotherm models, adsorption kinetics,
and adsorption mechanisms. In the latter segment, the use of magnetic nanoparticles for metal
adsorption, magnetic separation, nanoparticle functionalisation, limitations associated with
nanoparticles and metal elution techniques are covered.
The information included in this chapter supports and influences selection of particular
functional groups, eluants and setting up of experimental conditions in surface
functionalisation and metal elution processes. Some important characterisation results
reported in other studies are also included to compare and verify the accuracy of the results
obtained in this study.

2.2

Properties and applications of gold

Gold is a precious metal that humans have used since ancient times, owing to its malleable
and ductile properties and the occurrence in its native state. It was traditionally used primarily
for jewellery and for monetary payment purposes. Methods of using gold in jewellery have
not changed to this day and in addition, in the modern world, it is used in variety of electronic
devices and biomedical applications (Choudhary et al. 2018, Zhang et al. 2018).
Gold is inert at ambient temperature and pressure. Pure gold is an excellent thermal and
electrical conductor. The density of pure gold is 19 300 kg/m3, although this value drops to
around 15 000 kg/m3 for native gold, due to being alloyed with impurities, mainly silver. In
addition, gold can be alloyed with tellurium, selenium, bismuth, mercury, copper, iron,
rhodium and platinum (Marsden and House 1960). The nature of the ore determines the
optimum method to extract gold from the ore. Based on treatment and recovery techniques,
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gold ores can mainly be divided into two categories; free milling ores and refractory ores. The
free milling ore gives above 90% gold with conventional cyanide leaching but refractory ores
require higher amounts of reagents or more complex pre-treatment processes to recover a
considerable amount of gold (Zhou and Cabri 2004).

2.3

Double Refractory Gold Ores

Gold ore minerals that are not amenable to leaching with conventional cyanide processes are
known as refractory gold ores. These refractory gold ores can be, sulfidic and/or carbonaceous
ores. In sulfidic ores, fine gold is encapsulated in sulfide minerals, mainly inside an iron sulfide
matrix such as pyrite, marcasite or arsenopyrite. This inhibits the interaction of cyanide with
gold in forming a soluble gold cyanide complex. Sulfide content can vary from 0.5% to 3.5%
in this type of ore, which locks approximately < 0.2 to 132 ppm of gold inside a sulfide matrix
(pyrite). In this case, the gold is known to be invisible and sealed inside a solid solution of a
sulfide matrix. The presence of carbonaceous materials such as hydrocarbons, humic acid,
activated elemental carbon graphite, bitumins and asphaltic compounds are also known to be
a cause of refractoriness in gold ore. These carbonaceous materials adsorb dissolved gold from
cyanide leach solutions in a process termed preg-robbing, and the adsorbed gold ends up in
tailings. The deleterious carbon content in the ore can vary from 0.1% to approximately 4%,
and even content as low as 0.1% carbon can trigger preg-robbing action (Marsden and House
1960, Baron et al. 2016).
Gold ores, which consists of both sulfidic and carbonaceous matter are known as double
refractory gold ores. These ores demand special process flows to get rid of the deleterious
actions of sulfidic and carbonaceous matter. Barrick gold’s Goldstrike mine in Nevada, Carlin
Mill 6 and Twin Creeks Gold Mine – both in Newmont are some examples of double refractory
gold ores in the USA. To liberate gold, ultrafine grinding and/or strong oxidising conditions
are required. The oxidative pretreatment is achieved through roasting, pressure oxidation or
bio-oxidation. In roasting at 500-600 C, sulfide oxidises to sulfur dioxide, and iron in the
sulfides oxidises to iron oxides (hematite), while carbonaceous content ultimately oxidises to
carbon dioxide, exposing gold values for the subsequent leaching process. Although pressure
oxidation (either acidic or alkaline) can effectively oxidise almost all the sulfidic matter, the
complete elimination of carbonaceous matter is difficult. This remains one of the problems
associated with preg-robbing to some extent. Bio-oxidation that uses bacteria to oxidise the
ore also suffers from similar limitations observed in pressure oxidation in that this method is
ineffective in totally eliminating the preg-robbing effect (Marsden and House 1960, Baron et
al. 2016).
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To overcome the aforementioned limitations, the use of thiosulfate has been proposed as a
lixiviant to treat the double refractory gold ore, preferably after oxidative pretreatment. The
sulfides in the ore are oxidised by oxidative pretreatment, whilst thiosulfate leaching can be
effectively used for the treatment of already oxidised ore, which still contains carbonaceous
matter (Choi 2016). Unlike the gold cyanide complex, the gold thiosulfate complex is known
to be only poorly attracted towards carbonaceous matter (Aylmore and Muir 2001).

2.4

Gold Hydrometallurgy

Due to the availability in its native form as metallic gold, gravity concentration was the earliest
technology used for gold recovery from alluvial deposits. Amalgamation with mercury was
also practiced (although it is harmful to the environment) and it is still sparingly used in some
areas in the world for artisanal gold mining (Esdaile and Chalker 2018). Chlorination was used
in the 19th century, with this method being replaced by cyanidation. The modern cyanidation
process was patented by MacArthur and the Forrest brothers in 1888. The first commercial
application was in the Crown mine in New Zealand (Marsden and House 1960).
Gold sits with copper and silver in group IB in the periodic table, and its atomic weight is
196.96 g/mol. Despite the similarities of gold, copper and silver in their electron structure and
ionisation potential, their redox chemistry shows important differences (Marsden and House
1960).
Typically gold exist in aqueous solutions in +1(aurous) and +3 (auric) oxidation states with
standard reduction potentials being 1.83 V and 1.52 V, respectively. Being categorised as a
soft Lewis acid, gold can make stable complexes with some soft electron donor ligands such
as cyanide 𝐶𝑁

, thiosulfate 𝑆 𝑂

, thiourea

𝑁𝐻

𝐶

𝑆 and thiocyanate 𝑆𝐶𝑁

;

all of which can be used as lixiviants for gold leaching. Accordingly, gold can form stable
complexes with the above-mentioned ligands to varying degrees of stability. Gold presents as
Au (I) in complexes with the above-mentioned ligands. Hard electron donor atoms such as
halides prefer to form complexes with Au (III). In such complexes, the preferred coordination
numbers are 2 and 4 for Au(I) and Au(III), respectively, resulting in linear and square planar
structures (Marsden and House 1960, Martell and Hancock 1996).
The reaction between a metal (M) and a ligand (L) can be expressed as;

𝑀

𝑥𝐿

𝑀𝐿

(2-1)
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The overall stability constant (β) is a measure of the stability of a complex formed by a metal
(M) with a particular ligand (L) and can be expressed as seen in equation (2-2) (Marsden and
House 1960).

𝛽

𝑀𝐿
𝑀

(2-2)

𝐿

A high beta value is an indicative of a stronger complex with the ligand. Stability constants of
some ligands, which form stable complexes with either Au (I) or Au (III), are summarised in
Table 2-1.
Table 2-1. Stability constants (β) of some Au (I) and Au (III) complexes
Ligand
Cyanide
Thiosulfate
Glycine

Complexes

Au(I)

Au (III)

𝐴𝑢 𝐶𝑁

2x1038

1056

𝐴𝑢 𝑆 𝑂

5x1028

-

1018

-

1.3x1017

1042

2x1023

-

𝐴𝑢 𝑁𝐻 𝐶𝐻 𝐶𝑂𝑂

Thiocyanate

𝐴𝑢 𝑆𝐶𝑁 , 𝐴𝑢 𝑆𝐶𝑁

Thiourea

𝐴𝑢 𝑆𝐶 𝑁𝐻

Chloride

𝐴𝑢𝐶𝑙 , 𝐴𝑢𝐶𝑙 *

109

1026

Bromide

𝐴𝑢𝐵𝑟 , 𝐴𝑢𝐵𝑟 *

1012

1032

Iodide

𝐴𝑢𝐼 , 𝐴𝑢𝐼 *

1019

1047

1018-1026

1030-1046

Ammonia

𝐴𝑢 𝑁𝐻

, 𝐴𝑢 𝑁𝐻

*

*

(data from (Marsden and House 1960) and (Senanayake 2004))
*- Au(III) complexes

Each gold leaching system requires a ligand to form a complex with gold (lixiviant) and an
oxidant to oxidise the gold. A commercially well-established and the most widely used method
for over 100 years is cyanide leaching. Several lixiviants other than cyanide have been
reviewed by different authors (Swaminathan et al. 1993, Sparrow and Woodcock 1995).
Compared to different cyanide alternatives, such as halides (Qi and Hiskey 1991), ammonia
(Han and Meng 1994), thiourea (Murthy et al. 2003), thiocyanate (Kholmogorov et al. 2002)
and glycine (Eksteen and Oraby 2015, Oraby and Eksteen 2015a, Oraby and Eksteen 2015b),
the thiosulfate system is the most widely studied cyanide alternative. Furthermore, mixed
cyanide and another lixiviant which minimises cyanide usage have also been proposed (Muir
2011, Oraby et al. 2017).
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2.5

Thiosulfate Leaching of Gold

The efficacy of thiosulfate in gold leaching has been recognised for more than a century. In
the Von Patera process, gold and silver ores were first subjected to a chloridising roast,
followed by thiosulfate leaching (Aylmore and Muir 2001). However, Genik-Sas-Berezowsky
et al. (1978) and Kerley (1981, 1983) separately patented the use of thiosulfate leaching to
recover precious metals from refractory ores. Leaching gold with thiosulfate is an
electrochemical reaction with gold oxidation from zero state to Au (I) thiosulfate and reduction
of Cu (II) to Cu (I) thiosulfate. The half-cell reactions are given in equations (2-3) and (2-4).
𝐴𝑢
𝐶𝑢 𝑁𝐻

𝑆 𝑂
3𝑆 𝑂

→ 𝐴𝑢 𝑆 𝑂

𝑒

𝑒 → 𝐶𝑢 𝑆 𝑂

(2-3)

4𝑁𝐻

(2-4)

Ammonium thiosulfate, sodium thiosulfate or calcium thiosulfate is mainly used in
conventional thiosulfate leaching systems as a lixiviant. Copper is often used as the oxidant,
while ammonia acts as a stabiliser by keeping Cu(II) in the solution. Furthermore, ammonia
helps to prevent gold passivation. One of the major drawbacks associated with thiosulfate
leaching of gold is the formation of polythionates by oxidation of thiosulfate. These
polythionate species have proven to be detrimental to the gold recovery process by
competitively adsorbing on to ion exchange resins.

2.5.1

An Overview of Thiosulfate

A thiosulfate anion 𝑆 𝑂

, formerly known as hyposulfite, has a tetrahedral arrangement,

which is similar to a sulfate ion where one oxygen atom is replaced by a sulfur atom. This
structure is responsible for its strong complexing and reducing properties (Hiskey and Atluri
2007). Gold thiosulfate is a linear complex as illustrated in Figure 2-1.

Figure 2-1. Structure of gold thiosulfate complex derived from (Grosse et al. 2003)
with permission
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Commercially, thiosulfate is mainly available in its sodium and ammonium form as a solid at
room temperature, whereas calcium thiosulfate is in the form of a clear solution. Thiosulfate
is used in the paper-making industry, leather goods production industry, in textile dyes and in
photography. Significantly, sodium thiosulfate is used as a medication to treat cyanide
poisoning and calcium accumulation in some parts of the body, a condition known as
calciphylaxis (Generali and Cada 2015, Zakharov et al. 2015). Calcium thiosulfate is a wellknown liquid plant fertiliser and it is used to treat calcium and sulfur deficiency in plants (Gan
et al. 2000).
Thiosulfate can form complexes with various metal ions to a varying degree of stability. The
stepwise stability constants of some metal thiosulfate complexes are represented in Figure 2-2.
M and L denote the metal and ligand, respectively. Thiosulfate predominately forms stable
complexes with Au(I), Hg(II), Pb(II), Fe(II) and Ag(I) (Grosse et al. 2003).

Figure 2-2. Stepwise stability constants of thiosulfate complexes (derived from
(Grosse et al. 2003) with permission.

2.5.2

Stability of Thiosulfate

Thiosulfate is known to be metastable which means it chemically decomposes in aqueous
media depending on the Eh and pH values of the solution. The oxidation of thiosulfate by
oxygen in aqueous solution is reported to be very slow in ambient temperature and pressure
(Marsden and House 1960). In alkaline conditions, available copper catalyses this
phenomenon by oxidising thiosulfate to polythionates, such as trithionate
teterathionate 𝑆 𝑂

, pentathionate 𝑆 𝑂

𝑆 𝑂

,

and ultimately to a most stable sulfate (𝑆𝑂

form. The oxidation states of different sulfur species are illustrated in Figure 2-3.
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Figure 2-3. Oxidation states of sulfur species (derived from (O'Malley 2002))

The oxidation of thiosulfate with the available O2 or Cu is represented in equations (2-5) and
(2-6).
𝑺𝟐 𝑶𝟐𝟑

2𝑆 𝑂

𝑶𝟐

𝟐𝑯𝟐 𝑶 → 𝟐𝑺𝑶𝟐𝟒

𝟒𝑯

(2-5)

1
𝑂
2

𝐻 𝑂→ 𝑆 𝑂

4𝑂𝐻

(2-6)

The generated tetrathionate (𝑆 𝑂

undergoes further oxidation as represented below in

equations (2-7) to (2-9).
𝐒𝟒 𝐎𝟐𝟔

𝑺𝟐 𝑶𝟐𝟑 → 𝑺𝟓 𝑶𝟐𝟔 + 𝐒𝐎𝟐𝟑

(2-7)

S O

SO

(2-8)

→ S O

S O
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S O

3OH →

5
S O
2

3
H O
2

(2-9)

The stability of thiosulfate in aqueous solutions mainly depends on several parameters as listed
below.

2.5.2.1

Solution pH and Temperature

Jeffrey and Brunt (2007) investigated the chemical speciation of leach solutions which consist
of ammonium thiosulfate, ammonium sulfate and copper (I) thiocyanate. It was concluded that
tetrathionate and pentathionate are dominant at pH 8.5 and 9, whilst trithionate and sulfate are
present in the solution at pH 10.4. According to Aylmore (2016b), the stability region of
thiosulfate is limited to a narrow Eh range in neutral to basic pH solutions. Furthermore, Cu
(II) oxidises thiosulfate to trithionate in the pH 4-10 range with catalytic oxidation. It is worth
noting that trithionate is unstable above pH 10.
In general, thiosulfate and polythionates are stable at temperatures below 4 ℃ and with pH
values above 2. At a pH of 2, even at such a low temperature as 4 ℃, thiosulfate decomposes
in to trithionate, tetrathionate, sulfate and elemental sulfur. At 15 ℃ and above thiosulfate is
relatively stable in alkaline pH solutions, however it decomposes in acidic pH solutions. At 30
℃ or above, thiosulfate and polythionates are reactive for the entire pH range from 2-9 (Range
and Hawboldt 2018).
Zhang and Dreisinger (2003b) found that by adjusting the solution pH and the temperature,
the tetrathionate degradation rate could be increased. It has been reported that in order to
achieve 99% tetrathionate degradation, when the pH is above 10.5 in the leaching solution, it
takes 6.8, 3.6 and 1.9 hours at temperatures of 30, 35 and 40 ℃ respectively. With a pH of 11,
at 35 ℃, degradation took only 1.2 hours. Some experiments have been conducted where the
tetrathionate added leach solution was kept at a pH of 12 and set aside for 6 hours until the
tetrathionate degraded. This was followed by adding the IX resin to adsorb the gold.

2.5.2.2

Availability of Copper

Copper (II) catalyses thiosulfate oxidation in solutions to tetrathionate as represented in
equation (2-10). Xia et al. (2003) suggested reducing the copper sulfate addition to a minimum
possible value (0.75 mM to 1 mM) or replacing copper sulfate with nickel sulfate to reduce
thiosulfate consumption, in the specific leach solution tested. This study highlighted the
adverse effect of excess copper in the solution on rapid thiosulfate decomposition and retarded
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gold dissolution. The decrease in copper concentration by fivefold was able to reduce the rate
of thiosulfate oxidation by a factor of two (Breuer and Jeffrey 2003).

2𝐶𝑢

2𝑆 𝑂

→ 2𝐶𝑢

𝑆 𝑂

(2-10)

Furthermore it is reported that the absence of ammonia in the solution leads to rapid oxidation
of thiosulfate by Cu(II) as ammonia can stabilise copper (Senanayake 2005c, Senanayake
2005a).

2.5.2.3

Availability of Oxygen/air and Sulfur Species

Dissolved oxygen is one of the main reasons for thiosulfate decomposition, which is catalysed
by copper species. Breuer and Jeffrey (2003) tested the effect of oxygen concentration on the
thiosulfate oxidation rate. The rate of thiosulfate oxidation was clearly higher when pure
oxygen was sparged rather than using air where all the thiosulfate was consumed in less than
25 minutes. A gas consisting of 1.9% oxygen in nitrogen was able to preserve the thiosulfate
whereas only 10% of thiosulfate oxidation was observed even after 2 hours. The addition of
sulfite, sulfide or hydroxide ions to the leach liquor has been proposed in order to suppress the
effect of thiosulfate oxidation products, mainly trithionate and tetrathionate. Sulfite can reduce
tetrathionate back to thiosulfate by oxidising itself to sulfate form. The addition of sulfide can
reduce both tri- and tetrathionate back to thiosulfate, but can precipitate gold and copper in
their sulfide form. The treatment of thiosulfate leach liquor with sodium hydrogen sulfide
(NaHS) resulted in partial or complete precipitation of gold and copper in the solution prior to
reducing polythionates to a considerable level (Fleming et al. 2003).

2.5.2.4

Presence of Impurities

The presence of different species such as hematite and iron contaminants, was investigated
(Feng and van Deventer 2002, Feng and van Deventer 2007, Feng and van Deventer 2010a).
Hematite, elemental iron and ferric ions catalysed the oxidative decomposition of thiosulfate
in the presence of oxygen. Xu and Schoonen (1995) investigated the effects of pyrite on the
thiosulfate decomposition rate and on respective partial decomposition products like sulfite
(𝑆𝑂

), sulfate (𝑆𝑂

) and tetrathionate (𝑆 𝑂

) formation rates in aqueous solutions of pH

2.9 - 8.6 at a temperature of 20 ℃. In addition, the effect of elemental sulfur, galena (PbS),
sphalerite ((Zn,Fe)S), and hematite (α-Fe2O3) was also examined in pH 2.9 solutions. A
significant increase in the thiosulfate oxidation rate was observed in the presence of pyrite for
the whole pH range tested and the rate was directly proportional to the pyrite surface
concentration. It was concluded that pyrite surface catalysed oxidation of thiosulfate to
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tetrathionate by dissolved oxygen was the main mechanism under the tested conditions. The
contribution of elemental sulfur to the decomposition of thiosulfate was insignificant and no
tetrathionate was observed in the decomposition products. However the presence of galena,
sphalerite, and hematite enhanced the thiosulfate decomposition rate considerably where 243,
112 and 204 µM tetrathionate was available after 8 days of reaction from 500 µM of initial
thiosulfate concentration, respectively.

2.5.3

Different Thiosulfate Leaching Systems

An ammoniacal thiosulfate leaching system with a copper-ammonia oxidant-ligand pair is the
most extensively studied system. In addition to this, a few other oxidant and stabiliser pairs
have also been reported. These include nickel (III) with ammonia (Arima et al. 2004), iron
(III) with EDTA (Zhang et al. 2005) and ferric oxalate with thiourea as the catalyst (Chandra
and Jeffrey 2005). All of these alternative systems highlighted a lower thiosulfate consumption
compared to the copper ammonia system. Those systems are briefly discussed below, together
with the calcium thiosulfate – air system which is industrially implemented. The reagents used
and the general operating conditions of the different thiosulfate leaching systems investigated
are summarised in Table 2-2.
Table 2-2. Summary of different thiosulfate based leaching systems
Lixiviant

Oxidant

Complexing
agent

Other
additives

Solution
pH

Temperature

Reference

(NH4)2S2O3

Cu(II)

NH4+

-

9.5 to
11.5

Ambient
temperature

(Aylmore and
Muir 2001,
Grosse et al.
2003)

Na2S2O3

Cu(II)

NH4+

-

8.5 to
10.5

25 to 60 ℃

(Abbruzzese
et al. 1995)

Na2S2O3

Fe(III)

EDTA

Thiourea
as a
catalyst

6-7

Ambient
temperature

(Heath et al.
2008)

Na2S2O3

Fe(III)

oxalate

Thiourea
as a
catalyst

4.5 to 6

Ambient
temperature
20-22 ℃

(Chandra and
Jeffrey 2005,
Heath et al.
2008)

(NH4)2S2O3

Ni(II)

EDTA

-

9.5

Ambient
temperature

(Arima et al.
2004)

CaS2O3

Cu(II)/
air

-

-

8

50 C

(Choi 2013)
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2.5.3.1

Copper Ammoniacal System

Thiosulfate leaching systems that contain ammonium thiosulfate or sodium thiosulfate
together with copper and ammonia have received the most attention over the last two decades
(Zhao et al. 1998, Breuer and Jeffrey 2002, Feng and van Deventer 2011, Ji et al. 2013).
Copper acts as a catalyst and oxidant for gold oxidation, and ammonia stabilises the copper by
forming a cupric amine complex and additionally, prevents gold passivation (Aylmore and
Muir 2001). The activation energy required to oxidise metallic gold to the Au(I) state, in the
presence of copper and ammonia, is reported as 15.54 kJ/mol whereas it increases to 27.99
kJ/mol in the absence of this pair (Grosse et al. 2003). Although the addition of copper and
ammonia to the solution facilitates the rate of gold oxidation significantly, the process is
known to be associated with some adverse effects.
In the presence of reducing sulfide minerals, copper can precipitate as copper sulfide
passivating gold, or cause rapid decomposition of thiosulfate to form polythionates in solution
and this can dramatically reduce gold recovery. In addition, ammonia can be lost by
volatilisation in most open vessels or heap leach systems at a pH > 9.2. Higher temperatures
can further exacerbate ammonia consumption (Grosse et al. 2003). The co-existence of
different cations and anions in solution makes the solution chemistry more complex. In order
to achieve an acceptable level of gold leaching and recovery, this system should be operated
in a narrow pH and Eh range. In addition, both cationic copper and ammonia are hazardous to
the environment and toxic to aquatic life (Ji et al. 2013).
The influence of thiosulfate salt on gold leaching in pure gold and pyrite concentrates has been
investigated. The gold extraction rate decreases in the order of calcium thiosulfate >
ammonium thiosulfate > sodium thiosulfate in pure gold, while thiosulfate consumption was
highest with ammonium salt and least with sodium salt. The difference in the leaching rate
was attributed to the ability of ion pair formation. For pyrite concentrates, it was concluded
that ammonium thiosulfate is suitable for high sulfide ores, whilst calcium thiosulfate is
preferred for treating low-sulfide ores (Feng and van Deventer 2010b).
The use of ammoniacal thiosulfate leaching systems as an environmental friendly alternative
to cyanidation is therefore questionable. Ideally, there is a need for a system that eliminates or
minimises the use of either copper or ammonia, or both if possible.
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2.5.3.2

Calcium Thiosulfate - Air Leaching System

The calcium thiosulfate – air leaching system can be simply represented in equation (2-11).
The corresponding Eh-pH diagrams of Au-S-H O system and Cu-S O -H O system are
represented in Figure 2-4 and Figure 2-5, respectively.
4𝐴𝑢

8𝑆 𝑂

𝑂

Figure 2-4 shows that 𝐴𝑢 𝑆 𝑂

2𝐻 𝑂 → 4𝐴𝑢 𝑆 𝑂

4𝑂𝐻

(2-11)

is stable at a higher Eh and lower pH whilst 𝐴𝑢𝑆 is stable

at a lower Eh and higher pH. It is apparent that Cu 𝑆 𝑂

is the most predominant species

in typical thiosulfate leaching conditions as illustrated in Figure 2-5. However, this further
depends on the Cu to thiosulfate ratio in the solution. Moreover sulfide, oxide and hydroxide
derivatives of copper are possible, depending on the Eh and pH conditions of the solution.
These precipitates can passivate gold, ultimately obstructing the leaching process (Sitando et
al. 2018). The precise control of solution pH and Eh is crucial to efficient gold leaching.

Figure 2-4. Eh-pH diagram of Au-S-H2O system at 25 ℃ derived from (Sitando 2017)
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Figure 2-5. Eh-pH diagram of Cu - S2O32- - H2O system at 25 ℃, 0.2 M S2O32- and 0.5 mM
Cu(II) after (Zhang 2004)

The role of copper in the absence of a strong ligand like ammonia is not very clear yet (Zhang
and Nicol 2005). However, the addition of copper has been shown to have beneficial effects
on the initial gold leaching rate in thiosulfate leaching solutions (Senanayake 2005b). At the
same time, copper decreases free thiosulfate concentration in the solution by complexation
with thiosulfate and oxidation to polythionates and sulfate. According to Rabai and Epstein
(1992), Zhang and Nicol (2005), Senanayake (2005b) and Sitando (2017), in the absence of
ammonia, it is suggested that copper:


forms intermediate/metastable complexes with thiosulfate [𝐶𝑢 𝑆 𝑂

, 𝐶𝑢 𝑆 𝑂

𝑆 𝑂

𝐶𝑢. 𝑂

,

]



forms a mixed complex- [ 𝐴𝑢, 𝐶𝑢 𝑆 𝑂



prevent gold passivation by sulfur/sulfide enhancing gold oxidation



assists in the removal of polythionate from the gold-thiosulfate interface.

]

Until recently, at the Goldstrikes mine in Nevada, pressure oxidation in autoclaves followed
by cyanidation was the common practice for the treatment of single refractory sulfide ores.
Oxidation is required to dissolve some or all of the sulfide components to expose the surfaces
of trapped gold values. Double refractory ores which contain high carbonaceous matter were
put through a roasting process prior to cyanidation in order to oxidise the carbon and sulfides.
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The two circuits, one with a roaster and the other with autoclaves, were used to process
carbonaceous and sulfidic ores, respectively, until recently. With the depletion of single
refractory ores and the ineffectiveness of the autoclave unit in treating remaining double
refractory ores, the pressure oxidation circuit with autoclaves was slowed. As a result of many
years of research, the circuit with autoclaves was converted to a thiosulfate leaching facility
to treat double refractory ores (Braul 2013).
This patented process (Choi and Chefai 2012) uses calcium thiosulfate with a lower
concentration of copper and a moderate amount of air (at Barrick Gold’s Goldstrike operation
in Nevada), and has become an industrially proven alternative process for treating double
refractory gold ores after pre-oxidation (e.g. by pressure oxidation in an autoclave). The first
gold bar using this process was poured at the Goldstrike mine, Nevada in 2014 (Choi 2016).
Calcium thiosulfate was selected over sodium or ammonium thiosulfate due to its more
environmental friendly nature.
The resin-in-leach (RIL) operating conditions include a CaS2O3 concentration of
approximately 0.1M, with low levels of copper and moderate air addition at a temperature of
50 C and pH 8 (Choi 2016). This system provides a number of benefits over conventional
thiosulfate leaching systems by using less copper and completely eliminating the use of
harmful ammonia in the system. The reduced reagent cost, reduction of the environmental
impact and increased solution stability as a result of operating at a pH in the region of 8 are all
major benefits. In addition, there are indications that the formation of polythionates is reduced
(Choi 2013). Mild thiosulfate concentrations are recommended to suppress the adverse effects
of thiosulfate degradation products on gold loading.
The effect of different additives on thiosulfate degradation and gold oxidation has been
investigated by Daenzer et al. (2016). The selected additives were pyrite (FeS2), hematite (αFe2O3), copper and gypsum in a calcium thiosulfate - air leaching system. Pyrite was added to
0.1M initial CaS2O3 solutions (pH 10) and the decomposition of thiosulfate was observed over
time. Thiosulfate degradation was insignificant with a blank solution while considerable loss
of thiosulfate was observed along with the formation of tetrathionate and trithionate in the
pyrite and pyrite + copper added solutions. Thiosulfate degradation and polythionate
formation increased over time. In summary, the addition of hematite did not reveal any gold
stability issue in synthetic leach solutions, while pytite, gypsum and the addition of activated
carbon produced some gold stability issues. The longevity of these additives precipitated gold
in the solution. However, the mechanism behind gold precipitation remains unknown yet
(Daenzer et al. 2016). In addition, tri- and tetrathionate can also contribute to gold precipitation
which can be avoided by adding a resin to the leach solution (RIL).
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Although solution chemistry is not fully understood for this system, some findings have been
reported on the effect of polythionates and some other species on the recovery of gold. Daenzer
et al. (2016) reported the results of a study on the effect of polythionates on gold loading onto
Purolite A500 anion exchange resin. It was observed that at equal molarities, tetrathionate was
less favourable to gold loading than trithionate. The increase in initial polythionate (either
trithionate or tetrathionate) concentration in the synthetic leaching solutions significantly
reduced the gold loading. In a solution containing 0.1 M CaS2O3, 8 mg/L gold and 4 mM
tetrathionate, 61% of the resin capacity was taken up by tetrathionate that replaced the
previously adsorbed thiosulfate. Further it was stated that even a small amount (4 mM) of
tetrathionate could severely impact upon the gold lading onto IX resin.

2.5.3.3

Ferric-EDTA System

A ferric-EDTA complex was able to dissolve gold, with pure oxygen as the oxidant, although
the reaction was very slow. The addition of small amount of thiourea catalysed the reaction
and a significant increase in gold oxidation was observed. In addition, the reaction of FeEDTA with thiosulfate was less significant and as a result thiosulfate oxidation was
considerably less with this system than with the copper-ammonia system (Zhang et al. 2005,
Heath et al. 2008). This system operates at nearly neutral pH solutions (pH 6-7) and at 22 - 25
℃. However, no commercial applications have yet been reported.

2.5.3.4

Ferric-Oxalate System

Gold dissolution in thiosulfate leaching solutions with the presence of ferric oxalate as the
oxidant has been reported (Chandra and Jeffrey 2005). The thiosulfate consumption was
negligible compared to the ammoniacal thiosulfate system. Similar to the Fe-EDTA system,
the gold dissolution rate was significantly improved in the presence of thiourea as a catalyst.
Thiourea supposed to be accelerate the old oxidation half reaction under favourable conditions.
According to literature no evidence of the formation of gold-thiourea complex. Unfortunately
the mechanism behind gold oxidation by thiourea in thiosulfate solutions is not clear yet
(Chandra and Jeffrey 2004).
This leaching system operates at slightly acidic pH range (4.5 to 6) which is the natural pH of
the solution. The pH values less than 4 cannot be used as thiosulfate decomposes to sulfur.
However, at pH values above 6.2, Fe(III) can precipitate as Fe(OH)3.
Thermodynamically, to dissolve gold in a 1 M and 0.1 M thiosulfate solution, an oxidant with
a reduction potential greater than 0.15 V and 0.1 V, respectively is needed (Chandra and
Jeffrey 2005). Ferric ions were used in the study owing to the low cost and sufficient potential
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to oxidise gold in thiosulfate solutions. Oxalate was selected as the ligand to bind with ferric
ions. Oxalate forms strong complexes with ferric where the stability constant (log β) of
Fe(C2O4)2 and Fe(C2O4)33would be 13.81 and 18.6, respectively (Smith et al. 1985).

2.5.3.5

Nickel-Ammonia System

Nickel can be used as a catalyst in gold oxidation in thiosulfate leaching solutions consisting
of thiosulfate and ammonia (Arima et al. 2004). This system operates at a pH of 9.5 and at
ambient temperatures. Nickelous oxide

𝑁𝑖 𝑂

formed from nickel amine complex

𝑁𝑖 𝑁𝐻

acts as an oxidant for gold. Gold is oxidised by forming a gold-amine complex

𝐴𝑢 𝑁𝐻

which is not stable and this then immediately converts to a gold-thiosulfate

complex. As little as 0.1 mM of nickel is sufficient for 95% gold recovery in 24 hours from a
silicate type ore with a gold ore grade of 16.26 g/t. Thiosulfate consumption was 1.2 kg/t (ore)
which is approximately 1-5 kg/t less than that needed in a copper-ammonia catalysed leaching
system.

2.6

Gold Recovery from Thiosulfate Leaching
Solutions

Gold recovery from pregnant thiosulfate leaching solutions and pulps has mainly been
attempted with IX resins and activated carbon. Both pristine activated carbon and chemically
modified AC have been reported upon. In addition, a few other adsorbents like mesoporous
silica have been investigated. Conventional recovery techniques other than adsorption, such
as cementation, chemical reduction, solvent extraction, precipitation and electrowinning have
also been examined.

2.6.1

Ion Exchange Resin

The use of IX resins for gold recovery from thiosulfate leaching solutions has been widely
studied (Nicol and O’Malley 2002, Zhang and Dreisinger 2002). Strong base anion exchange
resins are found to superior to weakly basic varieties with regard to a higher exchange capacity.
Weak base resins consist of either primary, secondary or tertiary amine groups and are
protonated at acidic pH solutions. These protonated resins attract anions within the protonated
pH range and most commonly desorb the anions at alkaline pH solutions. Strong basic resins
are based on quaternary amine complexes and can be used within a wide range of pH values
as they are inherently protonated (permanently positively charged).
The adsorption of gold thiosulfate complex onto a strong base anion exchange resin can be
represented as in equation (2-12). The counter ions are denoted by 𝑋 (O'Malley 2002).
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3 Ṝ

𝑁 𝑅 𝑋

𝐴𝑢 𝑆 𝑂

→3 Ṝ

𝑁 𝑅 𝐴𝑢 𝑆 𝑂

3𝑋

(2-12)

Resin strength and durability are of the utmost importance for the application in the recovery
process. The resins can physically degrade and break as a result of continuous abrasion with
particles in the pulp, with adjacent resin particles and screens. Osmotic shock during
successive loading and stripping cycles can detrimentally affect the resin’s lifespan (O'Malley
2002).
The competitive adsorption of copper and polythionates onto IX resins and the detrimental
effect on gold loading in ammoniacal thiosulfate system has been reported (Zhang and
Dreisinger 2002). Furthermore, the increase in copper concentration has been promoted
thiosulfate degradation. Tetrathionate was the most deleterious compound for gold adsorption.
For instance, a 0.01 M tetrathionate addition was able to drop gold loading onto IX resins by
approximately 90%. Most of the active sites of the resin were occupied by tetrathionate
poisoning the resin. The adsorption of polythionates (tri, tetra and penta) and thiosulfate
adsorption onto strong base anion exchange resins were investigated by Muslim et al. (2009).
Based on the rate constants and equilibrium constants it was concluded that tetrathionate
adsorbs more strongly than trithionate, whilst pentathionate has a higher affinity for the resin
over tetrathionate. Similar types of relative affinities were reported elsewhere (Choi and
Chefai 2017). A co-current and counter-current RIL approach is discussed in this study which
consists of six RIL tanks.
In a calcium thiosulfate – air leaching system, the increase in trithionate and tetrathionate
concentration adversely affected gold loading onto Purolite A500 resin, while tetrathionate
showed the most deleterious effect at equal molarities (Daenzer et al. 2016). As an example,
in a solution consisting of 0.1 M CaS2O3, 50 mg/L Cu, 8 mg/L Au and 4 mM tetrathionate,
almost 61% of resin capacity was occupied by tetrathionate, while a further 22% of capacity
was occupied by trithionate and thiosulfate.
In the published work, the resin to slurry ratio used for gold recovery from a 𝐶𝑎𝑆 𝑂

𝑂

based leaching systems is in the range of 1:60 to 1:50 which is approximately equivalent to 18
g/L to 21.6 g/L resin concentration in the case of Purolite A500 (a strong basic anion exchange
resin) (Breuer et al. 2012, Choi and Olvera 2017) and 10-25 g/L range in co- and counter
current resin applications (Choi and Chefai 2017). In the same study, it was recommended to
use higher concentrations of resins at the beginning of the RIL process (in the first few tanks)
in order to provide ample adsorption sites for gold, before being preg-robbed or occupied by
other competitive species.
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2.6.2

Activated Carbon

It is known that well established carbon in leach (CIL) or carbon-in-pulp (CIP) systems used
in cyanidation cannot be effectively applicable to the thiosulfate leaching system due to the
poor loading of gold thiosulfate complexes onto activated carbon (AC). The affinity of AC
towards some gold (I) complexes has been investigated. The order of gold complex adsorption
was in the order of 𝑆𝐶𝑁

> 𝑆𝐶 𝑁𝐻

> 𝐶𝑁

>> 𝑆 𝑂

S2O32-. For 𝐴𝑢 𝑆 𝑂

, bed

saturation was achieved in less than five minutes and the gold adsorption onto AC was less
than 1% (Gallagher et al. 1990). The ineffectiveness of AC for gold thiosulfate recovery was
verified by Navarro et al. (2007) too. The maximum gold recovery by different types of carbon
adsorbents was reported to be 17.9% in the 6-11 pH range. The leach solution did not contain
copper, but only thiosulfate and ammonia (Kononova et al. 2001). Abbruzzese et al. (1995)
investigated the effect of AC dosage and time on gold thiosulfate adsorption and achieved
21.59% and 42.77% gold recovery after one hour at 5 g/L and 60 g/L AC concentrations,
respectively. Furthermore, gold recovery increased to 95% after six hours at 60 g/L AC dosage.
An attempt was made to use copper-cyanide loaded AC to recover gold from thiosulfate
solutions by using the affinity of gold for cyanide. Gold in the solution binds with cyanide
loaded onto carbon, while copper was released to the solution to complex with thiosulfate, as
presented in equations (2-13) and (2-14). The adsorbed gold-cyanide can then be processed
via normal processing techniques to produce gold bullion (Parker et al. 2008).

𝐶𝑢 𝐶𝑁

𝐶

𝐴𝑢 𝑆 𝑂

𝐶𝑢 𝐶𝑁

(2-13)

𝐶𝑢 𝐶𝑁

→ 𝐴𝑢 𝐶𝑁

(2-14)

𝐶𝑢 𝑆 𝑂

𝑥

1 𝐶𝑁

The reason for the poor loading is not still well understood; the size or the charge of gold
thiosulfate complex may be the reason (Grosse et al. 2003). As a result of poor gold loading
onto pristine AC, the use of chemically modified AC was also attempted in gold recovery. Yu
et al. (2018) used silver ferrocyanide impregnated AC to recover gold thiosulfate. The
maximum adsorption capacity of the adsorbent was only 3.55 kg/ton. Cupric ferrocyanide
impregnated AC also has been investigated (Parker et al. 2008, Yu et al. 2015). However, these
adsorbents added cyanide to the recovery solution deviating from one of the main purposes
for considering alternative lixiviants; the environmental concern.
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2.6.3

Mesoporous silica

Amine and thiol groups functionalised mesoporous silica were used for gold recovery from
ammoniacal thiosulfate solutions (Fotoohi and Mercier 2014). An average of 80% gold
recovery was noticed in both neutral and alkaline pH solutions. The mesoporous adsorbent
with a high specific surface area (441 m2/g) exhibited approximately 600 mg/g adsorption
capacity. The highest gold loading was achieved with the lowest copper amount (2.5 mM) and
at the lowest thiosulfate concentrations (0.05 M) at 0.1 M ammonia dosage. The presence of
chloride ions in the simulated leach solutions were found to be detrimental to the gold loading
onto mesoporous silica. Importantly, sodium and potassium ions concentration should not
exceed 0.1M. Initially, the adsorption kinetics were slow and the system only reached
equilibrium after 18-20 hours. The competitive adsorption of free thiosulfate and polythionates
was reported while copper was not stated as a significant competitor. Furthermore, only near
neutral pH values are preferred to ensure the long life cycle of the mesoporous silica
framework (Fotoohi and Mercier 2014).

2.6.4

Cementation

Cementation is simply the electrochemical precipitation of the desired metal using a zerovalent
base metal powder (Guerra and Dreisinger 1999). The carefully selected base metal, based on
the galvanic series, replaces the precious metal (gold) by reducing it to metallic form. This is
one of the oldest methods of metal recovery (O'Malley 2002). Commonly used metals are
copper and zinc whilst aluminium and iron powders are also considered in some instances
(Arima et al. 2002, Navarro et al. 2004). The well-known Merille-Crowe process uses zinc
cementation. The base metal (M) supplies necessary electrons for the gold thiosulfate complex
to reduce to metallic gold as illustrated in equation (2-15).
𝐴𝑢

𝑀 → 𝐴𝑢 ↓

𝑀

(2-15)

Copper is the preferred choice of metal due to few reasons. Copper is relatively inexpensive
and since it is already used as an additive in the thiosulfate leach liquors it can simply be
recycled for leaching (Grosse et al. 2003, Choo and Jeffrey 2004). Zinc, aluminium and iron
can precipitate both gold and copper in the solution resulting in lower gold grades (Arima et
al. 2002, O'Malley 2002). The reaction is expressed in equation (2-16).
𝐴𝑢 𝑆 𝑂

𝐶𝑢

→ 𝐴𝑢

𝐶𝑢 𝑆 𝑂

(2-16)

29

A detailed study on gold cementation with copper in ammoniacal thiosulfate leaching solutions
was conducted by Guerra and Dreisinger (1999). The cementation process was controlled by
mass transfer. Higher temperature, higher pH and higher ammonia concentrations enhanced
cementation performance while the availability of sulfite and copper had a negative effect.
The use of copper, zinc, iron and aluminium to precipitate gold from ammonium thiosulfate
solutions in similar conditions was investigated (Karavasteva 2010). The gold cementation
rate decreased in the order of Cu > Zn > Mg > Fe > Al. However, zinc is undesirable as it
precipitates all the gold and copper in the solution and negatively influences gold leaching in
thiosulfate solutions (Kerley 1983). The use of iron also causes co-cementation of copper with
gold. The unavailability of any soluble aluminium complexes in thiosulfate solutions makes
the use of this metal ineffective. Moreover, the formation of oxide layers on these metals in
the presence of air or oxygen prevents the cementation process and consumes excess metal
(O'Malley 2002).

2.6.5

Chemical Reduction

Ascorbic acid, sodium borohydride, and sodium sulfite have been used as reducing agents for
gold thiosulfate. This chemical reduction method is also known as electroless plating. Some
limited work has been reported with hydrogen as well. The higher reduction potential of the
gold thiosulfate complex allows the selection of a number of reducing agents over gold cyanide
(O'Malley 2002).
Sodium L-ascorbic acid was used as a reducing agent together with hydrogen peroxide as an
additive to minimise thiosulfate accumulation in the chemical bath; which would otherwise
decrease the gold deposition rates (Sullivan and Kohl 1995). Hydrogen peroxide breaks down
thiosulfate into trithionate and sulfate. However, this ultimately increases the ascorbic acid use
as it reacts with hydrogen peroxide as shown in equation (2-17).
𝐶 𝐻 𝑂

2𝐴𝑢 𝑆 𝑂

→ 𝐶 𝐻 𝑂

2𝐴𝑢

4𝑆 𝑂

2𝐻

(2-17)

In slightly acidic solutions and at ambient temperatures, borohydride can reduce gold
thiosulfate complex to very fine crystals of metallic gold, according to equation (2-18)
(Awadalla and Ritcey 1991).
7𝐴𝑢 𝑆 𝑂

𝐵𝐻

10𝑂𝐻 → 7𝐴𝑢

𝐵𝑂

7𝐻 𝑂

14𝑆 𝑂

(2-18)
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The major problem associated with this method is the excessive consumption of borohydride
by other impurities mainly iron, copper and nickel in the solution; these impurities contaminate
the gold precipitate. Furthermore, borohydride is expensive and poisonous which poses
environmental concerns.
The sodium sulfite-sulfate pair is known to be simple and mild reducing agent for gold
thiosulfate reduction. Several other additives, together with sulfite-sulfate have been proposed
as solutions to increase the deposition rates, along with extending the longevity of the bath
process (O'Malley 2002). Electroless plating is not really an optimum method for gold leaching
plants. It is an expensive and complex process. Moreover, it cannot be applied for pulps to
recover gold.

2.6.6

Electrowinning

The application of direct current to recover metal ions in a solution is known as electrowinning.
In general, this applies to the recovery of gold from eluates. Gold thiosulfate complex migrates
to cathode to form a metallic gold deposition. The co-deposition of other metals such as silver
also can occur. The presence of excess amounts of metallic cations (Cu(I), Cu(II)) can also
contaminate the gold product. The electrochemical reaction which occurs at the cathode
surface is given in equation (2-19).
𝐴𝑢 𝑆 𝑂

𝑒 → 𝐴𝑢

2𝑆 𝑂

E=0.15V

(2-19)

In addition, two parasitic reactions occur at the cathode, involving the reduction of water and
dissolved oxygen and consuming electricity (Abbruzzese et al. 1995). Thiosulfate can also
reduce to sulfide causing gold precipitation as gold sulfide at the cathode if the potential is too
negative. It is reported that a constant cathode potential (-400 mV versus SHE) should be
maintained (Dai et al. 2013).
At the anode, the evolution of oxygen takes place by oxidation of water. Moreover, the
presence of free thiosulfate in the solution can lead to the generation of polythionates which
necessitate the periodical treatment of eluate to convert polythionates back to thiosulfate
(Aylmore 2016a). The unavoidable existence of various copper and thiosulfate based products
in these solutions makes the electrowinning process challenging (Grosse et al. 2003).

2.6.7

Solvent Extraction

In solvent extraction, clarified leach liquor is contacted with an organic solvent containing a
gold selective extractant. The gold complex is transferred to the organic phase, ideally leaving

31

other metal ions in the aqueous phase. The organic phase is separated and gold is stripped.
Usually kerosene is used to dissolve the organic reagent which contains a suitable functional
group (𝑅

to exchange with anionic metal complex 𝑀𝑋
𝑛𝑅 𝑂𝐻

𝑀𝑋

as given in equation (2-20).

→ 𝑅 𝑀𝑋

𝑛𝑂𝐻

(2-20)

Few studies have been reported on the finding of suitable solvents for gold thiosulfate in
alkaline pH values. Primary, secondary and tertiary amines have been tested for gold
thiosulfate recovery with aromatic and aliphatic hydrocarbons as diluents (Zhao et al. 1998).
The degree of gold extraction decreased in the order of primary > secondary > tertiary.
Moreover, alkyl phosphorous ester and primary amine mixed with tributyl phosphate (TBP)
and trialkyl amine oxide (TRAO) were also considered (Zhao et al. 1997, Zhao et al. 1999).
The use of trioctylmethylammonium chloride (TOMAC) has been investigated at a wide pH
range (3-11.5) with different diluents (n-octane, kerosene and benzene) (Kejun et al. 2004).
Higher capacity, better selectivity and fast kinetics are the main advantages associated with
this method (Zhao et al. 1999). However this method needs a clarified solution which
necessitates solid-liquid separation steps. It requires additional processing steps and equipment
which can considerably improve the capital cost. The loss of the organic phase by dissolution
in the aqueous phase through chemical degradation and evaporation also need to be evaluated
(Grosse et al. 2003).

2.6.8

Chemical Precipitation

The use of ammonium sulfide to precipitate gold and silver from clarified leaching solutions
has been reported. Sulfide can precipitate gold (and silver) as their respective sulfides. If the
solution contains both silver and gold, gold will coprecipitate with silver, which contaminates
gold, as shown in equations (2-21) to (2-23). The major limitation of this process is the need
for excess sulfide to prevent redissolving of the gold by thiosulfate which is formed (Kerley
1983, O'Malley 2002).
𝐴𝑢 𝑆 𝑂

2𝐴𝑢 𝑆 𝑂

𝑁𝐻

𝑆 → 𝐴𝑢 𝑆

𝐴𝑔 𝑆 𝑂

𝑁𝐻

𝑆 → 𝐴𝑔 𝑆

𝐴𝑔 𝑆 𝑂

𝑁𝐻

𝑆 → 2𝐴𝑔𝐴𝑢𝑆

𝑁𝐻
𝑁𝐻

𝑆 𝑂

(2-21)

𝑆 𝑂

2 𝑁𝐻

(2-22)

𝑆 𝑂

3𝑆 𝑂

(2-23)
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Lead acetate and sodium borohydride have also been used to precipitate gold from clarified
thiosulfate leaching solutions which consist of gold, silver and some platinum group metals
(PGM) (Groves and Blackman 1995). The formed lead-precious metal sponge is further
treated to recover precious metals by de-leading. The high process cost, safety and the need of
filtration to get clear solutions make the process impractical for application on a large scale.

2.7

Adsorption

The adsorption process involves the separation of a substance (adsorbate) from one phase by
accumulation of the substance onto the surface of another substance (adsorbent). The two
phases can be liquid - gas, liquid - liquid, solid - liquid and solid - gas. The adsorption is purely
a surface phenomenon where only the surface of the adsorbent is involved. In porous
adsorbents, the pore surfaces (walls) also act as adsorption sites.

2.7.1

Adsorption Mechanisms

Primarily two types of adsorption mechanisms are defined, physical adsorption
(physisorption) and chemical adsorption (chemisorption). In addition, ion exchange is indeed
a kind of adsorption where the simultaneous desorption of equivalent amount of the same
charge ionic species occurs (Dąbrowski 2001).
Physical adsorption, which is also known as physisorption, nonspecific adsorption, outer
sphere adsorption or ion pair formation occurs by electrostatic attraction and hence is
influenced by the ionic strength of the solution. In a pure physisorption system, anion
adsorption is only possible below the pHPZC value. This mechanism is sometimes nonselective, meaning that most of the ions with same type of surface charge in the bulk phase
can adsorb to the adsorbent surface bearing the opposite charge. In this case, the degree of
anion adsorption is proportional to their concentration in the solution (to a certain extent).
Physisorption is known to be a multilayer process although the binding could get weaker when
the number of layers increased (Artioli 2008).
In the occurrence of chemical adsorption, the adsorbate bonds chemically to the adsorbent
surface predominantly by covalent bonds. Chemical adsorption is also known as
chemisorption, specific adsorption or inner sphere adsorption and in the case of ligands, ligand
exchange. This phenomenon occurs when the chemical component of the adsorption free
energy predominates, irrespective of the surface charge of the adsorbent (Cornell and
Schwertmann 2006). The chemically adsorbed ions mainly display a covalent bonding nature
and may change the surface charge of the iron oxide core resulting in a change in the pHPZC

33

value. In contrast to physisorption, chemisorption is a monolayer process. Under favourable
conditions, both mechanisms can operate simultaneously or alternatively (Dąbrowski 2001).

2.7.2

Adsorption Isotherms

For any novel adsorbent-adsorbate system, it is utmost important to understand the equilibrium
correlation between the adsorbate and the adsorbent. A proper understanding of this
relationship is crucial for the effective design and optimisation of an adsorption system
(Tauetsile et al. 2018). Adsorption isotherms related to solid-liquid systems describe the
interaction between the amount of adsorbate on the adsorbent and in the solution phase. In
more general use, adsorption isotherm models are often used for the determination of
adsorption mechanisms and for the calculation of the maximum adsorption capacity of the
adsorbent. Many adsorption isotherm models have been defined. However, Langmuir,
Freundlich, Dubinnin-Radushkevich and BET isotherm models are predominantly used for the
understanding of different species adsorption onto magnetic nanoparticles. The latter two
models are mainly used for porous adsorbents. Apart from these models, Gibbs, Temkin and
Elovich’s isotherm models are also worth mentioning.
The Langmuir theory is based on few assumptions as mentioned below (Langmuir 1918, Do
1998).
1. Monolayer adsorption onto a homogenous surface, which means adsorption energy is
constant at all sites on the surface.
2. The adsorption onto the surface is localised, that is the adsorption occurs at definite
localised sites only.
3. Each site can accommodate only one molecule of adsorbate.
The Freundlich isotherm describes adsorption onto a heterogeneous surface which is not
restricted to monolayer adsorption. Given that, this model does not correspond to the saturation
of the surface. This is frequently used for systems, which use activated carbon as the adsorbent.
Although this was originally proposed as an empirical equation, it can be theoretically derived
by assuming the adsorption energy in the heterogeneous surface is distributed patch-wise, and
then applying the Langmuir equation for each patch (Do 1998).
The Dubinnin-Radushkevich isotherm model is also an empirical model and often used to
distinguish between chemical and physical adsorption mechanisms in porous adsorbents
(Dubinin and Radushkevich 1947). This equation is temperature dependent (Foo and Hameed
2010).
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The BET isotherm model (1938) is a theoretical equation and assumes multilayer adsorption
from flat surfaces. All the other assumptions are the same as the Langmuir model, except the
multilayer adsorption. This was first developed for adsorption onto flat surfaces and was an
important milestone in the consideration of multilayer adsorption of gases (Do 1998).

2.7.3

Adsorption Kinetics

Understanding of adsorption kinetics is of the utmost importance with regard to any adsorption
system. In many circumstances, adsorption kinetics are dependent upon initial adsorbate
concentration, particle size, temperature and film thickness (Ho and McKay 1998). Adsorption
kinetics data provides valuable insights into the determination of adsorption mechanism.
However kinetics data alone are not sufficient for the purpose of determining the adsorption
mechanism (Tran et al. 2017).
Mainly few models, such as pseudo-first-order (Lagergren 1898), pseudo-second-order
(Blanchard et al. 1984), the Elovich model and the intra-particle diffusion model (Weber and
Morris 1963, Crank 1975) are often used to model adsorption kinetics in solid-liquid phase
sorption systems. Hao et al. (2010) used pseudo-first-order, pseudo-second-order, Elovich and
intra-particles diffusion models to explain the Cu(II) adsorption kinetics onto amine coated
MNPs. The pseudo-second-order model best fitted the data. According to Choudhary et al.
(2018), gold adsorption kinetics from acidic solutions on to PEI functionalised bio mass was
in accordance with the pseudo-second-order model.
The role of diffusional mass transport models like the intra-particle diffusion model is
important when ion exchange and ionic bonding are not prevailing in the adsorption process
(Ho and McKay 1998). The diffusion models are usually based on one or more of the following
steps.


External mass transfer from bulk solution across the hydrodynamic layer surrounding
the particle



Diffusional mass transfer within the internal structure of particles (by a pore, branched
pore or a surface). This can be one process or combination of processes.



Adsorption at a surface site

Although these diffusion models have been originally developed for the removal of dyes and
organic matters from waste water using AC or similar porous adsorbents, the current use has
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extended to other different adsorbents (Hua et al. 2012, Kumar and Chawla 2013, Choudhary
et al. 2018).

2.7.4

Selectivity of Anions

Selective adsorption is paramount in a multicomponent solution. Grosse et al. (2003) explains
the major factors of selective adsorption of gold thiosulfate onto IX resins as the size, shape
and charge density of the anionic complex. Gold thiosulfate complex is known to be linear
whereas copper thiosulfate complex is trigonal. The former complex bears a (3-) charge while
the latter complex bears a (5-) charge. In addition, the size of divalent trithionate and
tetrathionate anions are reported to be much smaller which is advantageous in order to the
designing of a gold thiosulfate selective adsorbent.
The selectivity ratio (S/R) of a resin is defined as;
𝑆
𝐴𝑢, 𝑀
𝑅
where, M is a metal ion and 𝑀
𝐴𝑢

𝐴𝑢
𝑀

(2-24)

is the molar concentration of metal on the resin and

is the concentration of gold on the resin. However this can strongly depend on the

initial concentrations of the metal ions. The selectivity ratio of Purolite 500C resin in
ammoniacal thiosulfate leaching solutions for gold over copper is reported as 0.034 - 0.038.
This was 2.39 for Amberjet 4200 resin. Both resins were strong base anion exchangers
consisting of quaternary ammonium moieties (Grosse et al. 2003).
The surface functional groups of the adsorbent play a vital role in selective adsorption
(Kononova et al. 2001). According to Riveros (1993), the hydrophilic nature, ionic density
and functional groups of the resin significantly affect the selective adsorption of the gold
cyanide complex. Furthermore, the length of alkyl groups attached to the nitrogen atom also
contribute to the selectivity.
The total ionic strength of the solution, polarisation and size of the adsorbate also affects the
selectivity of gold in cyanide solution to IX resins (Lukey et al. 1999). It was shown that the
selectivity of gold over copper was increased in saline solutions as a result of the formation of
a tetrahedral Cu CN
Linear Au CN

2

-

4

3-

complex which demands at least three active sites in correct size.

complex is smaller in size and can be easily adsorbed onto the

functional groups of resin (Lukey et al. 1999, Lukey and van Deventer 2004).
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Recently, Li et al. (2014) proposed taking advantage of ionic potential to decide the potential
adsorbents for arsenic removal. Ionic potential (ϕ) is defined as the ion’s charge divide by its
radius in Å. In other words, ionic potential is a measure of charge density. Ionic potential
indirectly represents the ability of an adsorbate to replace the surface hydroxyl groups and is
helpful in determining potential metal oxides to adsorb specific ions.
In the case of MNPs, selectivity is often achieved through surface modification. Many
researchers have used Pearson’s hard soft acid base (HSAB) theory (Pearson 1963) to
determine the potential functional groups for specific adsorbates (Tahmasebi and Yamini
2013, Zhang et al. 2013c). According to HSAB theory, precious metals such as Au, Ag, Pd
and Pt are classified as soft acids. These soft acids tend to coordinate with functional groups
containing soft bases such as nitrogen and sulfur atoms (Aghaei et al. 2017). Immobilisation
of amine and thiol groups to mesoporous MCM-41 adsorbent for selective gold adsorption
from a solution consisting of Au(III), Cu(II) and Ni(II) was attempted by Lam et al. (2008).
The same two adsorbents were tested in gold mining solutions consisting of Au, Cu, Pd, Pt
and Fe as their respective chloride salts. Amine coated MCM-41 was superior in its selective
adsorption of Au and Pd whilst thiol modified MCM-41 attracted all types of metals in greater
or lesser amounts.
The use of different pH values for selective adsorption is yet another option. Lotfi Zadeh Zhad
et al. (2013) selectively recovered Au(III) and Ag(I) at pH 2-3 and 8-9, respectively by using
Tris(2-Aminoethyl) amine functionalised Fe3O4 NPs. Au(III) adsorption was dominated by
electrostatic attraction whilst Ag(I) coordinated with amine groups at alkaline pH solution.
However this method is not very promising for complex solutions consisting of numerous
anionic complexes. Yet, in some solutions, such as thiosulfate leaching solutions, selective
adsorption of preferred anions is challenging and in those cases, selective elution was
considered (Jeffrey et al. 2010).

2.8

Magnetic Nanomaterials

Nanoscale magnetic materials are continually attracting research attention in different
disciplines all over the world. Nanoparticles (NPs) are ultrafine particles in the order of
nanometre size. Generally the particles, from 1 to 100 nm in size (at least one dimension), are
termed nanoparticles, although few hundred nanometre sized particles are also considered in
the same category in some instances (Wu et al. 2008, Yokoyama 2012). Magnetic
nanoparticles commonly consist of magnetic elements such as iron, nickel, cobalt or their
chemical compounds which can be manipulated by means of an external magnetic field. These
MNPs show many novel properties, especially, magnetisation behaviour different to that of
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the corresponding bulk material (Ambashta and Sillanpaa 2010, Gupta and Nayak 2012).
Under some critical dimensions, the nanosized magnetic materials become superparamagnetic
exhibiting no magnetism once the external magnetic field is detached (Gómez-Pastora et al.
2014). Recently, the use of nanosized magnetic materials as adsorbents has attracted increasing
interest due to their high surface area and unique superparamagnetism (Pang et al. 2011a,
Hanif and Shahzad 2014). These properties lead to high adsorption efficiency, a high removal
rate of contaminants and the simple and rapid separation of adsorbent from solution using a
magnetic field. In many instances magnetic nanoparticles are reusable after desorption and
regeneration (Shen et al. 2009).
The application of nanoparticles (NPs) in different sectors is often being investigated.
Currently, magnetic nanoparticles are used in a wide range of applications (Ilankoon 2014).
Magnetic nanomaterials in biotechnology and biomedicine have great potential in many
applications such as cell labelling and separation (Wilhelm and Gazeau 2008), magnetic
resonance imaging (MRI) (Schleich et al. 2013), enzyme and protein separation (Chang et al.
2010), targeted drug delivery (Sahu et al. 2012) and magnetic ferrous fluids hyperthermia
(Laurent et al. 2011). Furthermore MNPs have been experimented for shape-selective catalysis
(Garro et al. 2005), chromatographic separations (Hou et al. 2004) and enzyme encapsulation.
A number of reviews have been published on using NPs for environmental applications, heavy
metal removal and dye removal from water (Shan et al. 2009, Hua et al. 2012, Giakisikli and
Anthemidis 2013, Kumar and Chawla 2013, Tang and Lo 2013b, Sivashankar et al. 2014).
The use of nano- and micro-sized magnetic particles for precious metal adsorption, mainly
Au(III), Ag(I), Pd(II) and Pt(II), from leach solutions and wastewater has also been reviewed
(Aghaei et al. 2017).

2.8.1
2.8.1.1

Magnetic Separation
Superparamagnetism

Superparamagnetism becomes important when the ferromagnetic and ferrimagnetic
substances scale down to nanometre size. The critical size of the nanoparticles (NPs) to
demonstrate superparamagnetic behaviour varies from a few nanometres to a few tenths of a
nanometres (O'Handley 2000, RuizMoreno et al. 2012, Patsula et al. 2016). These NPs are
single domain and in the absence of any applied magnetic field, the net moment is zero. Ideally
the coercivity and hysteresis is zero for superparamagnetic NPs (Xie et al. 2015). Once a
magnetic field is applied, the particles attracted to the magnetic field behave similarly to
paramagnetic substances, but with a much higher magnetic susceptibility. In contrast to
ferromagnetic and ferrimagnetic substances that display a paramagnetic nature only above the
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Curie temperature (TC), superparamagnetic materials exhibit this behaviour below TC.
Nanosized magnetic materials typically have anisotropy which means often their
magnetisation aligns in a certain direction. MNPs randomly flip this direction and this can be
induced by thermal energy. The average time between two flips is known as Neel relaxation
time. In the absence of an applied field, when the measurement time taken is longer than the
Neel relaxation time, the value of magnetisation appears to be zero, which is a characteristic
of superparamagnetism (Marghussian 2015).

2.8.1.2

High Gradient Magnetic Separation

With the introduction of high gradient magnetic separation (HGMS) during the 1950s,
expansion in the field of magnetic separation accelerated. Typically, a high gradient magnetic
separator consists of an electromagnet which is designed to produce a strong adjustable
magnetic field gradient inside a column. This column volume is loosely packed with
filamentary wires of ferromagnetic materials which can attract even weakly magnetic
materials, due to the strong magnetic field gradients generated around the wires. The
dimensions of these wires are chosen in order to match the size of the magnetic particles to be
captured in the feed material. The feed solution/slurry is passed downwards through the
column where magnetic materials in the slurry are captured by the magnetised wire matrix,
separating magnetic particles from non-magnetic species and the solution.
The arrangement of wires inside the column is designed in order to pass through the other
nonmagnetic solids and solution easily. To ensure effective separation of magnetic particles
by HGMS, the magnetic force of the wires must dominate the fluid drag, gravitational forces,
inertial, and diffusion forces as the slurry flows through the magnetic separator. The attached
magnetic particles can be detached easily by adjusting the magnetic field to zero and flushing
with water (Oberteuffer 1974, Ambashta and Sillanpaa 2010).
In the modern world, HGMS operation mostly automated with the use of modern technology
and available in different sizes and customized designs to optimise the separation process
based on the feed material (Metso 2015). Commonly, woven wire mesh, steel wool (shown in
Figure 2-6), grooved plates, steel rods, steel balls and expanded metal are used as magnetic
matrices in HGMS. Amongst them, steel wool has the highest magnetic field gradient reaching
2.5x 104 T/m. The proper selection of magnetic matrix and optimisation of the magnetic matrix
significantly improves separation efficiency cost effectively. This is preferable to an increase
in magnetic field intensity and magnetic field gradient which results in high energy
consumption and ultimately, high processing costs (Ge et al. 2017).
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Figure 2-6. Magnetic matrices used in HGMS (Derived from HGMS brochure-Metso)

2.8.1.3

Magnetic separation of nanoscale magnetic
particles

The separation of particles with the aid of an external magnetic field is more efficient, selective
and often much faster than conventional filtration and centrifugation (Yavuz et al. 2006).
Moreover, magnetic separation is much less sensitive to the solution pH, surface charge,
temperature and ionic strength of the solution (Pamme 2006).
However when ferromagnetic iron oxides reach a certain nanometre size, their magnetic
behaviour becomes superparamagnetic in nature. These nanosized particles can still be
separated using HGMS as reported (Chantrapornchai et al. 2009). Kelland (1985, 1993)
estimated the smallest size of particle that could be separated magnetically is 3 nm. In similar
agreement with this, Takayasu et al. (1983) estimated the critical particle radius for magnetite
to be 2.2 nm. Further, it was concluded that critical particle size is independent of the size of
the HGMS collector. Gerber et al. (1983) attempted to generalise the HGMS theory for
ultrafine particle capturing using HGMS. The limiting particle size was calculated as 40 nm
and 200 nm for magnetite and hematite particles, respectively dispersed in water for capturing
in dynamic mode. The magnetisation of the wire (50 µm diameter) was 135 emu/g at an
applied magnetic field of 1 T. Critical particle size for efficient magnetic separation by
extrapolation from bulk material behaviour was suggested as 50 nm (Fletcher 1991).
Extrapolation from bulk material properties to a nanoscale level has been seen as problematic
(Yavuz et al. 2006). In another study, an increase in the volume of the wire matrix and the use
of superconducting magnets to generate high magnetic field strengths was proposed to capture
nanometer size particles (Tsukamoto et al. 1995). Later, Kelland (1998) attempted nanometre
size magnetic particle separation from aqueous dispersion using two HGMS approaches;
matrix and continuous modes. The mean diameter of the feed of ferrofluid was 68 nm.
Bench scale HGMS experiments have been conducted for polymer coated and phospholipid
coated nanosized Fe3O4 magnetic particles, using a 22.6 cm long glass column loosely and
randomly packed with stainless steel wool. Variable strength magnetic fields (1.3 T)
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perpendicular to the solution flow were produced by an electromagnet. It was observed that
particle size is a major factor and the formation of small aggregates is beneficial for high
separation efficiency in HGMS. The minimum size of aggregates was calculated to be 40 nm
and 70 nm to permanently capture phospholipid coated and polymer coated nanoparticles,
respectively. The saturation magnetisation of Fe3O4 core was reported as 63 ± 5 emu/g,
although values after surface coating have not been reported (Moeser et al. 2004).
Ditsch et al. (2005) investigated the magnetic separation of polymer coated Fe3O4
nanoparticles. Nanoclusters in the range of 50 nm or above were able to separate by using the
HGMS column efficiently. Longer columns and lower velocities enhanced the separation
efficiency. In another study, decanoic acid coated 8 nm Fe3O4 nanoparticles were separated
efficiently (Bucak et al. 2003). Furthermore, the analytical methods of separating and isolating
magnetic nanoparticles has been comprehensively reviewed (Stephens et al. 2012).
Nevertheless, the minimum critical size of the particle depends on the applied magnetic field,
the magnetic field gradient of the wire matrix and the magnetic properties of the particles to
be separated, as given in equations (2-25) and (2-26) (Moeser et al. 2004).
𝐹

µ 𝑉 𝑀 . 𝛻𝐻

(2-25)

𝑀

χ𝐻

(2-26)

where 𝐹 is magnetic force acting on the particles, µ is the permeability constant of the
vacuum (H/m), 𝑉 is the volume of the particle, 𝑀 is the magnetisation of the particle (A/m),
𝛻𝐻 is the gradient of magnetic field at the position of the particle, χ is magnetic volume
susceptibility and 𝐻 is magnetic field strength (A/m) (Bucak et al. 2003).
Recently, nanocrystals 16 nm in diameter were separated from a homogeneous dispersion with
a low gradient (23 T/m) external magnetic field within minutes (Yavuz et al. 2006). The time
for the separation depends on particle size and the solution concentration. For complete
nanoparticle separation from a dispersion, the field should be increased as the particle size
decreases. A 0.2 T field was able to separate 12 nm and 20 nm particles, but was unable to
separate 8 nm Fe3O4 particles effectively. In order to separate effectively, particles must
overcome the Brownian motion (FB) as given in equation (2-27) (Yavuz et al. 2006).
𝐹

𝐾 𝑇
𝑑

(2-27)

Where, 𝐾 is the Boltzman constant, 𝑑 is particle diameter and 𝑇 is temperature.
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According to the aforementioned studies, the minimum particle size that can be magnetically
separated lies within a quite wide range. The size of single particles and small aggregates
varies from 3 nm to 70 nm. Formation of small aggregates/ nanoclusters were beneficial for
effective magnetic separation. In addition to the particle size, the properties of HGMS collector
such as wire thickness, magnetic field strength, and type of magnet used also play an important
role in efficient magnetic separation.

2.8.2

Iron Oxide Nanoparticles

Iron is one of the most abundant materials in the earth. The widespread availability,
biocompatibility and ease of synthesis makes iron oxide based nanomaterial a relatively low
cost nanosorbent for use in different applications (Hua et al. 2012). The ability to manipulate
the nanoparticles in solution using an external magnetic field is the driving force for the use
of this type of NPs for several applications. The saturation magnetisation of nanosized iron
oxides is relatively lower than the respective bulk material. For instance, bulk magnetite
exhibits 92-100 emu/g while this drops to approximately 60 emu/g when the particles reach
nanoscale sizes, but the size is still sufficient to be separated by an external magnetic field.
All iron oxides consist of closed packed oxygen anion lattice, with ferric and ferrous cations
occupying octahedral and/or tetrahedral lattice sites. Nano-sized magnetite (Fe3O4),
maghemite (γ-Fe2O3), hematite (α-Fe2O3) and goethite (α-FeO(OH)) are well known iron
oxides. An overview of magnetite and maghemite NPs is included in the following sections,
as these two iron oxides are the main components in the adsorbent used in this study. The
lattice structure of hematite is also briefly discussed.

2.8.2.1

Magnetite (Fe3O4)

Magnetite in its bulk form is an opaque jet black colour, non-porous mineral found in the earth
with a density of 5.18 g/cm3 (Cornell and Schwertmann 2006). Magnetite NPs are one of the
most frequently studied iron oxide NPs in different areas. They are also assumed to be nonporous (Blaney 2007). Magnetite has an inverse spinel structure and the unit cell is face centred
cubic (fcc). It consists of both Fe2+ and Fe3+ ions in a 1:2 ratio which can be rewritten as
FeO.Fe2O3. All the oxide ions are arranged in a close- packed cubic array in the spinel structure
and Fe2+ occupies half of the octahedral sites whilst Fe3+ occupies the remaining octahedral
and all the tetrahedral sites. A schematic representation of crystal structure can be found in
Figure 2-7. The lattice parameter of magnetite is 8.397 Å. Bulk magnetite is ferromagnetic
and demonstrates superparamagnetic behaviour when it reaches the nanoscale size range. In
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general, magnetisation varies around 92-100 emu/g for bulk magnetite whist this drops to 3060 emu/g range for nanosized particles (Harris et al. 2003).

Figure 2-7. Schematic illustration of crystal structure of magnetite (the black sphere is
Fe2+, the green sphere is Fe3+ and the red sphere is O2−). Derived from (Wu et al. 2015)

2.8.2.2

Maghemite (γ-Fe2O3)

Maghemite contains only Fe3+ cations in the spinel structure and is more often formed by
oxidation of magnetite. Maghemite is reddish brown in colour and the density is 4.87 g/cm3
(Teja and Koh 2009). The crystal structure of maghemite is schematically represented in
Figure 2-8. The unit cell is cubic and oxygen anions are arranged in cubic close-packed manner
while Fe3+ occupies tetrahedral and octahedral sub lattices. In contrast to the bulk material
where Fe vacancies occur only in the octahedral sites (Armstrong et al. 1966, Haneda and
Morrish 1977), some studies report the occurrence of vacancies in both octahedral and
tetrahedral sub-lattices in the case of nanoscale maghemite (Petkov et al. 2009, Cervellino et
al. 2014). In different reports, the lattice parameters for maghemite were found to be spread
across quite a wide range ranging from approximately 8.34 to 8.4 (Kim et al. 2012, Cervellino
et al. 2014). Similar to magnetite, bulk maghemite is also ferromagnetic, whilst nanoscale
maghemite shows superparamagnetic characteristics. Anyway magnetisation is somewhat
lower than that of magnetite where bulk magnetite shows 92-100 emu/g whist maghemite is
in the 60-80 emu/g range (Cornell and Schwertmann 2006, Yogo et al. 2011).
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Figure 2-8. Schematic illustrations of crystal structure of maghemite derived from (Wu
et al. 2015)

2.8.2.3

Hematite (α-Fe2O3)

Hematite, with characteristic red to reddish brown colour, is the most stable iron oxide at
ambient conditions under oxidising conditions (Wu et al. 2015). The unit cell is hexagonal
with the lattice parameters a=5.0356 Å and c=13.749 Å (PDF-00-033-0664) and Fe3+ ions
occupy the octahedral sites (shown in Figure 2-9). Hematite is antiferromagnetic with 5.26
g/m3 of density, slightly greater than that of magnetite (Cornell and Schwertmann 2006).

Figure 2-9. Schematic illustrations of crystal structure of hematite Derived from (Wu et
al. 2015)
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2.8.3

Nanoparticle Synthesis

To date, many technologies, mainly co-precipitation (Mahdavian and Mirrahimi 2010, Ge et
al. 2012), microemulsion (Drmota et al. 2012), thermal decomposition (Sharma and
Jeevanandam 2012), hydrothermal synthesis (Xin et al. 2012), microwave assisted methods
(Ahmed et al. 2013), sol-gel synthesis (Huang and Hu 2008) and sonochemical synthesis
(Vijayakumar et al. 2000) have been employed for the synthesis of magnetic nanoparticles.
The precise control of nanoparticle size and the size distribution is challenging. In the coprecipitation technique, these parameters depend on reagent concentrations and synthesising
conditions mainly on the type of salts used (e.g. chlorides, sulfates, nitrates), the Fe2+: Fe3+
ratio, the pH value, the reaction temperature, and the ionic strength of the media. Short bursts
of nucleation followed by slow controlled growth produces monodisperse nanoparticles. The
addition of organic anions (e.g. PVA, oleic acid) during synthesis could also help to stabilise
nanoparticles. (Lu et al. 2007). The process parameters and main characteristics of the
nanomaterials synthesised with few major synthesis methods are summarised in Table 2-3.
Table 2-3. Process conditions of some nanoparticle synthesis methods and properties
Synthesis
method

Process conditions and properties

Reference

Coprecipitation

Synthesis is simple and fast (minutes), 20-90 ℃ temperature,
pH 11-12
Relatively narrow size distribution
Shape control is hard

(Lu et al.
2007)

Hydrothermal

Simple, needs high pressure and temperature above 200℃
Very narrow size distribution

(Teja and
Koh
2009)

Thermal
decomposition

Synthesis process is fairly complicated, inter atmosphere, 100320 ℃
Very narrow size distribution
Excellent shape control

(Lu et al.
2007)

Microemulsion

Complicated process
Relatively wide range of size and shape, but can be controlled
Ambient conditions, temperature 20-50℃
Short time duration for synthesis (hours)

(Lu et al.
2007)

Suitable wet route for metal oxide NP synthesis

Sol-gel

Results 3D metal oxide nanostructure network (gel)
Starts with room temperature, then high temperature treatment
Monodisperse particles

(Laurent
et al.
2008)
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2.8.4

Surface Charge and Zeta Potential of Iron
Oxide Nanoparticles

In aqueous media, a magnetite nanoparticle surface holds a pH dependent surface charge by
undergoing changes to 𝐹𝑒𝑂𝐻 surface hydroxyl groups and hence changing the agglomeration
behaviour. At pH values below pHPZC, nanoparticle surface is positively charged due to the
formation of 𝐹𝑒𝑂𝐻 by adding protons and when the solution pH is above pHPZC, the surface
charge becomes negative as a result of 𝐹𝑒𝑂 formation arises from the acidic dissociation and
the loss of protons according to equations (2-28) and (2-29). At the pHPZC, the number of
𝐹𝑒𝑂𝐻 and the number of 𝐹𝑒𝑂 are equal (Cornell and Schwertmann 2006, Vidojkovic and
Rakin 2016). (≡ denotes surface groups)
≡ 𝐹𝑒𝑂𝐻 ↔ ≡ 𝐹𝑒𝑂𝐻
≡ 𝐹𝑒𝑂𝐻 ↔ ≡ 𝐹𝑒𝑂

𝐻
𝐻

(2-28)

(2-29)

An ionic cloud of counter ions with opposite charge to the colloidal particle surface is
generated in the solution phase to compensate the surface charge. The charged surface together
with counter ions in the solution phase is known as the electric double layer. The components
of electric double layer is presented in Figure 2-10. The closely compacted layer of counter
ions closest to the particle surface is known as the Stern layer whilst the surrounding layer in
the solution phase next to the Stern layer is known as the diffuse layer. The boundary between
these two layers is called the shear plane. The difference of electric potential between bulk
solution and shear plane is known as zeta potential. Once the pH is similar to the pHPZC value,
the amount of negatively charged and positively charged particles are the same, thus making
the zeta potential value zero. At this point, the colloidal suspension is in its most unstable state
and the nanoparticles tend to agglomerate and can form agglomerates up to few micrometres
in size (Illés and Tombácz 2006, Tóth et al. 2017). The sign and the magnitude of the zeta
potential typically depends on the solution pH, ionic strength and temperature (Vidojkovic and
Rakin 2016).
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Figure 2-10. Schematic diagram of electrical double layer in particle-solution interface
(reproduced from (Vidojkovic and Rakin 2016) with permission)

2.8.5

Nanoparticle Functionalisation

The stability of magnetic nanoparticles is vital to their application. Stability can be greatly
improved by preventing oxidation and agglomeration through surface modification.
Modification of the surface of magnetic nanoparticles by attaching organic and/or inorganic
materials is proven to greatly enhance stability and prevent agglomeration. Further, these
attached groups provide specific functionalities that can be selective for ion uptake and reach
optimal particle surface charge appropriate for the intended end use (Girginova et al. 2010).
Surface functionalisation can be performed with organic materials such as amino groups,
silane groups, carboxyl acids such as citric acid, oleic acid and lauric acid, natural polymers
such as dextran, starch and chitosan, synthetic polymers such as PVA, PAA, PEI and alginate.
In addition, inorganic materials such as silica, gold, silver, platinum, palladium, iron, carbon
and metal oxides/metal sulfides are also often used (Wu et al. 2008). Surface functionalisation
using citrate/citric acid and PEI will be discussed in detail in the following sections.

2.8.5.1

Citrate coating

Trisodium citrate (Na3C6H5O7, Mw= 258.06 g/mol) is the sodium salt of citric acid (C6H8O7,
Mw= 192.12 g/mol). Citric acid is a well-known carboxylic acid. The structures are illustrated
in Figure 2-11.
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Citric acid

Trisodium citrate

Figure 2-11. Chemical structures of citric acid and trisodium citrate

Citric acid is known to be chemisorbed to an iron oxide particle surface by coordinating one
or two carboxylate group(s) with the hydroxyl groups in the particle surface leaving at least
one carboxylate group exposed for further functionalisation or adsorption, making the surface
hydrophilic and suppressing particle agglomeration (de Sousa et al. 2013, Li et al. 2013). Citric
acid coated MNPs tend to be water dispersible and the colloidal stability retained for extended
period (Nigam et al. 2011). Highly stable colloidal suspensions which were stable over six
months have been reported (Saraswathy et al. 2014).
The smaller size of citrate molecule attracted research attention as a versatile functional group
for nanoparticles. The ease of preparation, simple conjugation chemistry, and preservation of
the binding affinity of the nanoparticles, which could have been lost due to the steric hindrance
of using long chain polymers or larger molecules, have favoured the use of citrate as the
primary functional group for many nanocomposites (Sahoo et al. 2005, Nigam et al. 2011).
A comparison of the synthesis conditions of citrate coating of MNPs has been undertaken.
Citric acid coating was applied onto Fe3O4 MNPs in three different approaches, (1)
simultaneous synthesis and citrate coating, (2) MNP synthesis followed by citrate coating and
(3) coating synthesised/commercially available Fe3O4 MNPs as two-step process (Li et al.
2013). The influence on NP size of adding citric acid at different stages was insignificant.
Increased temperatures were beneficial to higher citric acid adsorption on NP surfaces and
lower hydrodynamic sizes.
The preservation of saturation magnetisation in citrate coated nanoparticles has been
frequently reported. This property is indispensable as it facilitates efficient magnetic
separation in subsequent processes. It is reported that the use of a silica layer prior to PEI
coating has considerably reduced the magnetisation of nanocomposite and it takes a longer
time to reach the adsorption equilibrium (Pang et al. 2011b). The ability to maintain the same
saturation magnetisation similar to uncoated Fe3O4 NPs, even after citrate coating, is reported.
Fe3O4 NPs of 9 nm and 25 nm exhibited 50 emu/g and 46 emu/g MS value, respectively, almost
the same as the corresponding uncoated NPs Ms value; 51 and 46 emu/g, respectively (Li et
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al. 2013). However, a slight decrease in magnetisation is possible due to the coating
(Saraswathy et al. 2014). In contrary, a considerable drop in saturation magnetisation after
trisodium citrate coating was also reported, with 49 and 35 emu/g for uncoated and trisodium
citrate coated NPs, respectively (Misra et al. 2015).
Citrate coated MNPs hold a highly negative surface charge reaching approximately -45 mV to
-47 mV range for a wide pH range (Wang et al. 2009, Zhang et al. 2014). This facilitates
particle deagglomeration in aqueous suspensions and provide an excellent platform for the
subsequent attachment of cationic species.
The use of elevated temperatures for citrate coating has been highlighted in many studies.
Stirring Fe3O4 NPs in a trisodium citrate solution, at 80 ℃ for 6 hours resulted a nanosorbent
with optimum coating thickness and magnetic properties (Saraswathy et al. 2014).
Cheraghipour et al. (2012) obtained well-dispersed iron oxide NPs having 74 emu/g saturation
magnetisation after citrate coating at 90 C for one hour. The magnetic core used was spherical
and the average diameter was 10 nm. The same coating temperature and duration was reported
elsewhere as well for the same size magnetic core which resulted in coated NPs with 57 emu/g
of Ms (Nigam et al. 2011). Li et al. (2013) observed a considerable decrease in hydrodynamic
particle size and an increase in the efficiency of citrate adsorption onto MNPs when increasing
the coating temperature from 30 C to 90 C. A citrate coating at 90 C for 1 hour gave the
maximum surface coverage and lowest hydrodynamic size. In other published work, the
optimum coating temperature and reaction time for citrate coating varied from 80 - 95 C and
60 - 90 minutes, respectively (Racuciu et al. 2006, de Sousa et al. 2013, Na et al. 2014).
However, lower (30-50 C) and much higher temperatures (170-180 C) outside this range
have been reported occasionally (Srivastava et al. 2011, Andreas et al. 2012).

2.8.5.2

Polyethylenimine coating

Polyethylenimine (PEI) is a water soluble amine rich polycation which exists in either linear
or branched form and in a wide range of molecular weights. The linear polymer consists of
only secondary amines, whilst branched polymer is a combination of primary, secondary and
tertiary amine groups. Linear PEI is a solid and the branched polymer is a viscous liquid at
room temperature regardless of molecular weight (Lungu et al. 2016). Branched PEI consists
of primary, secondary and tertiary amine groups in 1:2:1 ratios, respectively (Pandey and
Sawant 2016). However, a ratio of approximately 1:1:1 has also been identified in commercial
PEI which demonstrates its highly branched nature (von Harpe et al. 2000). Branched PEI is
known to more strongly binds with metal ions than linear products. Most interestingly, PEI

49

doses not retain alkali or alkaline earth metal ions at any pH (Ghoul et al. 2003, Lindén et al.
2015).
PEI is a biocompatible polymer produced on an industrial scale for various applications as
water treatment agents, detergents and adhesives (Ge et al. 2015). The molar mass of
commercially available PEI ranges broadly from 800 g/mol to 750000 g/mol. Amongst them
25000 g/mol branched PEI has often been reported in biomedical applications like gene
transfer (Bus et al. 2018). Furthermore PEI coated MNPs have been used in different areas
mainly for biological applications such as cancer cell separation (Lu et al. 2014), DNA
transfection, gene delivery (Arsianti et al. 2010), and in environmental applications as a
functional coating to adsorb heavy metals from water (Larraza et al. 2012, Sui et al. 2015).
Furthermore, PEI is known to be the organic macromolecule with the highest cationic charge
density due to its amine rich structure and hence availability of higher number of nitrogen
molecules which can be protonated (Goon et al. 2010, Xu et al. 2011). Its high buffering
capacity over a wide pH range has also been reported (Boussif et al. 1995). The structures of
linear and branched PEI are given in Figure 2-12.

Linear PEI

Branched PEI

Figure 2-12. Chemical structures of linear and branched Polyethylenimine

The point of zero charge of PEI is at pH 10.8 – 11.0 and the average PEI molecule diameter is
known to be approximately 10 nm in 0.2 M NaCl at pH 10 (Radeva and Petkanchin 1997).
Similarly, the diameter of a 20 000 g/mol PEI molecule is reported as 7 nm (Hostetler and
Swanson 1974). The shape of the PEI molecule is known to be spherical. The pKa values of
PEI were known to be above a pH of 8; the same as most polyamines. pKa values increase
when increasing the molecular weight (von Harpe et al. 2000). However the pKa values
reported for 25 000 Mw branched PEI varied from 7.11 to 8.4 (von Harpe et al. 2000, Mady
et al. 2011). The amine groups present in PEI show different pKa values making PEI versatile
compared to conventional weak anion exchangers (Bakerbond 2012, Lu et al. 2014).
The positive zeta potential values of PEI modified adsorbents in alkaline solutions has been
often reported. This characteristic is beneficial for anion adsorption from alkaline solutions.
Xu et al. (2011) used PEI coated MNPs to immobilise Pannonibacter phragmitetus LSSE-09
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cells to reduce Cr(VI) to Cr(III). PEI coated MNPs exhibited a pHPZC value of 11.5 and 62.3
emu/g of MS value. Below pH 11.5 the nanosorbent is positively charged due to the protonation
of amine groups. Cuboidal shaped 50 nm size Fe3O4 NPs were functionalised with PEI (50
mg/L) shifting isoelectric point to approximately pH 9.5 from pH 7.5 for uncoated NPs (Goon
et al. 2010). Those particles were used for copper detection and remediation. PEI coated
magnetite nanoparticles demonstrated good adsorption of gold nanoparticles in aqueous media
at pH 7. An increase in PEI concentration clearly increased the amount of PEI on the NP
surface which ultimately increased the amount of Au adsorption and reduced particle
agglomeration. Interestingly, it was further found that PEI having an average 25 000 g/mol of
molecular weight (Mw) provided greater stability against particle agglomeration (50 nm
particles) over PEI with 800 g/mol and 60 000 g/mol of molecular weights. These NPs were
resistant to agglomeration over 30 days, which demonstrates the stability of PEI coated MNPs
(Goon et al. 2009). However, a higher particle agglomeration tendency after PEI modification
than the citrate coated particles is reported (Wang et al. 2009, Zhang et al. 2014). The instant
switching of the surface charge from highly negative to highly positive may be the reason for
this. PEI grafted Fe3O4 magnetic porous powder displayed an isoelectric point as high as 11.8
(Pang et al. 2011b). Wang et al. (2009) found that both zeta potential and aggregate size of
PEI coated magnetite NPs directly depend on PEI:MNPs weight ratio. Higher ratios lead to
more positive surface charges and smaller aggregate sizes. Similar observations were reported
elsewhere (Steitz et al. 2007, Goon et al. 2010, Ge et al. 2015). In summary, the pHPZC
/isoelectric point of PEI coated magnetic nanomaterials were within the 9.5 to 11.5 range.
Polymers, like PEI provide nanoparticle colloidal stability through steric stabilisation (Boyer
et al. 2010). The adsorbed polymer effectively increases the interparticle distance by steric
repulsion. Furthermore, the dissociation of the polymer increases electrostatic repulsion
(Kamiya 2012). The reduced tendency to agglomeration was observed in γ-Fe2O3-Au
nanocomposites coated with branched PEI (Seino et al. 2009). Some common approaches are
prominent for nanoparticle surface modification using PEI. In-situ synthesis of PEI conjugated
MNPs and surface coating of already synthesised MNPs in a PEI solution through electrostatic
attraction are frequently reported (Zhang et al. 2014, Liu et al. 2017, Yang et al. 2018).
The adsorption of branched PEI to hematite has been investigated. The molecule arrangement
on hematite surfaces was determined by PEI concentration. With low PEI concentrations,
unfolding of the molecules was observed, whereas molecule flattening sufficient to cover the
particle surfaces was observed at higher PEI concentrations. The hydrodynamic thickness of
the polymer coating was determined to be 3 nm although the PEI molecule diameter was 10
nm. This claim is also supported by others (Radeva and Petkanchin 1997), where a flattening
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of the molecules was observed once adsorbed onto silica nanoparticles (Lindquist and Stratton
1976).
PEI coated Fe3O4 NPs were able to successfully adsorb gold NPs, ultimately resulting in
Fe3O4/Au nanocomposite (Wang et al. 2012). In another study, synthesis of composite Fe3O4Au core-shell nanoparticles was attempted with PEI as the intermediate layer which binds two
composites to each other (Goon et al. 2009). PEI modified magnetic graphene oxide
nanocomposite and PEI grafted magnetic porous powder showed high adsorption capacities
for Cu(II) reaching 157 mg/g at pH 6 - 7.5 in aqueous solutions (Pang et al. 2011b, Sui et al.
2015).
In many instances, saturation magnetisation of PEI coated MNPs drops only slightly which is
advantageous for subsequent magnetic separation (Lu et al. 2014). PEI modified magnetite
NPs exhibited 62.3 emu/g of saturation magnetisation. Citrate was used as the intermediate
coating layer (Xu et al. 2011).

2.8.6

Metal and Metal Complexes Adsorption

Iron oxides can adsorb both anions and cations chemically or physically based on the surface,
solution and adsorbate characteristics. Citrate, silicate, phosphate, arsenate, selenite, chloride,
fluoride and oxalate are popular anions that chemically adsorb to iron oxide surfaces. In
contrast, nitrate and perchlorate are some examples for nonspecific (physical) adsorption
(Kalaruban 2017).
Gold recovery from different aqueous solutions with nanosized iron oxide magnetic
adsorbents was attempted, where in the majority of instances gold was in the +3 oxidation
state as AuCl4‾ at acidic pH solution. Thiol modified Fe3O4 MNPs, with intermediate silica
coating, were able to adsorb gold from dilute AuCl4‾ solutions (Zhang et al. 2013c, Roto et al.
2016, Abd Razak et al. 2018). The maximum adsorption capacities calculated from the
Langmuir adsorption isotherm were within the 84.75 mg/g to 222.22 mg/g range. The
adsorption mechanism was concluded to be chemisorption through kinetic model fitting and
thermodynamic approaches. The most favourable solution pH was in the range of 3-5. The
decline of adsorption efficiency in alkaline pH values was noteworthy in all the circumstances.
Gold recovery from copper anode slime by means of silica coated magnetite NPs was reported
with thiourea used as the lixiviant for leaching (Ranjbar et al. 2014). Thiourea dissolved all
the gold from copper anode slime, forming a 𝐴𝑢 𝐶𝑆 𝑁𝐻

cationic complex,

subsequently adsorbed on to silica coated magnetite surface at pH 1.2-1.4. Another attempt
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was made to recover gold from chloride solutions using nano sized magnetite powder and 4.4
μmol/g loading was achieved at a pH value of 6-7 (Alorro et al. 2010).
Chitosan-magnetite composite was able to recover Au(III) and Ag(I) in water successfully.
The maximum uptake values were 3.6 and 2.1 mmol/g for Au(III) and Ag(I), respectively
(Donia et al. 2007). Gallic acid modified magnetite particles were used for Au(III) recovery
and maximum adsorption was observed at pH 3(Rahmayanti et al. 2016). Polythiophene
coated magnetite NPs were capable of adsorbing Au(III) at pH 2 (Tahmasebi and Yamini
2013). Moreover, cobalt-ferrite (CoFe2O4) MNPs, manganese-ferrite MNPs with and without
surface functional groups have been attempted for use in Au(III) recovery from aqueous
solutions at acidic pH range (Kraus et al. 2009, Jainae et al. 2010, Neyestani et al. 2017).
It is worth noting that the 𝐴𝑢 𝑆 𝑂

complex is less prone towards adsorption onto goethite

surfaces than AuCl4‾ due to its resistance to hydrolysis. Steric factors such as size and shape
of the anionic complexes also play a major role. Au (III) chloride is a square planar complex
and the size matches perfectly with the distance between hydroxyl groups on goethite surfaces.
In contrast, Au (I) thiosulfate complex is a large linear complex which hinders effective
adsorption onto goethite (Machesky et al. 1991).
Few magnetic nanoadsorbents used for gold and copper adsorption in aqueous solutions are
listed in Table 2-4. It should be noted that this is not a comprehensive list but only a list of
commonly investigated nanoadsorbents.
Table 2-4. Some magnetic nanoadsorbents used for gold and copper adsorption from
aqueous solutions
Reference

157

(Sui et al. 2015)

Adsorbent

Adsorbate

PEI coated magnetic graphene
oxide nanocomposite

Cu (II)

PEI grafted magnetic porous
powder

Cu (II)

6-7.5

157.8

(Pang et al. 2011b)

Amino functionalised Fe3O4
MNPs

Cu (II)

6

25.8

(Hao et al. 2010)

Thiol modified Fe3O4 MNPs,
with intermediate silica coating

𝐴𝑢𝐶𝑙

pH

Adsorption
capacity
(mg/g)

5

(Abd Razak et al.
2018)

3

(Roto et al. 2016)

5

(Zhang et al. 2013c)

Polythiophene coated magnetite
NPs

Au(III)

2

(Tahmasebi and
Yamini 2013)

Novel magnetic ion imprinted
polymer

Au(III)

3-5

(Ebrahimzadeh et al.
2012)
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2.8.7

Limitations Associated with Nanoparticles and
Possible Remedies

2.8.7.1

Nanoparticle Aggregation and Agglomeration

Nanoparticles in dry powder form can exist either as agglomerates (loosely bound to each
other by weak physical interactions) or aggregates (strongly bonded particles which are hard
to break by mechanical means). These can largely be controlled during the synthesising stage.
Once NPs are dispersed in a solution, they can exist either as single particles, agglomerates or
aggregates, surrounded by an electric double layer (EDL). The form of the particles depends
on the solution characteristics and the particle characteristics like the zeta potential and the
thickness of the electric double layer. While the thickness of the electric double layer is a
function of ionic strength (inversely proportional relationship), an increase in EDL thickness
or zeta potential facilitates an electrostatic repulsive interaction favouring a decrease in the
hydrodynamic size of particles (Jiang et al. 2008).
The colloidal stability of MNPs in aqueous solutions can be attained either with steric
stabilisation or with electrostatic stabilisation (Boyer et al. 2010). According to Wang et al.
(2009), lower pH values are favoured for NP deagglomeration as a result of increased
protonation of amino groups thus increasing steric repulsion between particles. PEI coated
Fe3O4 nanoparticles were de-aggregated through acidification (at pH 2 for 10 minutes) before
being washed and neutralised. The particle neutralisation did not lead to re-aggregation of
nanoparticles, demonstrating that de-aggregation by acidification is an irreversible process.
However, the risk associated with this approach is the possibility of NP dissolution in strongly
acidic solutions.
High shear milling has also been reported for the deagglomeration of particles. Unfortunately
milling efficiency is drastically reduced for particle sizes of less than 500 nm (Cho et al. 1996).
Longer milling times and higher collision speeds may help, but with this comes the risk of
unwanted phase transition and contamination. Some chemical methods of de-agglomeration
involve the selective dissolution of inter-particle bridges (necks) (Laarz et al. 2000). Extreme
care is necessary to dissolve only the aforementioned necks while keeping the particles intact.
In general, the maintenance of solution pH well above or below the isoelectric point/pHPZC
supports the increase of the repulsive forces between particles and subsequently suppresses
the agglomeration. In circumstances where the pH needs to be constant or to only vary within
a narrow range, the introduction of a dispersing salt and ultrasonic dispersion is performed
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(Faure et al. 2013, Vikram et al. 2016). The ionic strength of the solution also impacts upon
the dispersibility (Kamiya 2012).
Ultrasonic dispersion is one of the easiest, fastest and most straightforward methods for
effective nanoparticle deagglomeration, whilst probe ultrasonication surpassed bath
ultrasonication in many instances (Jiang et al. 2008, Nguyen et al. 2011, Yeap et al. 2017).
Acoustic cavitation, that is the formation, growth and implosive collapse of bubbles in a liquid,
generates intense local heating (≈5000 K) and high pressure (≈1000 atm) spots, extreme
heating and cooling rates and liquid jet streams (≈400 km/h) in the liquid which help to break
the agglomerates (Suslick 1998). Furthermore, it is stated that ultrasound is reproducible which
enables the linear scale up to bulk scale (Hielscher 2005).

2.8.7.2

Nanoparticle Dissolution

pH dependent NP dissolution is crucial for different applications. Wang et al. (2009)
confirmed that PEI coated Fe3O4 NPs are stable at pH 2 and PEI dissolution or Fe leaching
does not occur. However this was tested for only 10 minutes and long term exposure could be
problematic.
In another study, the pH stability of PEI-MNPs was evaluated by exposing the particles to
solutions at acidic and alkaline pH values for 3 hours. Fe leaching was insignificant in 0.2 to
1 M HCl and NaOH solutions and the treated PEI-MNPs were able to retain their adsorption
capacity in the same way as the untreated particles. In contrast, uncoated MNPs were
completely dissolved in 1 M HCl solution. However, 100% Fe leaching from PEI-MNPs was
observed in a 4 M HCl solution (Pang et al. 2011b). The high stability of silica and amine
groups coated Fe3O4 MNPs in acidic solutions (0.01 to 1 M HCl) has been reported. Fe
leaching efficiency has been tested for up to 120 hours which resulted in 3.6% and 99.2% of
Fe leaching in coated and uncoated NPs, respectively (Wang et al. 2010). Therefore, it is
apparent that the surface functional groups can provide protection to the magnetic core against
dissolution in extreme pH solutions.

2.8.7.3

Magnetic Separation from a Solution

Typically, the separation of MNPs in a solution is attained by applying an external magnetic
field. The response of magnetic nanoparticles in a low field gradient is particle size dependent
(Yavuz et al. 2006). However some surface coatings can negatively affect the effective
magnetic separation as a result of reduced magnetisation of the nanocomposite. Silica coating
is likely to reduce the magnetisation of the adsorbent and ultimately longer durations would
be required for magnetic separation (Larumbe et al. 2012, Thangaraj et al. 2019). The thickness
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of the silica layer is directly related to the saturation magnetisation of the surface coated
nanomaterial as is the solvent used to suspend the particles (Yuan et al. 2012). PEI and silica
coated Fe3O4 magnetic porous powder (0.05 g in 20 mL solution) required 5 minutes to
separate (Pang et al. 2011b). The preservation of magnetisation of the magnetic core in PEI
coated MNPs has been frequently reported (Xu et al. 2011, Lu et al. 2014). An optimisation
of surface coating thickness and the composition and size of the magnetic core is necessary to
improve the magnetic separation while maintaining the intended functionality of the
nanomaterial. Nevertheless, the need for full recovery (separation) of MNPs from the solution
could not be ignored to prevent any potential hazard to the environment by accumulating
nanomaterials in natural waters (Mandel and Hutter 2012).

2.8.7.4

Environmental Concerns and Toxicity of MNPs

Toxicity to living beings and the release of magnetic nanomaterials into the environment are
the main concerns associated with the use of MNPs. However, iron oxide MNPs are known to
be biocompatible and they are often used in a wide range of biomedical applications (O'Grady
2002, Tran and Webster 2010, Mohammed et al. 2017). Due to their more stable chemical
state than nanosized zero valent iron (NZVI), magnetite and maghemite show a minimal toxic
effect on living cells. However, the release of Fe2+ by any means can cause cytotoxicity. A
surface coating can depress the possible toxic effects substantially by reducing the direct
exposure of the magnetic core to cells or bacteria (Tang and Lo 2013a). The environmental
impact and the enzyme immobilisation efficiency of PEI coated MNPs was evaluated which
demonstrate satisfactory levels in both the indicators (Feijoo et al. 2018). To this end, PEI
coated magnetite and maghemite NPs can be considered to have minimal to no adverse effects
on the environment.

2.9
2.9.1

Gold and Copper Elution
Gold and Copper Elution from Ion Exchange
Resins

Different elution systems have been proposed for gold thiosulfate elution from ion exchange
resins. Thiocyanate, polythionates, nitrate, mixed chloride + sulfite and mixed trithionate +
sulfite based elution systems have mainly been suggested (O'Malley 2002, Fleming et al. 2003,
Jeffrey et al. 2010). Each system has its advantages and disadvantages. Highly concentrated
solutions are required for most of the elution processes (Fleming et al. 2002, Zhang and
Dreisinger 2003a). A mixture of trithionate and sulfite is used in the Barrick gold Goldstrike
plant to elute gold from the resin (Choi et al. 2015, Aylmore 2016b).
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A two-step elution process was developed for the Goldstrike mine, which uses concentrated
ammonium thiosulfate (100-200 g/L) for copper elution. This is followed by gold elution with
a strong thiocyanate (50-100 g/L) solution for elution of copper and gold from Purolite A500C
anion exchange resin (Fleming et al. 2003). Although gold elution with thiocyanate is rapid,
this process is relatively costly and requires complex regeneration methods to recover
thiocyanate for reuse. Furthermore, the presence of thiocyanate in tailings is unacceptable from
the environmental perspective. The rapid pH change in between the gold elution (pH 6-8) and
regenerations steps (strongly acidic) exacerbates the resin damage due to osmotic shock.
Considering the complications associated with thiocyanate regeneration process, the use of
polythionates (200g/L trithionate alone and a mixture of trithionate (~40 g/l) and tetrathionate
(~80 g/l)) was considered in the same study. The use of polythionates for gold elution is an
effective method due to the higher affinity of these species onto anion exchange resins.
However, this strong adsorption necessitates a regeneration step for the eluted resin. Treatment
of the metal eluted resin with sulfide ions (NaHS) was attempted. In addition, the instability
of the concentrated trithionate solution leads to a rapid loss of trithionate by ultimately
increasing the total process cost. As a solution, in-site polythionates synthesis process is
proposed. However, gold elution efficiency was almost 100% with both thiocyanate and
polythionates eluants, despite their complex regeneration.
For the nitrate elution process, it has been reported that concentrated ammonium nitrate
solutions (2M) are required for gold elution but a resin regeneration step is unnecessary. Yet
this can accumulate nitrate ions in the process water that can adversely impact gold loading
and create environmental problems. Copper elution was accomplished by 2M ammonia
solution in 40 bed volumes in column application. Elution kinetics are comparatively slow, for
instance, it took 4 hours and 30 hours to elute approximately 100% gold from the resin in
column and batch elution methods, respectively (O'Malley 2002).
The addition of sulfite ions to some eluants could lead to a reduction in the eluant concentration
and more efficient elution of gold from strong base ion exchange resins. Mixed chloridesulfite, nitrate-sulfite and mixed trithionate-sulfite systems have been reported (Jeffrey et al.
2010, Jeffrey 2011). In the presence of sulfite, 𝐴𝑢 𝑆 𝑂
𝐴𝑢 𝑆 𝑂

𝑆𝑂

is converted to

where the latter complex shows only a weak affinity to IX resins.

Consequently, gold elution could be achieved with relatively weak eluants like chlorides,
which considerably reduce the process costs.
The use of 0.5 M sodium thiosulfate for copper pre-elution from Purolite A500 resin has been
reported (Choi et al. 2015). Hydrogen peroxide is added to the same solution which generates
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some amount of trithionate by thiosulfate oxidation which is loaded onto the copper eluted
resin. Subsequently, a mixture of trithionate (0.2 M) and sulfite (0.2 M) is used for gold elution.
Ultimately, the resin now loaded with trithionate is regenerated with sulfide which results in a
thiosulfate loaded resin which can be directly sent for gold loading. The in-situ generation of
most of the required reagents and ability to reuse the solutions for subsequent leaching and
elution cycles makes this process interesting. However, the addition of H2O2 should be
conducted with great care to control the amount of trithionate generation, otherwise this could
also strip the gold during the copper pre-elution stage. A simplified version of the process flow
sheet is illustrated in Figure 2-13.
Loaded resin

Thiosulfate Copper
recycled to leach

Copper elution and
wash

CaS2O3 and
H2O2

Thiosulfate elution

Na2SO3

Na2S

Gold elution

Gold EW

Gold
refinery

Resin regeneration

Trithionate
synthesis

H2O2

Barren Resin
recycled to leach

Figure 2-13. Simplified trithionate and sulfite elution process (reproduced from
(Aylmore 2016c) with permission)

2.9.2

Gold Elution from Nanoparticles

The desorption of Au(I) complexes from different adsorbents was successfully accomplished
using diluted NaOH solutions. The anionic Au(I) complex was resistant to adsorb onto an
eggshell membrane in alkaline pH solutions, which had been advantageously used for
desorption. Approximately 95% of gold was eluted by a 0.1 M NaOH solution (Ishikawa et al.
2002). Aurocyanide adsorption onto activated carbon is an exothermic process, which
indicates that the increased temperatures would favour gold desorption from AC (van Deventer
and van der Merwe 1994).
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Thiourea has often been reported in gold elution from different magnetic nanosorbents. The
ability to form stable complexes with gold makes this useful as an eluant for gold desorption.
Au (III) elution from polythiophene coated Fe3O4 MNPs was attempted by using a 1M thiourea
solution. The elution process was carried out at acidic pH solutions to facilitate the protonation
of the adsorbent, so that it would desorb the loaded cationic metals easily as a result of
weakening of the complexation between adsorbent and metal (Tahmasebi and Yamini 2013).
In addition, thiourea mixed with an acid is frequently discussed. Thiourea (0.5 M) acidified
with 0.2 M H2SO4 was able to elute gold from magnetite-chitosan resin. The elution was
conducted in a column application (Donia et al. 2007). In another study, 0.1M of thiourea,
together with 0.1 to 1 M H2SO4 was able to elute gold (III) from tris(2-aminoethyl)aminefunctionalised Fe3O4 nanoparticles. Different concentrations of HCl (0.1 to 2 M) and H2SO4
(0.1 to 1 M) acid solution were tested, but the elution efficiencies were lower in the absence
of thiourea in the solution (Lotfi Zadeh Zhad et al. 2013). A summary of the different eluants
used for gold elution from different nanosorbents and a few other adsorbents is illustrated in
Table 2-5 below.
Table 2-5. Gold elution from different adsorbents
Adsorbent

Adsorbate

Eluant

Reference

Thiourea modified Fe3O4
nanoparticles

Au(III)

0.7 M thiourea with
2% HCl

(Lin and Lien
2013)

Polythiophene modified Fe3O4
nanoparticles

Au(III)

1 M thiourea

(Tahmasebi and
Yamini 2013)

Fe3O4@SiO2 core-shell
nanoparticles modified with thiol
group

Au(III)

Thiourea with 1 M
HCl

(Roto et al. 2016)

Chitosan-Fe3O4 resin modified
with thiourea/glutaraldehyde

Au(III)

0.5 M thiourea with
0.2 M H2SO4

(Donia et al.
2007)

Polystyrene-coated CoFe2O4
functionalised with 2-(3-(2aminoethylthio)propylthio)
ethanamine

Au(III)

1 M thiourea with
2% HCl

(Jainae et al.
2010)

tris(2-aminoethyl)aminefunctionalised Fe3O4 nanoparticles

Au(III)

0.1M thiourea with
0.1 to 1 M H2SO4

(Lotfi Zadeh
Zhad et al. 2013)

Fe3O4@SiO2 microspheres
functionalised with 4′-aminobenzo15-crown-5-ether

Au(III)

2% thiourea with 0.1
M HCl

(Ye et al. 2014)

Decarboxylated C.
glutamicum biomass

Au(I)

0.1 M NaOH in DI
water

(Kwak and Yun
2010)

Eggshell membrane

Au(I)

0.1 M NaOH

(Ishikawa et al.
2002)
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2.9.3

Copper Elution from Nanoparticles

EDTA is well known for use in copper elution from different adsorbents. Vilar et al. (2007)
used 2 mM EDTA for copper desorption from Gelidium algal biomass and 78% to 91% elution
efficiency was achieved in less than 30 minutes. An enhanced elution efficiency was observed
with the increase of EDTA concentration, and metal complexation with EDTA was at a 1:1
molar ratio. In another study, 5 mM of EDTA was able to desorb Cu (II) from a magnetic
polymer adsorbent at pH 5.5 and desorption kinetics, isotherms and desorption mechanisms
were investigated (Tseng et al. 2009). Copper adsorbed onto magnetic chitosan nanoparticles
was desorbed with 0.02 M EDTA and 90% elution efficiency was achieved. The efficiency
increased to 96% by using 0.1 M EDTA (Yuwei and Jianlong 2011). Some selected eluants
used for copper elution are summarised in Table 2-6.
The change of solution pH to reverse the adsorption process is another approach for metal
elution from magnetic nanomaterials. This is applicable in systems where the physical
adsorption mechanism is predominant. In accordance with the above technique, in some
studies, diluted HCl acid has been used for copper elution (Hao et al. 2010, Sui et al. 2015).
However, magnetic core dissolution is a possibility with this technique at low pH solutions.
The stability of MNPs in acidic media should be considered prior to using this method.
Table 2-6. Copper elution from different adsorbents
Adsorbent

Adsorbate

pH

Eluant

Reference

Carboxymethyl-βcyclodextrin conjugated
Fe3O4 NPs

Cu (II)

-

0.1 M citric acid, 0.1 M
Na2EDTA and 0.1 M acetic
acid

(Badruddoza
et al. 2011)

PEI functionalised
mesoporous diatomite

Cu (II)

1

Water/diluted H2SO4
solution

(Nosrati et al.
2017)

Rice Straw/Fe3O4
Nanocomposite

Cu (II)

-

0.1 M HNO3 acid

(Khandanlou
et al. 2015)

Amino-functionalised

Cu (II)

-

0.1 M HCl acid

(Hao et al.
2010)

Cu (II)

5.5

5mM EDTA

(Tseng et al.
2009)

Fe3O4 nanoparticles
Magnetic polymer adsorbent

2.10

Chapter Summary

It would seem from most of the literature consulted, that the thiosulfate leaching system is a
viable alternative to cyanidation for the leaching of double refractory gold ores. Despite their
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effectiveness, however, thiosulfate leaching solutions bring difficulties and complexities as a
result of the availability of oxidant-ligand pairs. Many complications associated with
conventional ammoniacal thiosulfate leaching systems can be minimised by employing a
calcium thiosulfate - air leaching system. Yet the recovery of gold from such a system is
challenging, due to resin poisoning with polythionates, difficulty in gold elution from the resin,
and other inherent limitations associated with IX resins. The use of magnetic nanoadsorbents
for precious metal and heavy metal recovery is a fast developing research area. There is a vast
potential for magnetic nanoadsorbents to be used in the metallurgical industry for the recovery
of precious metals. High gradient magnetic separation can be used on nanosized magnetic
materials which would be a huge step forward in the use of nanomaterials on an industrial
scale. A suitable surface coating can be used to adsorb gold onto the magnetic nanoadsorbents,
which can be then separated magnetically. Polyethylenimine is a versatile functionalising
agent, which can be implemented for different end uses. The unique properties of branched
PEI demonstrate considerable promise for use in anion separation from aqueous solutions. A
composite of magnetic nanoparticles and PEI seems to be a good candidate for gold adsorption
from alkaline leaching solutions. Gold elution from such an adsorbent seems to be simpler
than that from IX resins.
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Chapter 3
3.1

Materials and Experimental
Methods

Introduction and Chapter Objectives

All the chemicals used within this study are detailed in this chapter, along with the methods
used for nanoparticle functionalisation, leaching (wherever applicable), metal adsorption,
metal elution and reuse of the adsorbent. Nanoparticle characterisation technologies and
solution analysis methods along with the sample preparation, instrument settings and
procedures are also included. Conventional experiments and experiment design techniques are
also described wherever applicable.
To fulfil the objectives as set out in Chapter 1, the preparation and comprehensive
characterisation of the adsorbent was accomplished based on the literature review. The
selection of characterisation technologies was subject to the relevance and availability of
instruments. The majority of test work was conducted using synthetic leaching solutions. In
addition to this, gold adsorption from a gold ore leachate was also conducted in order to
evaluate the performance of the adsorbent under those conditions. The main leaching system
used was the calcium thiosulfate - air system while other thiosulfate leaching systems
consisting of different oxidant-ligand pairs were also tested just for comparison purposes.

3.2

Materials and Chemicals

All the chemicals used were of analytical reagent grade. Deionised water was used to prepare
all the solutions. Sodium aurothiosulfate (I) from Surepure chemicals (USA) was used as the
gold source. Polyethylenimine (PEI), branched (average Mw~25,000) and ammonium
thiosulfate, were bought from Sigma Aldrich, Australia. Magnetite and maghemite
nanopowders were sourced from US Research Nanomaterials, Inc, USA. In addition, calcium
thiosulfate was obtained from Acros organics, Belgium; sodium thiosulfate and trisodium
citrate from Rowe Scientific, Australia; and copper sulfate pentahydrate, EDTA and sodium
sulfite from Univar were used. Ammonia solution (28%) and nickel nitrate were sourced from
Sigma Aldrich, Australia. 0.1 M H2SO4 and 0.1 M NaOH solutions were used for the pH
adjustments, unless otherwise stated.
The adsorption experiments and metal elution experiments were conducted in an Orbital
shaker (Ratek OM11) at 250 rpm unless otherwise stated. A small neodymium magnet (50mm
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x 50 mm x 12 mm) was used for solid-liquid separation during this study as shown in Figure
3-1.

Figure 3-1. Experimental set up of adsorption experiments in the orbital shaker (top)
and magnetic separation (bottom). The beakers in the bottom image consist of 20 g/L
PEI-MNPs concentration. An external magnetic field was applied to separate the PEIMNPs.
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3.3

Functionalisation of MNPs

Iron oxide nanoparticles were first coated with trisodium citrate as the intermediate layer
followed by the PEI coating as the outer layer. A method followed by Zhang et al. (2014) was
used in this study after substantive modifications. Firstly, a 10 g/L trisodium citrate solution
was prepared by dissolving trisodium citrate in DI water and the pH was adjusted to 9.5 using
NaOH. Secondly, 0.5 g of magnetite nanopowder was dispersed in 50 mL of 10 g/L trisodium
citrate solution for a specified time to disperse them evenly using an ultrasonic probe
(Heilscher UP200Ht). The nanoparticle dispersion was then added to a 250 mL Erlenmeyer
flask and the solution was made up to 100 mL by adding more 10 g/L trisodium citrate
solution. The pH was adjusted to 6 using 0.1 M H2SO4 and kept under mechanical stirring for
one hour at 90 C. After one hour, a measured amount of 5% PEI solution was slowly added
to the aforementioned solution and stirred for two hours at 90C and at a pH of 9.5. Finally
the PEI coated MNPs were washed thoroughly five times with DI water and dried in an oven
at 40C. The dried nanopowder was gently ground with the aid of an agate mortar and pestle
before being used for characterisation or adsorption studies. The final product is hereinafter
denoted as PEI-MNPs.

3.4
3.4.1

Characterisation of MNPs
Scanning Electron Microscope (SEM)

A ZEISS NEON 40EsB dual-beam Field Emission Scanning Electron Microscope (FESEM)
was used for SEM imaging of nanoparticles at a lower voltage electron beam. The purpose
was to get a topographical image of nanoparticle surface, size measurement and to observe the
effect of ultrasonic dispersion on particle deagglomeration. The samples were prepared in a
manner that first, nanoparticles being dispersed in a preferred solution using ultrasonic
dispersion. One to two drops of nanoparticle dispersion were then drop-cast onto a silicon
wafer attached to a SEM stub, using a pipette. The sample was either allowed to air dry at
room temperature or placed under a heat lamp for two minutes. The dried specimens were
coated with a thin platinum layer before being analysed under the SEM. In some occasions,
dry nanoparticles were directly deposited on a carbon tape attached to a SEM stub.

3.4.2

Transmission Electron Microscope (TEM)

An FEI Talos F200X TEM was used at 200 kV, spot size 3 with a condenser aperture of 100
for morphology evaluations. The dry powder samples were dispersed in DI water with the aid
of ultrasonication and a drop of the dispersion was put onto a carbon coated copper grid and
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left for air-drying overnight. A TEM provides topographical information on the internal
structure and phases of the substance. In addition, information on particle deagglomeration
can also be acquired.

3.4.3

Dynamic Light Scattering (DLS)

Size measurements were performed using the dynamic light scattering (DLS) function on a
Malvern Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). Firstly, the nanopowder
was ultrasonically dispersed in a preferred solution using an ultrasonic probe for the desired
time. The samples were irradiated with HeNe laser red light at a wavelength of 632.8 nm to
analyse the intensity fluctuation of scattered light. The samples were measured at a
temperature of 25 ℃ in disposable fluorescent cuvettes. Each sample was measured
in triplicate and the average value determined. The obtained data was analysed with
proprietary software using the cumulative and distribution fits for the autocorrelation function
within the proprietary software and it was assumed that the solutions refractive index (n) and
viscosity (η) would be equivalent to that of water, where n=1.33 and η=0.888. The intensity
size distributions were originally obtained and converted to volume and number based
distributions using the proprietary software, wherever required.

3.4.4

Zeta Potential

The zeta potential measurements were carried out using a Malvern Zetasizer Nano-ZS
(Malvern Instruments, Malvern, UK). In brief, a 0.314 g of nanopowder sample was dispersed
in 30ml of DI water before adjusting the pH to the desired value using HCl or NaOH. The
sample was left to equilibrate for 24 hours before the pH was measured again before
determining the zeta potential utilising a disposable folded capillary style cell. The pH range
varied from 5-12 and the ionic strength was maintained by using 0.01M NaCl. Three values
were measured for each sample and the average value determined.

3.4.5

X-ray Diffraction (XRD) and Quantitative X-ray
Diffraction (QXRD)

XRD analysis of the crystalline phase of nanopowder samples was performed with a Bruker
D8 Advance Powder Diffractometer (Bruker AXS, Germany) with a Co Kα radiation source
(λ=1.79Å). A nanopowder sample was suspended in few drops of absolute ethanol and the
suspension was pipetted onto low background sample holders and allowed to air dry before
the XRD measurements were taken. Crystalline phases were identified by matching with
standard powder diffraction data (PDF). DIFFRAC. EVA. 3.2 software was used to find the

65

matching PDF files. QXRD analyses were performed in a PANalytical X’Pert Pro PW3040
diffractometer under Co Kα radiation (λ=1.79Å). This technique is helpful for a quantitative
analysis of the mineral phase. Further information on instrument settings is included in
Appendix B.2.

3.4.6

Raman Spectroscopy

Raman spectra were collected on a Labram 1B dispersive Raman spectrometer with 632.8 nm
excitation, 0.02 to 0.5 mW of laser power at the sample, a 150 µm slit, 50x objective, 1800
lines per mm diffraction grating, and a Peltier-cooled CCD detector at -40°C. Collection times
varied from 4 to 60 seconds. Information on iron oxide phases and surface functionalisation
can be extracted from Raman spectra.

3.4.7

X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed on a Kratos Axis Ultra DLD spectrometer. A thin layer
of powder sample was put directly onto a small carbon tape attached to a specimen holder.
Samples were measured with a neutraliser to compensate for charging effects. CasaXPS
software was used for data analysis. XPS analysis provides valuable information on the
quantitative surface elemental composition to a depth of 5-10 nm. Moreover, deconvolution
of the main peaks can give information on oxidation state of each element along with possible
bonds. Detailed information on instrument settings is mentioned in appendix B.1.

3.4.8

Fourier Transform Infrared Spectroscopy
(FTIR)

In order to identify the surface functional groups, the infrared spectra were collected using a
Nicolet iS50 FTIR fitted with a dedicated single-bounce diamond ATR purged with dry
nitrogen. Sixty-four background scans and 64 sample scans were co-averaged and ratioed to
produce a transmission spectrum. The absorbance spectrum was ATR corrected for the effect
of the wavelength on the depth of penetration. Any sample preparation was not required and a
small amount of powder or liquid sample was placed onto the diamond as it is, just before the
analysis.

3.4.9

X-ray Fluorescence Spectroscopy (XRF)

Elemental composition of the nanoparticles and ore samples was determined based on XRF
analysis. The principle behind this technique is that when individual atoms are excited by an
external energy source, X-ray photons are emitted with characteristics pertaining to the energy
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or wave length. The identification and quantification of each element is conducted by counting
the number of photons relevant to each energy level. All the XRF analyses were conducted by
Bureau Veritas analytical laboratory in Perth, Western Australia.

3.4.10

Atom Probe Tomography (APT)

Atom probe tomography analysis was carried out to explore the atomic arrangement of PEIMNPs before and after metal adsorption in near atomic scale using Cameca LEAP 4000X HR
(France). The specimen preparation was conducted by embedding nanoparticles within a ZnO
matrix on a Si substrate, as reported previously (Frierdich et al. 2019).
Nanoparticle encapsulation within ZnO matrix: Firstly, small silicon wafers were sputter
coated (PVD) with a 500±50 nm of ZnO layer at Melbourne Centre for Nanofabrication
(MCN, Australia). Following this, a 100±10 nm ZnO coating layer was deposited via atomic
layer deposition (ALD) at 250°C. A dilute solution of bare MNPs (approximately 1 mg/mL)
was then drop-cast on to ZnO surfaces using a pipette and allowed to air dry overnight. The
nanoparticles were ultrasonically dispersed in DI water and allowed to settle for five minutes
prior to being drop-cast. This procedure eliminates the presence of large agglomerates on the
specimens. The same procedure was followed for PEI-MNPs and Au-PEI-MNPs. A 25±2.5
nm thick ZnO ALD layer was then deposited at 200°C to encapsulate the nanoparticles
between the two ALD coating layers. This thin ALD layer minimises any voids that may
otherwise occur during PVD coating. Finally, a 600±50 nm ZnO film was sputter coated on
top of the film. The schematic representation of the deposition process is shown in Figure 3-2.
As shown in Figure 3-3a, the raised features on the ZnO layers are prominent which assisted
in deciding the Region of Interest (ROI).

Figure 3-2. Schematic diagram of nanoparticle encapsulation in ZnO matrix (side view)

Needle-shaped specimen preparation for APT analysis: The needle-shaped specimen
preparation was conducted using Tescan LYRA focused ion beam scanning electron
microscopy (FIB-SEM). A site-selective standard lift out - nanotip mounting - nanotip
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sharpening method was employed to prepare the needles on silica posts. The APT specimens
were prepared in a way that the encapsulated nanoparticles were positioned parallel to the
needle axis (cross-section orientation). SEM images of step-wise specimen preparation
process are illustrated in Figure 3-3.

a

Pt protection layer

d

Side cut

g

b

Cross section

e

Wedge view

h

c

Back cut

f

Lift out

i

MNPs

Presharpening

Sharpening

Sharpened specimen

Figure 3-3. APT specimen preparation process.
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Smooth tapered circular cross-sectioned needle-shaped specimens are preferred for APT
analysis. The circular cross-section is of paramount importance to ensure proper data
reconstruction. Firstly a thin layer of platinum is deposited onto the ROI to protect the
specimen during the milling process and to mark the region to be extracted (image a). The
dimensions of the platinum strip are approximately 2-3 µm wide, 25 µm long and 100 nm
thick. Trenches are then milled on three sides of the ROI, and this is followed by tilting the
specimen and cutting the underside before being lifted out (images b-f). This wedge
(approximately 20 µm long) is then mounted onto a suitable specimen mount (pre-fabricated
Si posts) using Pt deposition. Finally the wedge-shaped specimen is sharpened a to a needle
shape with annular milling patterns (images g-i). The darker strip in the image h is the layer
of nanoparticles to be analysed.
An image of the APT instrument used is shown in Figure 3-4.

Figure 3-4. Cameca LEAP 4000X HR atom probe tomography at John de Laeter centre,
Curtin University (image provided by Dr David Saxey)

3.4.11

SQUID Magnetisation Measurements

Field dependent and temperature dependent magnetisation measurements of nanopowder
samples were conducted using a Quantum Design MPMS 5XL superconducting quantum
interference device (SQUID) Magnetometer. Magnetic nanoparticles were packed inside
plastic capsules for the measurements. Field dependence was performed at a temperature of
300K, in an applied magnetic field of up to 20 kOe.
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For zero field cooled and field cooled (ZFC and FC) measurements, the powder samples were
mounted at room temperature followed by cooling down to 5 K without any applied magnetic
field. The sample was then warmed up to 300 K in an applied field of 100 Oe. The data was
collected during warming. For FC measurements, the powder sample was cooled to 5K again
with an applied magnetic field of 100 Oe and data was collected during cooling.

3.4.12

Thermogravimetric Analyses (TGA) and
Differential Scanning Calorimetry (DSC)

Thermogravimetric analyses were performed on a TA Instruments SDT Q600 simultaneous
DTA-TGA. Approximately 30 mg of nanopowder sample was weighed into a 110 µL platinum
crucible with a matched empty crucible as a control reference. The sample was heated from
ambient temperature to 850°C at 10°C per minute in a nitrogen atmosphere flowing at 100 ml
per minute. TA instruments, Universal V4.5A software was used for the data analysis. The
thermal decomposition of the sample provides information on the mass percentage of organic
coating and magnetic core. DSC measurement indicates the heat induced phase changes of the
material.

3.4.13

BET Surface Area

The specific surface area of nanoparticles was determined by the Brunauer-Emmett-Teller
method (BET, Micromeritics TriStar 3000) with nitrogen gas as the adsorbate at a temperature
of 77.3 K (-195.85 C).

3.5
3.5.1

Solution Analysis
Atomic Absorption Spectroscopy (AAS)

An Agilent 55B AAS was employed for solution analysis for gold and copper concentrations.
The flame source was a mixture of acetylene (1.5 dm3/h) and air (3 dm3/h) which was ignited
for the analysis. The respective lamp which contains the cathode is of the element being
analysed, emits the light beam which goes through the spectroscope where the wavelength slit
is adjusted per particular element. The intensity of the monochromatic light passing through
the flame is recorded by a photomultiplier. The amount of radiation absorbed by the sample is
compared to that of the standard solutions of the element under similar conditions and
concentration of the element under examination is calculated. The solutions were diluted with
DI water wherever required, prior to analysis. The dilution ratio was varied from 10 times to
100 times depending on the concentration of the element to be analysed. Two readings were
taken for each solution to obtain an accurate value.
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3.5.2

Inductively Coupled Plasma Mass
Spectroscopy and Optical Emission
Spectroscopy (ICP-MS and ICP-OES)

ICP-OES 735-ES from Agilent (CSIRO, Waterford, Australia) and ICP-MS (Bureau Veritas,
Canning Vale, Australia) instruments were used for metal analysis in solutions where high
accuracy was required. An ICP-MS was also used for analysis of the total dissolved sulfur in
the solution.

3.5.3

High Performance Liquid Chromatography
(HPLC)

To analyse sulfur species (thiosulfate, polythionates, sulfite and sulfate) in the solution, a
Waters 2695 HPLC separation module was used. The technique separates, purifies, identifies
and quantifies species in a complex mixture. Sulfur species analysis was conducted in before
and after adsorption solutions to determine the stability of thiosulfate and the competitive
adsorption of the species to the adsorbent. The Empower™ software package (Waters
Corporation) was used to control the HPLC and calculate the peak areas. Detailed information
on the analysis procedure and the columns used can be found in Appendix B.3.

3.6

Nanoparticle Deagglomeration by Ultrasonic
Dispersion

Magnetic nanoparticles were dispersed in preferred solutions using a Hielscher UP200Ht
(200W, 26kHz) handheld ultrasonic homogeniser by immersing approximately half of the
probe into the solution. Firstly, a measured weight of dry nanoparticles was dispensed in to a
small container and a 50 ml of preferred solution was added. The preferred solutions are listed
below.
1. DI water, pH 9.5 for bare MNPs and pH 7 for PEI-MNPs
2. 10 g/L trisodium citrate solutions, pH 9.5 for bare MNPs
3. Commercially available nanoparticle surfactants, pH 9.5 for bare MNPs and pH 7 for
PEI-MNPs.
Commercially available nanoparticle surfactants were sourced from US research
nanomaterials. It is a clear viscous liquid with a 45% of solid content. According to
manufacturer, it possesses the hydrogen bonding of its hydrophilic polyethylene oxide parts.
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Nanoparticle concentrations were varied from 1 to 10 g/L in a constant solution volume of 50
mL. Ultrasonic time was set from 30s to 600s. Based on the literature review of the ultrasonic
dispersion of nanoparticles and a few preliminary tests, the sonication power was set to 100
W and amplitude to 60% (approximately equivalent to 54 m) in continuous mode (Hielscher
2005, Taurozzi et al. 2011). The ultrasonic probe used had a tip diameter of 14mm. The
suspension container was immersed in an ice-water bath to minimise the overheating of the
suspension at extended duration of ultrasonication, as illustrated in Figure 3-5. In addition to
this, one minute of idle time was maintained after every three minutes of ultrasonication.
Hydrodynamic size measurements were conducted using DLS analysis. pH adjustments were
performed using NaOH.

Figure 3-5. Instrument set up of ultrasonic dispersion of nanoparticles

3.7

pH Dependent Dissolution of MNPs

Nanoparticle dissolution in acidic and alkaline solutions were evaluated by exposing bare
MNPs and PEI-MNPs to HCl and NaOH solutions for up to 3 hours within the range of pH 212. Nanoparticles were added to the solution and agitated for up to 3 hours at 25 ℃ in an
orbital shaker. Finally, the nanoparticles were separated and the supernatant solutions were
analysed for Fe concentration. Moreover PEI-MNPs used in pH 2 and pH 12 solutions were
used for adsorption studies to ensure they maintained a similar adsorption performance.

72

3.8

Adsorption Experiments with Synthetic
Leaching Solutions

3.8.1

Calcium Thiosulfate – Air Leaching System

Gold stock solution was prepared by dissolving the required amount of sodium aurothiosulfate
(𝑁𝑎 𝐴𝑢 𝑆 𝑂

) powder in deionised water. Approximately 10 mg/L of gold stock solution

was used throughout the research for adsorption experiments, with the exception of the
isotherm studies. Measured amounts of calcium thiosulfate (𝐶𝑎𝑆 𝑂 ) and copper sulfate
(𝐶𝑢𝑆𝑂 ) were added to the prepared gold stock solution to prepare the synthetic leaching
solutions. After adjusting the pH, the solution was added to the Erlenmeyer flask with the
desired amount of nanoparticles. The closed flasks were stirred in an orbital shaker at 250 rpm
and at the desired temperature for the desired time. Diluted sodium hydroxide and sulfuric acid
were used for pH adjustments. Once the adsorption process was finished, the solid-liquid
separation was accomplished with the aid of an external magnet. Supernatant solution was
analysed with Atomic Absorption Spectroscopy (AAS) or inductively coupled plasma optical
emission spectrometry (ICP-OES) for residual gold and copper concentrations. Metal-loaded
MNPs were used for metal elution studies. The effects of reagent concentrations and process
parameters on gold adsorption in 𝐶𝑎𝑆 𝑂 -𝑂 system were investigated as follows.

3.8.1.1

Adsorbent dosage

Synthetic leach solutions were prepared and once the pH was adjusted to 8 and the solutions
reached a temperature of 50 ℃, nanoparticles were added, equivalent to 5, 10, 20, 50 and 75
g/L. The samples were run for one hour before the sample aliquots were collected and analysed
for residual metal concentrations.

3.8.1.2

Solution pH

The initial pH value of the solutions was adjusted to 5, 6, 7 and to 8.8 for the adsorption studies.
The solutions consisted of 0.1 M 𝐶𝑎𝑆 𝑂 , 20 mg/L copper and approximately 10 mg/L gold.
The natural pH values of the solutions were in between 6.5-7 and adjusted to the desired value
either with 0.1 M NaOH or 0.1 M H2SO4 solutions.

3.8.1.3

Copper concentration

The influence of copper concentration in the solution on gold loading was tested by changing
the copper concentration from 0 to 120 mg/L, keeping the other parameters constant at 0.1 M
𝐶𝑎𝑆 𝑂 and approximately 10 mg/L gold as gold thiosulfate.
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3.8.1.4

Thiosulfate Concentration

Synthetic leaching solutions were prepared by changing the calcium thiosulfate concentration
from 0 to 0.2 mM. The initial solution pH and the temperature were set to 8 and 50 C,
respectively.

3.8.2

Other Thiosulfate Leaching Systems

3.8.2.1

Copper-Ammoniacal System

The gold stock solution was prepared by dissolving the required amount of gold as sodium
aurothiosulfate (I) complex in deionised water. For the adsorption experiments, sodium
thiosulfate was dissolved in the required volume of gold solution in an Erlenmeyer flask.
Copper sulfate and ammonia were mixed together and added to the gold and thiosulfate
solution while adjusting the pH to the desired value using 0.1M sodium hydroxide and 0.1M
sulfuric acid solutions. A sample aliquot was collected for analysis and finally the adsorbent
(PEI- MNPs) was added to the solution and the flasks were kept stirring in an orbital shaker
for the desired time period at room temperature. The metal-loaded MNPs were then separated
using an external magnet with the supernatant solution used for the analysis and the MNPs
used for the elution and reuse studies.

3.8.2.2

Nickel-Ammonia System

Sample preparation was almost similar to that for copper-ammoniacal system. In brief, nickel
nitrate was dissolved in the desired amount of ammonia solution and added to the gold
thiosulfate and ammonium thiosulfate mixture. The solution was stirred vigorously and the pH
was adjusted. The required amount of functionalised MNPs were weighed and added to the
Erlenmeyer flask. This was followed by the addition of the prepared synthetic leach solution.
Adsorption was conducted at room temperature and pH 10.

3.8.2.3

Ferric-Oxalate System

In this particular leaching system, the order of mixing the chemicals is important during the
solution preparation in order to prevent thiosulfate oxidation by Fe(III). Firstly, ferric chloride
𝐹𝑒𝐶𝑙

and sodium oxalate (Na2C2O4 ) were mixed together and the desired mass of sodium

thiosulfate and gold stock solution was then added to the solution. In this way, thiosulfate
oxidation by Fe is avoided as Fe already coupled with oxalate. The pH was then adjusted using
0.1 M NaOH and 0.1 M H2SO4 solutions. A measured amount of PEI-MNPs equivalent to 5
g/L was added to the above mixture and stirred in an incubating shaker at room temperature.
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3.8.2.4

Ferric-EDTA System

Firstly, the required amounts of ferric chloride and EDTA were mixed in DI water and the pH
was adjusted to pH 7 before adding sodium thiosulfate dissolved in gold stock solution into
the mixture. The natural pH of the Fe-EDTA mixture was on the acidic side (pH 2.5). The
direct addition of thiosulfate at this pH decomposes it and makes the solution cloudy. PEIMNPs were then added and the sample was stirred at room temperature.

3.9

Adsorption Kinetics Studies

Kinetic tests were performed with approximately 10 mg/L initial gold concentration at a pH
of 8 and 50C. Three different solutions were prepared as follows.
1. Solution 1- approximately 0.1M calcium thiosulfate, 10 mg/L gold and 20 mg/L
copper.
2. Solution 2 - approximately 0.1M calcium thiosulfate and 10 mg/L gold
3. Solution 3 - approximately 10 mg/L gold as gold thiosulfate in DI water.
Sample aliquots were collected after 5, 10, 20, 30, 40, 60 and 180 minutes and analysed using
an AAS for remaining gold concentrations. In addition to this, sample aliquots were collected
from Solution 1 more frequently (after 1, 2, 3, 4, 8 and 12 minutes), in order to get sufficient
data points for kinetics modelling. The metal adsorption efficiency (R as a %) and adsorption
capacity (q in mg/g) were calculated based on equations (3-1) and (3-2).

𝑅

𝑞

𝐶

𝐶
𝐶

𝑉
𝐶
𝑚

100

(3-1)

(3-2)

𝐶

where, 𝐶 and 𝐶 are the metal ion concentration at initial and equilibrium stages respectively,
in mg/L. 𝑉 is the sample volume in L and 𝑚 is the weight of the adsorbent used in g. The data
obtained form Solution 1 was used for adsorption kinetic model fitting.
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3.10

Adsorption Isotherm Studies

Isotherm studies were carried out using synthetic CaS2O3 – air leaching solutions. Synthetic
leaching solutions consisting of different initial gold concentrations ranging from 4 to 429
mg/L were prepared. Adsorption was conducted at temperatures of 25, 35 and 50C and a pH
of 8 for 24 hours. The gold-loaded MNPs were then separated using an external magnet and
sample aliquots were collected from the clear supernatant solutions. The isotherm data fitted
with the Langmuir and Freundlich isotherm models.

3.11

Thermodynamic Studies

Adsorption isotherm experiment results at different temperatures were used to calculate
thermodynamic parameters. The change in Gibbs free energy (ΔG), enthalpy (ΔH) and
entropy (ΔS) were calculated according to equations (3-3), (3-4), (3-5) and (3-6) in order to
reveal the adsorption mechanism.
The value of ΔG can be obtained by,
𝛥𝐺

𝑅𝑇𝑙𝑛𝐾

(3-3)

The relationship between ΔG, ΔH and ΔS is given as
𝛥𝐺

ΔH

T ΔS

(3-4)

From equations (3-3) and (3-4);
𝑙𝑛𝐾

𝛥𝐻
𝑅𝑇

𝛥𝑆
𝑅

The relationship between 𝐾 and 𝐾
𝐾

𝐾𝑀

(3-5)

,

10

55.5

(3-6)

where, 𝑅 is the universal gas constant (8.3144 J/mol.K), 𝑇 is the absolute temperature in
Kelvin and 𝐾 is a dimensionless equilibrium constant. The value of 𝐾 can be derived from
the Langmuir constant, 𝐾 using equation (3-6) (Zhou and Zhou 2014, Tran et al. 2016).

3.12

Gold and Copper Elution

PEI-MNPs used in synthetic CaS2O3 – air leaching system were used for the elution studies.
A two-step batch elution process was conducted; copper pre-elution followed by gold elution.
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For copper pre elution, a 0.02 M EDTA solution was used. Gold and copper loaded magnetic
nanoparticles were added to the above-mentioned solution and stirred continuously at room
temperature (25C) for 15 minutes. Sample aliquots were collected for gold and copper
concentration analysis using an AAS. The copper eluted MNPs were washed with DI water to
neutrality and added to a 0.01M NaOH solution for subsequent gold elution for 15 minutes.
The influence of different process parameters such as eluant concentration, solid to liquid ratio,
solution pH and temperature on metal elution efficiency was evaluated by changing the
relevant parameter in a given range while keeping the other parameters constant.
The elution kinetics experiments were performed in duplicate by adding metal-loaded PEIMNPs and eluant solution to a 125 mL Erlenmeyer flask, followed by mixing the solution at
250 rpm for the desired time at the desired temperature. Sample aliquots were collected at
predetermined time intervals of up to one hour. Magnetic separation was used for solid-liquid
separation. The solution was further filtered using syringe membrane filters (0.22 µm pore
size). The S/L ratio was maintained at 2.5 g/L, unless otherwise stated, for all elution kinetics
experiments. Copper eluted adsorbent was used for gold elution studies. In this case the copper
elution process was conducted at 0.02 M EDTA, at 25 ℃ and at a pH level of 6 for 15 minutes.
Elution efficiency was calculated according to equation (3-7), where 𝑀
metal eluted and 𝑀

is the amount of

is the amount of metal adsorbed.

Elution efficiency %

𝑀
𝑀

∗ 100

(3-7)

Several other eluants such as diluted NaOH, diluted HCl acid, glycine and the eluant systems
used for gold elution from IX resin were also evaluated. The methods used are included in
Appendix D.

3.13

Reuse of MNPs

Six consecutive adsorption-elution cycles were conducted in duplicate to examine the
reusability of nanoparticles. Each single cycle included metal adsorption, copper pre-elution,
and finally, gold elution. Intermediate washing with DI water was carried out after each step,
until the solution pH reached neutrality. Sample aliquots were collected from the supernatant
solution for analysis after magnetic separation at the end of each adsorption and elution step.
During the adsorption studies, the adsorbent dosage was set to 5 g/L -20 g/L and during elution
the S/L ratio was maintained at 2.5 g/L.
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3.14
3.14.1

Experiments with Gold Ore Samples
Leaching Tests

Ore samples received from Cortez ore in the Nevada region (USA) were used for these
experiments. The required amount of calcium thiosulfate and copper sulfate was dissolved in
DI water and the pH was adjusted to 8-8.5 with hydrated lime. The ore samples used were
ground to 80% passing 75 µm. The desired weight (400g) of ore was added into a 2L high
density polyethylene bottle and the prepared solution was added maintaining a solid to liquid
ratio of 40:60. The closed bottle was rotated in an incubator bottle roller at a temperature of
50 ℃ for 48 hours. The bottle lid had a small hole made in it to ensure an adequate air supply.
Sample aliquots were collected at different time intervals to analyse the gold concentration in
the solution. The solid-liquid separation was performed using a vacuum filter and the clear
solution was used for adsorption studies. The solution aliquots used for metal analysis were
further filtered with syringe membrane filters with a 0.22 µm pore size.
The ore sample was characterised using X-ray fluorescence spectroscopy (XRF), LECO
combustion analysis and quantitative X-ray diffraction (QXRD) methods for the mineral phase
identification and elemental composition determination.

3.14.2

Adsorption Experiments with Gold Ore
Leaching Solutions

The filtered leaching solution was used for the metal adsorption process. Adsorption studies
were conducted using 125 mL Erlenmeyer flasks. Firstly, the solution pH was adjusted to
8.1±0.1 using hydrated lime and diluted H2SO4 wherever required. Once the desired
temperature was reached in the solution, a measured amount of PEI-MNPs and the solution
was mixed in the flask and set in an incubator orbital shaker (Ratek OM11), from which point
onwards the reaction time was measured. The flasks were covered with two layers of
aluminium foil to prevent any temperature or solution loss. The shaker speed was set to 250
rpm for all the tests. Gold and copper concentrations of the solutions, before and after
adsorption, were analysed by an AAS. Other elements were analysed by ICP-MS.

3.14.3

Experimental Design

All the adsorption experiments were designed based on the central composite design (CCD).
Central composite experiment design offers several advantages over conventional
experiments. In the conventional approach, one variable is changed while keeping the other
variables constant. The repeating of same for every single variable can be tedious, especially
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when the number of variables are high. Moreover, this conventional approach does not
consider the combined effect of variables on the response variable (Hamzaoui et al. 2008, Ha
et al. 2014). The optimisation of the parameters by response surface methodology (RSM), a
statistical based practice, is a popular and a reliable method. This creates a second order
response surface and considers the effect of individual variables as well as the interaction of
those variables. The optimisation of the parameters for the purpose of maximisation or
minimisation of response variables is often reported using RSM. Vargas et al. (2012) used
RSM to analyse the adsorption behaviour of acid dyes onto activated carbon. The optimisation
of arsenic adsorption from aqueous solutions using chitosan and lead, and cadmium adsorption
by ZnO nanoflowers is also reported (Dehghani et al. 2018, Kataria and Garg 2018). Moreover
the use of RSM for the optimisation of thiosulfate leaching of gold from spent circuit boards
has also been attempted (Ha et al. 2014).
The adsorption tests were conducted in random order to prevent any systematic error. The
independent variables were chosen as adsorbent dosage (X1) in g/L, adsorption time (X2) in
minutes and the solution temperature (X3) in ℃, while the response variables were set as
adsorption efficiencies (%) of gold (YAu) and copper (YCu). The respective coded and actual
values of independent variables are listed in Table 3-1. The design comprised a full three factor
factorial at two levels (8 runs), 6 runs at the axial points of the design based on α =1.682 and
6 centre runs (20 runs in total) in order to generate a second order response surface. The α
value denotes the distance from the centre (zero) point to the axial point, also known as star
point. The axial points represents extreme values for each factor in the design space. The α
value was calculated according to equation (3-8). The number of factors is denoted by 𝑘.
𝛼

2

(3-8)

Response surface methodology (RSM) was used to determine the optimum adsorption
conditions to find the most appropriate combination of three independent variables to achieve
maximum gold adsorption efficiency. The response surface models (one for each of the two
response variables) had the general structure of;

𝑌

𝛽

𝛽 𝑋

𝛽 𝑋

𝛽 𝑋𝑋

(3-9)

where, Y is the response, b0 is the intercept, and bi, bii and bij are the linear, quadratic and
interaction coefficients respectively.
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The relationship between the coded values and the actual values of the independent variables
are represented as;
𝑋

𝑥

𝑥
∆𝑥

(3-10)

where, 𝑋 is the dimensionless coded value for each factor, 𝑥 is the corresponding actual value
for each factor, 𝑥 is the actual value at the centre point and ∆𝑥 is the step change value.
Table 3-1. Independent variables and their corresponding levels

Independent variables

Coded values and actual values
-1.682

-1

0

+1

1.682

X1

Adsorbent dosage (g/L)

3.18

10

20

30

36.82

X2

Adsorption time (min)

4.77

15

30

45

55.23

X3

Solution temperature (℃)

23.18

30

40

50

56.82

The data obtained from CCD experiments was statistically analysed using Design-Expert 11
software. Analysis of variance (ANOVA) was used to check the significance of the model and
the p-values associated with the linear, quadratic and interaction terms were used to assess the
significance of each term. Variables associated with p-values > 0.05 were considered
insignificant and eliminated from the model (Vargas et al. 2012).

3.14.4

Metal Elution

Metal elution was conducted as reported previously in Section 3.12. Briefly, metal loaded
MNPs were magnetically separated and then washed with deionised water. Copper pre-elution
was conducted using 0.02 M EDTA solutions at a pH of 6 and at 25℃ for 15 minutes. The
MNPs were washed with deionised water again prior to the gold elution. Gold elution was
accomplished by 0.01 M NaOH solutions at pH 12.0 and at a temperature of 25-50℃. The
elution time was adjusted from 15 minutes to 3 hours. Elution efficiency was calculated
according to equation (3-7).
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Chapter 4

4.1

Nanoparticle
Functionalisation and
Characterisation

Introduction and Chapter Objectives

The preparation of a suitable magnetic nanoadsorbent for anionic gold complex adsorption
was aimed in this study. To accomplish this, the surface functionalisation of nanosized
magnetic cores with different functional groups was attempted. Branched polyethylenimine
was seen to be the most promising functionalisation agent possibly due to its amine rich
structure. Trisodium citrate was used as the intermediate coating layer. The preparation of the
trisodium citrate and polyethylenimine coated MNPs (PEI-MNPs) is described in this chapter.
A better understanding of the characteristics of the prepared adsorbent is indispensable for its
subsequent use in effective gold recovery from alkaline pH solutions. Therefore, the main
objective of this chapter is to illustrate the results of the characterisation work, verification of
the successful surface coating and metal adsorption, and to predict behaviour in subsequent
processes. A comprehensive characterisation of the adsorbent at different stages of the process;
before surface coating, after surface coating and after metal adsorption is illustrated and
discussed. Zeta potential, being one of the most important parameters of physical adsorption
systems, is explained. The identification of the crystalline structure and surface elements and
functional groups in every stage are discussed. Quantitative results are included wherever
possible. The topographical analysis of the surface, and the internal phases of MNPs are
represented. Size measurement with two different techniques, SEM and DLS, is included.
Saturation magnetisation and temperature dependent magnetic properties of the adsorbent,
which are of the utmost importance for magnetic separation, are also discussed. Outcomes of
the thermogravimetric analysis and nanoparticle dissolution studies are also included. Mainly
FTIR, XRD, Raman spectroscopy, and TGA were used to characterise bare MNPs and surface
functionalised MNPs while the use of XPS and APT analysis methods extended to Au-PEIMNPs.
Nanoparticles have an inherent tendency to agglomerate to reduce their surface energy. This
tends to occur more prominently when nanoparticles are magnetic. Although the surface
coating can suppress this to a satisfactory level, deagglomeration prior to surface
functionalisation is vital, in order to coat individual particles, or at least to coat small
unbreakable aggregates made up of several particles. The outcome of nanoparticle
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deagglomeration trials conducted using ultrasonic dispersion is elaborated upon in this chapter.
In summary, the content of this chapter supports and validates the effectiveness of the surface
functionalisation process, particle deagglomeration process and metal adsorption process, and
helps to predict the performance of the adsorbent in the adsorption system.

4.2

Functionalisation of MNPs

A few different magnetic nanoadsorbents were attempted to adsorb anionic gold thiosulfate
from simulated leaching solutions and from pure gold thiosulfate solutions (in some occasions
only). The optimisation of the functionalisation process parameters such as PEI concentration,
MNP/PEI ratio (weight basis), pH, temperature and reaction time was evaluated to assess
maximum adsorption efficiency (the results are not included in this thesis). The comparison
of the different adsorbents was based on the gold adsorption efficiency using a simulated
calcium thiosulfate leaching solution, all conducted under identical conditions, and results are
listed in Appendix A. However, a detailed characterisation was not conducted on other
adsorbents, which showed little promise. Only size measurements and SEM imaging were
conducted.
Trisodium citrate and PEI coated iron oxide magnetic nanoparticles (PEI-MNPs) were the
most promising adsorbent and will be discussed in the following sections. The proposed
surface functionalisation of MNPs is schematically illustrated in Figure 4-1. Citrate groups
coordinate to MNPs by forming a bridging complex involving two oxygen atoms in
carboxylate group. It is assumed that, primary amine groups in PEI reacts with the available
carboxylate groups.
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Figure 4-1. Schematic illustration of surface functionalisation of bare MNPs with
trisodium citrate and PEI
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4.2.1

Citrate Coating

The purpose of the intermediate citrate coating was to impart a higher negative surface charge
to the nanoparticle surface. Bare iron oxide MNPs, both magnetite and maghemite, hold a
negative surface charge above pHPZC. However, citrate groups can dramatically increase the
charge density (amount of anionic groups in a specific surface area) of MNP surfaces. Citric
acid is known to be chemisorbed onto an iron oxide particle surface by forming a carboxylate
group with the hydroxyl groups on the particle surface (de Sousa et al. 2013). It is reported
that the highest surface coverage on the iron oxide NPs was achieved at a 90C of coating
temperature (Li et al. 2013). The efficacy of citrate coating at elevated temperatures, around
90 ℃, has often been reported (Cheraghipour et al. 2012, Saraswathy et al. 2014). Therefore,
a temperature of 90 ℃ was used for citrate coating in this study. A significant improvement
in particle dispersion was perceived after citrate coating, which was later verified by DLS size
measurements. The high negative surface charge on the NP surfaces normally tend to repel
each other preventing particle agglomeration.
As will be illustrated in Section 4.3.2, the pHPZC value of bare MNPs was measured at pH 5.7.
The negativity of MNPs increased with the increase in solution pH reaching -30 mV at pH 9.5.
Therefore, nanoparticle deagglomeration was accomplished in citrate solutions at or slightly
above pH 9.5. It is known that where absolute value of zeta is above 30 mV, or at least several
pH units away from pHPZC, nanoparticle agglomeration is minimal (Ding and Pacek 2008). In
this research, once deagglomeration by ultrasonic dispersion was completed, the solution pH
was adjusted to pH 6 by adding diluted sulfuric acid. The zeta potential of citrate coated MNPs
(Cit-MNPs) was -37.6 eV at a pH of 8. The success of the citrate coating was verified by FTIR
analysis as will be discussed in Section 4.3.4.2. According to FTIR analysis it is most likely
citrate forms a bridging complex with bare MNPs.

4.2.2

PEI Coating

Given that thiosulfate leaching systems are operated at alkaline pH values, and as the goldthiosulfate complex is anionic, the adsorbent should be positively charged in alkaline solutions
to facilitate the electrostatic attraction between the adsorbent and the adsorbate. The selected
functionalising agent predominantly should be able to show a good affinity for anionic gold
thiosulfate. It should also be stable at alkaline pH conditions, and impart a positive surface
charge to nanoparticle surfaces in alkaline pH solutions. Based on the reported studies, PEI is
the most convenient and appropriate functional group for nanoparticle coating to achieve a
higher pHPZC value. Other potential coating agents such as amine, thiol (Singh et al. 2011) and
silica (Ferreira et al. 2010) shows comparatively low pHPZC values which may not be effective
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for gold adsorption through electrostatic attraction in alkaline pH solutions. In summary,
highest cationic charge density, high point of zero charge, and preservation of magnetisation
properties were the main reasons for selecting PEI as the functional group.
Branched polyethylenimine (Mw = 25 000 g/mol) was used as the final coating to impart a
positive surface charge to the citrate coated NP surface. Primary, secondary and tertiary amine
groups are arranged in such a way that there is a branching site at every 3-3.5 nitrogen atoms,
ready to be protonated (Jia et al. 2014). This is the reason for the high cationic charge density.
As will be discussed in Section 4.3.2, the NP surface is highly cationic after PEI coating. The
aforementioned advantages compensate for the high affinity of PEI coated adsorbents towards
copper.
Higher nanoparticle to PEI ratios (weight basis) are known to produce well covered
nanoparticles i.e., improved PEI adsorption. Therefore, the initial NP to PEI weight ratio was
maintained at 1:4. The ratios above and below these values were also considered and 1:4 gave
the best results, that means the gold adsorption efficiency started to level-off at 1:4 ratio. It
was an indication of a saturation of nanoparticle surfaces with PEI at 1:4 ratio. The efficacy of
NP surface coverage by PEI will be discussed under particle characterisation using APT.
The PEI coating process is often performed at high temperatures, which allows for shorter
coating times. Surface coating at room temperature is also possible, but demands longer
durations up to 24 hours. As the citrate coating process was most effective at 90 ℃, and the
overall coating process is supposed to be carried out in one pot, the same temperature used for
citrate coating was also used for the PEI coating process.
In another study, based on PEI adsorption onto silica gel, it was reported that at pH values
around 10, the molecule size of the PEI is reduced and hence it is easy for it to diffuse onto a
silica surface (Hostetler and Swanson 1974). When the pH moves into a more acidic region,
protonation increases, resulting in a high cationic charge and a larger hydrodynamic size.
Although the increase in cationic charge is useful for subsequent anion adsorption, the
repulsion of PEI molecules approaching the silica surface by already adsorbed PEI molecules
is detrimental to the binding of more PEI molecules onto the silica surface. On the other hand,
the cationic surface charge of PEI reaches zero around pH 11. Therefore, it was suggested that
pH values not lower than 9 and not higher than 11.5 would be ideal for this particular system.
A similar kind of behaviour could also be expected for PEI adsorption onto iron oxide NP
surfaces. Hence the PEI coating process was performed at a pH of 9.5 in this study.

84

4.3

Characterisation of MNPs

4.3.1

Size and Morphology

An image of ‘as received’ iron oxide nanopowder is shown in Figure 4-2. The nanopowder is
brown-black in colour.

1 cm

Figure 4-2. Nanopowder (bare MNPs) as received from the manufacturer

4.3.1.1

Scanning Electron Microscopy and Transmission
Electron Microscopy

The size and morphology of bare MNPs and functionalised MNPs were analysed using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Both
techniques were attempted as SEM gives topographical information about the surface of the
sample whereas TEM can provide topographical information on the internal structure/phases.
As depicted in Figure 4-3, according to the SEM images, the nanoparticles seemed to have a
bimodal size distribution. The approximate size of the smaller particles varied from 13-20 nm
and the larger particles were in the range of 36-84 nm. TEM images showed in Figure 4-4
indicated that the shape of the larger particles was cuboidal and/or pyramidal, while the smaller
particles were spheroidal. The BET surface area of the nanoparticles was approximately 99.04
m2/g.

Figure 4-3. SEM images of bare MNPs (left) and PEI-MNPs (right)
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Figure 4-4. TEM images bare MNPs (left) and PEI-MNPs (right)

The thickness of the surface coating layer was measured during TEM analysis, as illustrated
in Figure 4-5. A well-defined coating layer was observed, while the measured thickness varied
from approximately 1.3-2.3 nm. The observed thickness lies within the values reported
elsewhere (Radeva and Petkanchin 1997, Li et al. 2013). There are instances of single particle
coating as well as coating of a cluster of NPs.

Figure 4-5. Thickness measurements of the surface coating layer

4.3.1.2

Dynamic Light Scattering

DLS was employed to measure the hydrodynamic size distribution of MNPs at different stages
of the functionalisation and adsorption process. The number based size distributions of bare
MNPs just before surface coating process, after PEI coating, and after metal adsorption are
represented in Figure 4-6.
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Figure 4-6. Hydrodynamic size distribution of 5 g/L bare MNPs before ultrasonic
dispersion (A), after 600 s dispersion in a 10g/L trisodium citrate solution at pH 9.5
(B), PEI-MNPs (citrate coated and then PEI coated in 5% PEI solution at pH 9.5 and 90
°C and washed (C), and Au-PEI-MNPs (adsorption conducted in 10 mg/L gold, 0.1 M
thiosulfate and 20 mg/L Cu solutions at 50°C and pH 8 (D)

Ultrasonic dispersion was carried out only for bare MNPs prior to the coating process. The
well dispersed bare MNPs that ultrasonically dispersed in 10 g/L trisodium citrate solutions
for 600 s, were used for subsequent surface functionalisation using trisodium citrate and PEI.
The resultant PEI-MNPs were used for gold adsorption from a synthetic leaching solution.
Hydrodynamic size distributions of aforementioned PEI-MNPs and Au-PEI-MNPs were
illustrated in image C and D in Figure 4-6. These MNPs did not underwent any ultrasonic
dispersion later in the process.
The intensity weighted mean diameter derived from cumulant analysis is known as Z-average
and this is the primary result of the DLS technique. It can be converted to number and volumebased distributions for comparison using the Mie theory (Nobbmann and Morfesis 2009).
Intensity-based size distribution is very sensitive to the presence of aggregates or large
contaminants. The respective z-average values (intensity based) and polydispersity index
values (PdI) are summarised in Table 4-1. PdI gives an idea of the broadness of the size
distribution. In general, PdI values greater than one indicate that the size distribution is highly
polydispersed and unsuitable for size measurement using the DLS technique (Shaw 2014).
An increase in hydrodynamic size after PEI coating is obvious, as a consequence of the
attachment of surface functional groups to the MNP surface. A slight increase in
hydrodynamic size of MNPs was also observed after metal adsorption, which could be
attributed to the adsorbed species. It may possibly also be due to particle agglomeration to a
certain degree, as a result of the drop in absolute value of zeta potential. As will be discussed
in Section 4.3.2, the zeta potential value of Au-PEI-MNPs is +19.2 mV. The corresponding
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PdI values, ranging from 0.231 to 0.389, are lying in the mid-range of PdI. This mid-range is
the range over which the distribution algorithms operate best (Shaw 2014).
Table 4-1. Intensity based Z-average, polydispersity index (PdI) and peak positions of
nanoparticle size distribution

Sample description

Bare MNPs, after 600 s
sonication

PEI-MNPs

Metal adsorbed MNPs

4.3.2

Intensity
weigted Z-Ave
(nm)

PdI

120.6

Peak intensity
Peak 1

Peak 2

Peak 3

0.368

168.5

4640

0

112.1

0.367

153.1

4733

0

112.3

0.389

164.7

4463

0

181.2

0.231

195.9

4937

0

174.3

0.254

192.9

4534

36.61

171.7

0.237

202.8

4901

0

221.1

0.272

275.1

4735

0

208.5

0.264

231.3

4301

0

206

0.272

235.7

2732

0

Zeta Potential

The Zeta potential of a particular colloid is sensitive to solution pH. Every colloid has a pH
value where the net surface charge becomes zero, and this is known as the point of zero charge
(PZC). The colloid is at its most unstable state at PZC. The pHPZC of magnetite can vary
considerably with background electrolytes (Illés and Tombácz 2006).
The intermediate citrate coating introduced a high negative charge density to the NP surface.
According to previous studies, it was observed that citric acid coated magnetite NPs have a
negative zeta potential over a wide pH range starting from pH 2 (Wang et al. 2009). This
intermediate coating helps to prevent or minimise particle aggregation by facilitating
electrostatic repulsion. Furthermore, the negatively charged particles are able to adsorb
cationic PEI easily. Due to the increased number of anionic binding sites per unit area,
compared to bare MNPs, the amount of PEI adsorbed also increases (Wang et al. 2009).
The zeta potential measurements are illustrated in Figure 4-7. In this study no electrolyte was
used and the analysis was performed in a DI water matrix. However the presence of NaCl is
possible due to pH adjustments with NaOH and HCl. It is evident that the pH at point of zero
charge (pHPZC) increased significantly following the PEI coating. Based on the results, the
pHPZC value was around 5.7 and 11 for bare MNPs and PEI-MNPs, respectively. The
isoelectric point or pHPZC value reported for bare magnetite varies from 3.2 to 6.9 at 25C in
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different background electrolyte solutions (Hristovski et al. 2007, Vidojkovic and Rakin
2016). The pHPZC for PEI coated MNPs is in accordance with the results reported elsewhere
(Goon et al. 2010, Pang et al. 2011b).
Calcium thiosulfate – air leaching system operates in mild alkaline conditions, at around pH
8. Zeta potential analysis data revealed that at pH 8, a bare MNP surface is negatively charged,
which may not encourage electrostatic attraction. This had been verified by adsorption studies
conducted using bare nanoparticles as the adsorbent for gold adsorption, where no gold
adsorption was observed. The Zeta potential of citrate-coated MNPs (Cit-MNPs) and Au-PEIMNPs was (-37.6) mV and 19.2 mV at pH 8, respectively. Further functionalisation of MNPs
with PEI resulted in a positively charged particle surface supporting electrostatic attraction.
The reduction of the surface charge following the metal loading is due to the adsorption of
anionic complexes, thus reducing the net positive charge.
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Figure 4-7. Zeta potential measurements of MNPs

4.3.3
4.3.3.1

Crystal Structure Analysis
X-ray Diffraction

For powder diffraction, the use of cobalt radiation over copper radiation for iron-containing
sample analysis is recommended due to its lower noise generation and thus more accurate
phase identification. This is of particular importance in the case of magnetite and maghemite
mixture analysis as the diffractograms are distinguishable only by a few low intensity peaks
(Mos et al. 2018). Thus, cobalt radiation was used for XRD analysis in this study. XRD
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patterns of nanoparticles before and after PEI coating are illustrated in Figure 4-8 to Figure
4-10. The broad diffraction peaks observed are due to the small crystallite size (Rudolph et al.
2012). Almost the same XRD patterns were evident for uncoated and coated MNPs, revealing
that any phase change was not resulted by coating. The peaks at 2θ values, 21.33, 35.28, 41.62,
50.67, 63.43, 67.66, 74.67 and 88.77 were assigned to miller indices 1 1 1, 2 2 0, 3 1 1, 4 0 0,
4 2 2, 5 1 1, 4 4 0 and 5 3 3, respectively. The pattern displays a cubic structure which could
be related to either magnetite and/or maghemite. It is known that differentiation of magnetite
and maghemite patterns is difficult, owing to their almost identical lattice parameters, 8.396
Å for magnetite and 8.3515 Å for maghemite. A very low intensity peak observed at
approximately 38.8 was assigned to (1 0 4) peak of hematite, which indicates a slight amount
of hematite in the nanopowder mixture. No characteristics peaks for any impurities were
observed in the pattern, confirming that nanopowder is a high pure iron oxide mixture.
Some maghemite and magnetite peaks overlapped which made proper identification difficult.
Based on the PDF data for pure maghemite, two low intensity peaks (5%) were visible at 27.67
and 30.41 2θ (Co Kα radiation) indexed to (2 1 0) and (2 1 1), respectively, which can be used
to distinguish it from the magnetite phase. The availability of these two peaks however, does
not guarantee that the nanopowder is single phase maghemite, or a composition of the mixture.
Therefore, the step scan of the peak (5 1 1) approach, as taken by (Kim et al. 2012) can be
used to quantitatively estimate the two phases in the nanopowder mixture.
In this study, the peaks related to (2 1 0) and (2 1 1) of maghemite are hardly visible in the two
diffractograms, but, in addition to all the high intensity peaks, three low intensity peaks
indexed to (6 4 2), (7 3 1) and (8 0 0) related to maghemite are clearly identified in both
patterns. 2θ values indexed to the (5 1 1) peak lie at 67.23 (30% intensity) and 67.63 (24%
intensity) for pure magnetite and pure maghemite, respectively. As shown in Figure 4-11, two
distinct peaks were not identified in this nanopowder, but one broad peak lay in between 67.2°
and 67.9 which is indicative of almost the same percentages of magnetite and maghemite in
the mixture. This was later confirmed by QXRD results. The QXRD analysis revealed that the
crystalline phases of bare iron oxide nanopowder consisted of approximately 52% γ-Fe2O3,
47% Fe3O4 and <1% α-Fe2O3.
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Figure 4-8. XRD patterns of bare MNPs and PEI coated MNPs

Figure 4-9. XRD diffractograms of bare MNPs
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Figure 4-10. XRD diffractograms of PEI-MNPs

Bare MNPs

PEI-MNPs

Figure 4-11. Peak 5 1 1 of bare MNPs and PEI-MNPs

4.3.3.2

Raman Spectroscopy

Raman spectra for bare MNPs and PEI-MNPs were obtained at different laser powers to
identify the iron oxide phases. Any special sample preparation was unnecessary in this
analysis. Powder samples were thinly spread onto a glass strip and placed under the laser beam.
The acquisition time for all the samples was 60s, unless otherwise stated, and all the
measurements were carried out at atmospheric pressure and room temperature at different laser
powers ranging from 0.02 mW to 1 mW. It is known that at lower laser power, magnetite has
a weak Raman scattering. On the other hand, high laser powers can trigger the laser-induced
phase transformation by ultimately converting magnetite to hematite (Shebanova and Lazor
2003, Slavov et al. 2010). This degradation phenomenon is directly related to particle size and
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the form. The degradation of iron oxide is fast and prominent, even with a slight increase in
laser power, in nanosized powder samples (Shebanova and Lazor 2003).
The Raman spectra of bare MNPs and PEI-MNPs at different levels of laser power are
illustrated in Figure 4-12. A prominent strong peak of around 670 cm-1 is characteristic to
magnetite, and this is visible even at the lowest laser power used (0.02 mW). However, this
peak is broad which can be resulted by overlapping the maghemite peak at 712 cm-1. When
the laser power was set to 0.2 mW, two additional peaks at 360 and 500 cm-1 appeared and
these were assigned to maghemite (Slavov et al. 2010). Once the laser power was further
increased to 0.5 mW, some extra peaks appeared at approximately 216, 279 and 1297 cm-1
together with the previously mentioned maghemite peaks, which indicate the further oxidation
of magnetite to hematite. The presence of a magnetite peak at 670 cm-1, together with these
peaks, is indicative of either partial oxidation of magnetite and/or a mixture of iron oxides
(magnetite, maghemite and hematite). Slavov et al. (2010) observed a total disappearance of
the peak at 670 cm-1 after exposing the powder to 1.95 mW of laser power due to the phase
transition. A new peak formed at 1297 cm-1 was assigned to the magnon scattering in hematite
(de Faria et al. 1997, Soler and Qu 2012).

Figure 4-12. Raman spectrum of bare MNPs (dotted lines) and PEI-MNPs (solid lines)
at different laser powers in 60 s acquisition time

The Raman spectra of PEI-MNPs are almost identical to the bare MNPs at lower laser powers.
At 0.5 mW, the hematite peaks in the PEI-MNPs spectrum are not as prominent as in bare
MNPs, which may be due to the delay in internal core oxidation as a result of the surface
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coating. In conclusion, the nanopowder used was mainly magnetite, although the possibility
of the presence of some maghemite cannot be ruled out.

4.3.4
4.3.4.1

Bulk and Surface Composition Analysis
X-ray Photoelectron Spectroscopy

XPS analysis was used to determine the surface elemental composition and chemical states of
the material. XPS survey spectra of bare MNPs, PEI-MNPs and metal loaded MNPs (Au-PEIMNPs) are presented in Figure 4-13. The corresponding peak positions (binding energy in
eV), full width half maximum (FWHM) values and area percentages are listed in Table 4-2.

Figure 4-13. XPS survey spectra of bare MNPs, PEI-MNPs and Au-PEI-MNPs

Two major peaks at binding energies of approximately 284.8 eV and 529.5 eV, in the spectrum
of bare MNPs, were designated for C 1s and O 1s, respectively. Fe3O4 can be expressed as
FeO.Fe2O3, with a Fe2+:Fe3+ ratio of 1:2. Moreover γ-Fe2O3 contains iron in the Fe3+ state only.
The peak positions of Fe 2p1/2 and Fe2p3/2 are found at 724.2 eV and 710.5 eV, respectively. A
satellite peak of Fe 2p3/2 can be observed at around 719.2 eV, positioned approximately 8 eV
higher than the main Fe 2p3/2 peak, in accordance with the literature. This satellite peak is
characteristic of γ-Fe2O3 (Yamashita and Hayes 2008). The main peaks and satellite peak
positions mentioned above are associated with the Fe3+ state, while the presence of a quantity
of Fe2+ is also possible (Preisinger et al. 2005).Therefore, this magnetic nanopowder could be
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a mixture of magnetite (Fe3O4) and maghemite (γ-Fe2O3). The detection of magnetitemaghemite mixture in commercially available magnetite nanopowder is also reported
elsewhere (Chowdhury et al. 2010).
Table 4-2. XPS analysis data of main peaks
Sample

Element

Position

FWHM

% Area

Bare MNPs

O 1s

529.5

3.19

49.82

C 1s

284.8

3.82

19.54

Fe 2p

710.5

4.88

30.64

O 1s

530.4

3.02

37.33

C 1s

286.4

3.04

33.35

Fe 2p

710.4

4.52

19.28

N 1s

399.4

2.59

10.03

O 1s

530.6

3.05

38.91

C 1s

285.6

2.95

31.39

Fe 2p

710.6

4.22

19.38

N 1s

399.6

2.7

8.78

Au 4f

85.2

1.61

0.14

S 2p

167.6

4.95

1.4

PEI-MNPs

Au-PEI-MNPs

The method followed by Grosvenor et al. (2004) and Biesinger et al. (2011) for Fe 2p peak
fitting was employed in this study. Although XPS is a powerful method used to analyse surface
composition, it does not provide information on the bulk composition of the nanocomposite.
Only a few nanometre thick surface layer is analysed by this method. High resolution Fe 2p
spectra of bare MNPs and PEI-MNPs are illustrated in Figure 4-14. The multiplet splitting of
Fe 2p spectra of bare MNPs revealed that the surface composition was 87.6 % maghemite and
12.4 % magnetite. This could be due either to the oxidation of the surface layer to maghemite
during synthesis and with the storage of NPs, or it could be the actual local composition of the
nanopowder sample. However the composition of magnetite and maghemite is considerably
different to the composition given by QXRD. The reason is that QXRD provides evidence of
bulk composition whereas XPS measures only the surface composition to a depth of a few
nanometres. Interestingly, no peaks corresponding to magnetite were visible in the Fe 2p
spectra of both PEI-MNPs (results shown) and Au-PEI-MNPs (results not shown). This can
be attributed to the surface coating and surface adsorbed species which further reduces the xray penetration depth.
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Figure 4-14. Deconvoluted high resolution Fe 2p spectrum of PEI-MNPs (top) and bare
MNPs (bottom)

The clear N1s peak observed for PEI-MNPs at 399.8 eV indicates the coordination of nitrogen
from amine groups in PEI with nanoparticles, which confirmed the success of the PEI coating.
The surface nitrogen composition was 10% after PEI coating. The N 1s high-resolution
spectrum was deconvoluted into two main peaks, as depicted in Figure 4-15. The peak at 399.8
eV was assigned to C-N and N-H bond in amines, whilst the peak at 401.3 eV was attributed
to protonated amine groups of PEI. These observations are compatible with the values
observed elsewhere (Adenier et al. 2004, Kim et al. 2016, Ravi et al. 2018). Any considerable
deviation in N 1s peak positions have not been identified in Au-PEI-MNPs (not shown). An
enhancement of the area of the shoulder peak (401.3 eV) was observed, but any deviation in
the peak position was not detected. This would be a strong indication of the absence of any NMetal covalent bonds in the analysed powder sample.
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Figure 4-15. Deconvoluted high resolution N 1s spectrum of PEI-MNPs

Carbon peak in the XPS spectrum can arise from adventitious carbon and from the organic
carbon resulting from citrate and PEI coating. Almost all samples exposed to the atmosphere
were known to be contaminated with adventitious carbon, typically with a 1-2 nm thick layer
(XPSsimplified web site). As listed in Table 4-2, the carbon percentage is considerably higher
in PEI-MNPs than in that of bare MNPs. The shoulder peak at 284.8 is assignable to C-C bond,
which would be resulted from adventitious carbon and C-C bonds in citrate groups and PEI
chains. The most intense peak at 286.3 eV in C 1s spectrum shown in Figure 4-16 can be
attributed to the C-O and C-N bonds. The small peak at 288.8 eV is considered to arise from
the O-C=O bond of carboxylate group (Wilson and Langell 2014). These three peaks verify
the attachment of citrate and PEI on to MNPs.
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Figure 4-16. Deconvoluted high resolution C 1s spectrum of PEI-MNPs
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O 1s spectrum of PEI-MNPs is illustrated in Figure 4-17. The peak shows slight asymmetry
towards the higher binding energy side. The main peak can be deconvoluted into three separate
peaks at approximately 530.1 eV, 531.1 eV and 533.8 eV. The most intense peak at 530.1 eV
is corresponding to lattice oxygen (Fe-O) in the iron oxide mixture. The wide peak at 531.1
eV was assigned to the combined effect of OH groups, organic oxygen (C=O) and C-O groups.
The small peak at 533.8 eV is attributed to the carboxylate group (Wilson and Langell 2014,
Hiura et al. 2015).
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Figure 4-17. Deconvoluted high resolution O 1s spectrum of PEI-MNPs

The high resolution Au 4f spectrum of Au-PEI-MNPs is illustrated in Figure 4-18. The Au
4f7/2 peak is located at binding energy (BE) values of 85.4 to 85.6 eV, while Au 4f5/2 is located
at 89.1 to 89.3 eV which is consistent with the values reported elsewhere (Casaletto et al. 2006,
Makhova et al. 2007). The appearance of doublets is due to the spin-orbit coupling (Odio et
al. 2014). Sample 1 represents the gold adsorption from a pure gold thiosulfate solution, whilst
Sample 2 was used to adsorb gold from a synthetic leaching solution. The Au 4f7/2 spectrum
of Sample 1 was deconvoluted into two components. The major peak corresponded to the Au
(I) state which accounted for 98.3% of gold on the PEI-MNPs surface. Moreover, an
insignificant amount of metallic gold can also be present which caused by reduction of Au(I)
by amine groups after adsorption. A reduction of Au (III) to Au(0) by amine groups in PEI has
been reported elsewhere (Sun et al. 2005, Mohammed et al. 2013). The Au 4f7/2 spectrum of
Sample 2 can be fitted with only one peak attributed to Au(I) state which indicates the gold
adsorption process is physical adsorption only and no redox reaction has occurred. The peaks
at 84.9 eV in Sample 1 and 85.1 eV in sample 2 are consistent with Au-S interaction (Odio et
al. 2014). This confirms the adsorption of gold thiosulfate complex onto PEI-MNPs.
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Figure 4-18. Deconvoluted high resolution Au 4f spectrum of Au-PEI-MNPs
(adsorption was conducted in a pure gold thiosulfate solution (Sample 1) and in a
synthetic leaching solution (Sample 2))

The adsorption of sulfur species is confirmed by S 2p peak in Au-PEI-MNPs. However, the
peak is associated with high background noise and a proper deconvolution was not performed.
Instead, a tentative deconvolution was performed and clear maximums at 162 - 163 eV and
163.9 eV confirmed the Au-S interactions (not shown). Likewise, the copper peak was also
hardly detected, which may be due to the localised low concentration on the nanoparticle
surface in the used powder sample.

4.3.4.2

FT-IR spectroscopy

To confirm the success of the surface functionalisation, the FTIR spectra of bare MNPs, CitMNPs and PEI-MNPs were investigated. Furthermore, pristine sodium citrate and PEI was
also analysed and the respective FTIR spectra are illustrated in Figure 4-19. Some important
peaks were well diagnosed for pure trisodium citrate. The wide peak around 3400 cm-1 and
1064 cm-1 are assignable to OH groups. The strong peaks at 1580 cm-1 and 1388 cm-1
corresponded to the carboxylate group of citrate. In pristine PEI, bands at 2811 cm-1 and 2932
cm-1 corresponded to aliphatic C-H stretching vibrations. The peak at 1594 cm-1 and 1455 cm- 1
assigned to N-H vibrations of primary and secondary amine groups, respectively. Furthermore,
the peak at 1455 cm-1 corresponded to CH2 moiety as well. The wide peak at 1288 cm-1 and
peaks at 1113 cm-1 and 1045 cm-1 corresponded to the C-N stretching vibration (Kasprzak et
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al. 2015). A strong peak at 760 cm-1 was assigned to out-of-plane bend of NH2 group (Smith
1999).
In the FTIR spectra of bare MNPs, Cit-MNPs and PEI-MNPs, the peaks at approximately 428
cm-1 and 544 cm-1 correspond to the vibration bands of Fe-O bonds at octahedral and
tetrahedral sites, respectively (Cornell and Schwertmann 2006). This confirms the magnetic
core as iron oxides. Although Cit-MNPs is only an intermediate product, the verification of
successful citrate group attachment is crucial. The well-resolved peaks related to the stretching
of the carboxylate group (CO2-) at 1612 cm-1 and 1390 cm-1 reveals successful interaction of
carboxylate groups with the iron oxide surface. The difference between the asymmetric and
symmetric C-O stretch bands (Δ) provides information on the binding mechanism of
carboxylate ligand to a metal (Nakamoto 2009, Odio et al. 2014). A Δ value much higher than
the respective of ionic value implies a unidentate complex while a Δ value much less than
ionic value corresponds to a chelating (bidentate) complexation. A close value of Δ to the ionic
value is an indication of bridging complex formation. In this case both O atoms in carboxylate
group bind to two metal ions, separately. The magnitudes of Δ are 192 and 222 cm-1, for ionic
form (pristine citrate) and for Cit-MNPs, respectively. The fairly close values indicate the
formation of bridging complex with iron in bare MNPs and carboxylate groups in trisodium
citrate.
In the spectrum of PEI-MNPs, the bands around 3354 cm-1 and around 1632 cm-1 correspond
to the N-H stretching vibration of primary/secondary amine and the N-H bending vibration of
secondary amine groups of PEI, respectively (Coates 2000, Xu et al. 2011). The peaks at 1059
cm-1 and 1470 cm-1can be assigned to the C-N stretching vibration of tertiary amine groups
and C-H bending vibrations, respectively. The peaks in between 3000 and 2800 cm-1
corresponded to the asymmetric and symmetric C-H stretching vibrations. This confirms the
availability of amine groups on the adsorbent surface. In brief, FTIR analysis confirms the
successful surface functionalisation of iron oxide surfaces with citrate and amine functional
groups. A summary of peak positions and their assignments is listed in Table 4-3.
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Table 4-3. Summary of functional group frequencies from FTIR analysis
Spectrum

Wavenumber
(cm-1)

Assignment

Reference

428

Fe-O vibration at octahedral sites

(Cornell and
Schwertmann 2006)

544

Fe-O vibration at tetrahedral sites

(Cornell and
Schwertmann 2006)

3400

O-H stretch

(Na et al. 2014)

1580 and 1388

Asymmetric and symmetric stretch
of carboxylate (COO-)

1064

OH groups

3286

N-H stretching vibration of
secondary amine

(Smith 1999)

2811 and 2932

Asymmetric and symmetric C-H
stretching vibrations

(Kasprzak et al. 2015)

1594

N-H scissoring vibration of primary
amine groups

(Smith 1999, Coates
2000, Kasprzak et al.
2015)

1455

N-H vibrations of secondary amine
groups / CH2 moiety

(Kasprzak et al. 2015)

1288 and 11131045

C-N stretching vibration

(Kasprzak et al. 2015)

760

Out of plane bend (wag) of NH2

(Smith 1999)

3392

Structural OH groups

(Na et al. 2014)

1612 and 1390

Asymmetric and symmetric stretch
of carboxylate (COO-)

(Coates 2000), (Smith
1999)

1253

Symmetric stretching of C-O

(Na et al. 2014)

1068

OH groups of citrate

(Na et al. 2014)

3354

N-H stretching vibration of
primary/secondary amine

(Coates 2000, Xu et
al. 2011)

3000-2800

asymmetric and symmetric C-H
stretching vibrations

(Karimzadeh et al.
2017)

1632

N-H bending vibration of
secondary amine groups

(Coates 2000, Xu et
al. 2011)

1560

NH2 scissoring vibration

(Smith 1999)

1470

C-H bending vibrations

(Khoobi et al. 2015)

1059

C-N stretching vibration

(Smith 1999)

Bare MNPs

Trisodium
citrate

Pristine PEI

Cit-MNPs

PEI-MNPs

(Coates 2000), (Smith
1999)
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Figure 4-19. FTIR spectra of bare MNPs, Cit-MNPs, PEI-MNPs, pristine trisodium
citrate and PEI

4.3.4.3

X-ray Fluorescence Analysis of MNPs

Bare MNPs and PEI-MNPs were analysed by XRF to check the bulk elemental composition.
Bare MNPs were bought as a 99.5%, high purity product and the powder analysis results are
represented in Table 4-4. Some contaminants were identified, and the values are given as a
weight percentage. However, almost all the contaminants present in trace levels only.
Table 4-4. XRF analysis of as received bare MNPs and PEI-MNPs for bulk composition
Element

Cu

Fe

Si

Al

Ca

Cr

Mg

S

Mn

Co

Ni

Na2O

Bare MNPs

0.015

65.45

0.03

0.02

0.03

0.13

0.1

0.017

0.33

0.005

0.041

0.05

PEI-MNPs

0.007

61.20

0.14

0.03

0.03

-

-

0.018

0.32

-

0.033

0.05

The values are given as a percentage.

4.3.5

Atom Probe Tomography Analysis of MNPs

Atom probe tomography (APT) was employed for the visualisation of the chemical
arrangement of the adsorbent, in near atomic scale. APT is the chemically most sensitive and
highest resolving probing technique used to characterise micro- and nanoscale materials down
to a near atomic scale (Rusitzka et al. 2018). However, this technique does not seem popular
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for the analysis of the surface coating and adsorption processes. There is a huge potential of
using APT for the visualisation of surface functional groups and adsorbed metal complexes.
In APT, individual atoms, as ions, are progressively removed from a needle-shaped specimen
by using pulsed field evaporation (Larson 2006). Thermal energy generated from the laser
pulse initiates the removing (evaporation) of individual atoms from the tip of the specimen.
Each atom is spatially, chemically and isotopically identified by a position-sensitive detector
and precisely reconstructed three dimensionally.
Spatial reconstruction usually separates in to X and Y coordinates (lateral) and Z coordinate
(depth). A reverse projection model is used to identify the original position of each ion on the
specimen for each detector impact location in order to reconstruct the lateral coordinates.
Depth location is primarily identified by the sequence of evaporation. Such analysis is possible
over regions of interest (ROI) over 100s nm in size (Saxey et al. 2018). This type of
information is indispensable for nanoscale materials.
For the chemical identification of each ion, the time-of-flight is converted in to mass-to-charge
ratio during data processing. The results are usually displayed in a histogram, known as mass
spectrum (Gault and Larson 2018). APT provides chemical identification of the evaporated
atom by calculating the mass-to-charge ratio as given in equation (4-1).
𝑚
𝑛

2𝑒𝑉

𝑡
𝐿

(4-1)

where, 𝑚 is the mass, 𝑛 is the charge state, 𝑒 is the elementary charge, 𝑉 is the voltage at the
time of evaporation, 𝐿 is the distance from the tip to detector and 𝑡

is the time consumed

to travel the distance 𝐿 (McCarroll 2018).
The schematic representation of the basic arrangement of APT is shown in Figure 4-20. The
specimen is progressively destroyed as the atoms leave the surface. The specimen temperature
is usually maintained at 20-100K to reduce thermal diffusion of surface atoms prior to
evaporation.

103

Figure 4-20. Schematic representation of APT. The diagram provided by Dr David
Saxey, JDL Centre, Curtin University.

In this research, nanoparticles were embedded in a ZnO matrix to facilitate more controlled
evaporation of individual atoms. This capping layer can protect nanoparticles from any
potential damage during the FIB specimen preparation (Larson 2006). The overall atom map
of the specimen is illustrated in Figure 4-21. In an atom map, the atomic positions of each
element (mainly Fe, Zn, Au, Cu, S, C, N and H in this case) in the original needle specimen is
represented as a point. The needle shaped specimen consist of a good layer of nanoparticles
(shown in purple) which denotes the preciseness of the specimen preparation process. The
ZnO matrix (shown in aqua colour) surrounds the nanoparticles.

20 nm

Figure 4-21. APT image of Au-PEI-MNPs arrangement in the needle specimen. The
colours used are purple for Fe, turquoise for Zn, green for N, blue for C, golden yellow
for Au and red for Cu.

The mass spectrum of the specimen is shown in Figure 4-22. A mass spectrum shows the massto-charge ratio of elements and is used to identify ions in the analysed specimen. Gold has a
single isotope and is uniquely placed away from the other elements in the mass spectrum.
Therefore, gold does not have any risk of overlapping with any other element considered in
this study. In contrast, zinc, sulfur and oxygen peaks can overlap in the mass spectrum. Zinc
has five isotopes in total (64Zn, 66Zn, 67Zn, 68Zn, 70Zn), sulfur has four isotopes (32S, 33S, 34S,
36

S) and oxygen has three isotopes (16O,

17

O,

18

O), which demonstrate a good chance of

overlapping.
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Figure 4-22. APT mass spectrum of Au-PEI-MNPs. The major peaks are labelled without their charge.
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APT analyses were performed using three samples; before surface coating (bare MNPs), after
surface coating (PEI-MNPs) and metal loaded MNPs (Au-PEI-MNPs). Surface coating was
conducted in two steps; trisodium citrate coating using 10 g/L citrate coating at pH 6 and 90
°C followed by a PEI coating in 5 % PEI solution at pH 9.5 and 90 °C.
To investigate the success of the surface coating, bare MNPs and PEI-MNPs were analysed
for their carbon and nitrogen atom arrangement on the iron oxide surfaces. The respective APT
images are shown in Figure 4-23. The atoms related to the ZnO matrix were disregarded for
clarity. The enhanced concentration of carbon (blue spots) and nitrogen (green spots) on the
PEI-MNPs surface is apparent, compared to bare MNPs which are associated with the PEI
coating on nanoparticle surfaces. Carbon and hydrogen could have been resulted from both
primary citrate coating and secondary PEI coating. The individual atom maps of C, N and H
are also included for a better understanding of the arrangement of surface coating layers.
The surface coverage of NPs by functional groups is illustrated in Figure 4-23e. According to
the images, the full coverage of the MNP surface was achieved to a satisfactory level. The
purple surface is the MNP surface and the blue surface is the coating layer. The generation of
the surface coating layer was by considering the C, N and H atom distribution around the
MNPs surface. The gap appears because there is a slight offset between the Fe distribution and
the C, N and H distribution, which can be interpreted as being due to the PEI coating. However,
the exact location of the two visualised surfaces depends on the concentration threshold level
chosen to define each surface. For this visualisation, threshold values were chosen that tend to
emphasise this difference, so that the layers might appear more separated for the purpose of
‘visualising’ the presence of the PEI coating. This is really a qualitative result and does not
necessarily indicate the thickness of the coating. The proxigrams or 1D chemical profiles
contain more quantitative information and are more appropriate for trying to gauge the size of
a chemical distribution.
In contrast, there are some particles that were not fully covered with the surface coating, as
shown in image c of Figure 4-24. There may be a few reasons for this. The presence of NP
agglomerates and aggregates during the surface functionalisation can prevent individual
particle coating. On the other hand, the PEI coating can be damaged or migrate at subsequent
ultrasonic dispersion processes or during the encapsulation process (in a ZnO matrix) at high
temperatures. Unfortunately, the exact reason cannot be ascertained with the existing data.
Considering a lower temperature during the ZnO ALD layer coating would be worthwhile.
However, the risk of formation of voids is higher at lower temperatures.
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a
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d

Surface coating layer

e

20 nm

MNP surface

Figure 4-23. APT images of bare MNPs (a), the atom maps of PEI-MNPs showing:
carbon distribution (b), nitrogen distribution (c) and hydrogen distribution (d) and
surface coating layer (e). The colours used are purple for Fe, green for N, blue for C
and olive for H. the PEI coating was performed at pH 9.5 and 90 °C.

The APT images of Au-PEI-MNPs are illustrated in Figure 4-24. All the images are from the
same sample. Images a and b show the same cluster of nanoparticles from two different angles.
The individual atom maps of N, Au, Cu and S are represented in images c, d, e and f,
respectively. Successful gold adsorption is well demonstrated (as represented by golden
yellow colour spots in the images a, b and d). Both monolayer and multilayer gold adsorption
were observed in some areas in Figure 4-24d. Moreover, the copper and sulfur adsorption was
also verified.
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The atoms shown at a distance away from the nanopartcle surfaces appear as isolated atoms
in the reconstruction. These isolated atoms are an expected result from the background noise
in the mass spectrum. During the sample preparation, a ZnO ALD layer was coated at a
temperature of 200 ℃. As mentioned before, a migration of PEI coating or adsorbed metal
ions is possible, but cannot be confirmed with the available data. A sulfur peak can easily
overlap with zinc and oxygen signals in mass spectrum and can lead to misinterpretations.

a

b

c

High MNP coverage

d

Low MNP coverage

e

f

Figure 4-24. APT images of metal adsorbed PEI-MNPs (a and b) and atom map of
nitrogen (c), gold (d), copper (e) and sulfur (f). The colours used are purple for Fe,
green for N, blue for C, golden yellow for Au, red for Cu and light blue for S.

A chemical proximity histogram (also known as a proxygram) provides valuable information
about atom distribution across an interface. The atomic concentration (as a percentage) of each
element on either side of the interface can be calculated, as a function of distance from the
interface. The proxygrams of bare MNPs and Au-PEI-MNPs are depicted in Figure 4-25 and
Figure 4-26, respectively. The regions used to generate the proxygrams are shown in the insets.
In the proxygram of bare MNPs (Figure 4-25), the ‘zero’ distance location in the profile data
corresponds to the NP surface boundary. Negative distances are outside the particle and the
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distance increases positively as the profile moves in toward the centre of the particle. These
bare MNPs were dispersed in trisodium citrate solution prior to being deposited on ZnO coated
silicon wafers. Consequently, traces of dispersant media are also expected in the composition
profiles. As shown in the proxygram, the particles mainly consisted of Fe and O. A high
concentration of O outside the particle is possibly a result of the ZnO matrix. A small amount
of Na and H was also found, probably from sodium citrate. The Na concentration inside the
particle was due to particle contamination, as confirmed by the manufacturer and later
confirmed by XRF analysis. A negligible amount of Mn, Ca and Mg was also detected (not
shown in the proxygram).
Assuming that the bare MNPs consisting of both Fe3O4 and γ-Fe2O3, the O composition should
be around 57% to 60%. However, as per the proxygram, the maximum value reached only up
to 38.5% which is considerably lower than the calculated value. It is known that the oxygen
counts in atom probe analysis of oxides do tend to be lower than the expected stoichiometry
(Kinno et al. 2014, Santhanagopalan et al. 2015, Maier et al. 2016). It is also reported that the
oxygen composition reduces when the magnetite is reduced to a smaller size. However, the
crystal structure remains unchanged (Blaney 2007).
In Figure 4-26, the ‘zero’ location in the chemical profile is somewhere within the
nanoparticles (not the particle surface interface as was on bare MNPs) and the distance
increased from left-to-right in the selected interface. As displayed in the proxygram of AuPEI-MNPs, the high concentration of C, N and H is obvious on the surface of iron oxide. At
the same position, the Fe concentration starts to decline, as it is the iron oxide and PEI coating
interface. Similarly Au and Cu concentrations are also higher at the NP surface in accordance
with the N layer. The S signal inside the MNPs is questionable. It is assumed that this is due
to the overlap with O in mass spectrum.
From the APT analysis results illustrated in Figure 4-23 to Figure 4-26, the surface functional
group attachment and successful gold adsorption were confirmed. The reconstructed images
provided a better understanding of the atomic arrangement of different elements. The
conclusions derived from this technique are compatible with the other characterisation
techniques. Despite the possible overlaps in mass spectrum, the APT technique provided
valuable information on the surface coating and gold adsorption onto MNPs.
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Figure 4-25. Composition profile of bare MNPs in the form of a proximity histogram
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Figure 4-26. Composition profile of Au-PEI-MNPs in the form of a proximity histogram
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4.3.6

Magnetic Properties

Saturation magnetisation and zero field cool and field cool (ZFC/FC) measurements were
conducted for bare MNPs, PEI-MNPs and Au-PEI-MNPs using SQUID. Saturation
magnetisation measurements provide variation in magnetisation at different applied fields (M
in emu/g vs H in kOe). The measurements were taken at a temperature of 300K and the results
are illustrated in Figure 4-27. The hysteresis loops of both samples show zero coercivity which
confirms the superparamagnetic nature of the nanopowder. A slight drop in saturation
magnetisation was observed after surface coating, which is expected. The saturation
magnetisation was 60.5 emu/g and 52.3 emu/g for bare MNPs and PEI-MNPs respectively. As
reported in the literature, a slight drop is typical for PEI coated MNPs. The Au-PEI-MNPs
show a saturation magnetisation value of 50.5 emu/g, which still enables successful magnetic
separation. A further drop could be due to the adsorption of different adsorbate species to the
MNP surface.
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Figure 4-27. Field dependent magnetisation measurements at a temperature of 300K

The temperature dependence of the nanoparticles (before and after PEI coating) was also
analysed and the results are shown in Figure 4-28. The ZFC measurements were carried out
by first cooling down the sample to 5 K without any applied field. Once stabilised, the sample
was heated to 300 K in the presence of an applied field of 100 Oe where the measurements
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were recorded. For FC measurements, the sample was cooled down to 5 K with an applied
magnetic field of 100 Oe and warmed back to 300K. These measurements are important for
the determination of blocking temperatures (TB) of the particles. Below the blocking
temperature, anisotropy energy dominates over thermal energy (Upadhyay et al. 2016). Once
the temperature reaches blocking temperature, the spin alignment is disrupted by thermal
energy (Boyer et al. 2010). Above TB the particles demonstrate superparamagnetic behaviour
(Tanwar et al. 2012). Normally the blocking temperature is determined by the temperature at
the inflection point of the curve or the temperature at maximum magnetisation in the ZFC
curve. Above TB the magnetisation decreases as the temperature increases following the CurieWeiss behaviour. However the accurate determination of TB in polydispersed nanoparticle
samples is not straightforward, due to the broad peak (Bruvera et al. 2015).
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Figure 4-28. Temperature dependent magnetisation of bare MNPs and PEI-MNPs
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It was observed that both samples exhibit blocking temperatures above 200K. For bare MNPs
the broad peak of the ZFC curve lies at approximately 240-293 K. Above 293 K, magnetisation
starts to drop slightly until the maximum temperature of 300K. The broad peak and flattened
shape of the peak of bare MNPs may be due to the strong interaction of iron oxide MNPs and
anisotropic distribution which is a result of broad size distribution. In the case of PEI-MNPs,
maximum magnetisation was observed at 202-214 K which designates the blocking
temperature within this region. The reduced TB value after PEI coating is more of an indicator
of the less agglomerated behaviour of the particles than that of bare MNPs (Arsalani et al.
2019).

4.3.7

Thermogravimetric Analysis

Bare MNPs and PEI-MNPs were exposed to heat (up to 850 C) under a nitrogen gas
atmosphere to estimate the composition of functional moieties in the nanosorbent through
weight reduction with increasing temperature. The weight loss (TGA analysis) and
temperature difference (DSC analysis) results of bare MNPs and PEI-MNPs are presented in
Figure 4-29 and Figure 4-30, respectively. A typical three step weight loss was observed in
PEI-MNPs. Approximately a 3% of weight reduction at around 57 C may be due to the loss
of water molecules bound to NP surfaces while the weight losses at 200 - 400 ℃ and again
475 - 625 ℃ were assigned to decomposition of PEI and citrate. It is reported that low
molecular weight PEI starts to decompose at 250 C in air and at 300 C in an inert atmosphere.
Ammonia, ethylamine and pyrrhole and C-substuted ethylpyrrholes were the thermal
degradation products (Nedel'ko et al. 1975). The total weight loss of bare MNPs and PEIMNPs at 850 ℃ was 9% and 19%, respectively, which endorsed the composition of attached
functional groups in the adsorbent as approximately 10%.
The final product was a black powder which may have been wustite (Fe1-xO, where x ranging
from 0.83 to 0.95), which forms under most reducing conditions. Bearing in mind that the
nanopowder used in this study is a mixture of magnetite and maghemite (with <1% of
hematite), under reducing conditions, maghemite and hematite may first reduce to magnetite
with the increase in the temperature and ultimately to wustite and ferrite (Parkinson 2016).
In the DSC curves, strong endothermic peaks observed at approximately 45-52 C can be
assigned to the elimination of water molecules attached to the particle surfaces. The
exothermic peak observed at 284.8 C was due to the phase transformation from Fe2O3 to Fe3O4
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(Zhang et al. 2013b). Extra peaks attained in the DSC curve of the PEI-MNPs may be
attributed to the changes in the functional groups.

Figure 4-29. TGA and DSC curves of bare MNPs

Figure 4-30. TGA and DSC curves of PEI-MNPs
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4.4

Deagglomeration of MNPs by Ultrasonic
Dispersion

Ultrasonic dispersion of MNPs was carried out using an ultrasonic probe. Nearly half of the
ultrasonic probe was immersed in the solution. DI water and 10 g/L trisodium citrate solutions
were used as the dispersants for bare MNPs, where the pH of the both solutions were adjusted
to pH 9.5. In general, at zeta potential values above 30 mV, the suspensions are known to be
most stable (Ding and Pacek 2008). According to zeta potential measurements, bare MNPs
hold a -30 mV surface charge at pH 9.5 and hence the same pH was chosen for the dispersion.
Likewise DI water and commercially available surfactant solutions at pH 7 were used as
dispersion media for PEI-MNPs as the zeta potential was well above 30 mV. The
ultrasonication settings were 100W power, 60% amplitude (approximately equivalent to 54
m) and “continuous” operating mode. The NP concentration and sonication time were varied
from 1-10 g/L and 30-600 S, respectively.

4.4.1

Dispersion of Bare MNPs in DI Water

The size distribution data revealed that in DI water, nanoparticles do not reach their single
particle diameter even after 600 s ultrasonication. All the size measurements were in
micrometre size range, as illustrated in Figure 4-31. According to Shaw (2014), the
hydrodynamic size depends not only on the size of the particle core, but also the type and
surface structure of the particle, and ionic strength of the solution. Furthermore, it is mentioned
that to introduce a sufficient surface electric potential, the pH adjustment of the medium alone
is insufficient and the addition of an electrolyte with dissociation properties is essential
(Kamiya 2012).
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Figure 4-31. Hydrodynamic size distribution of nanoparticles dispersed in DI water at
pH 9.5
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4.4.2

Dispersion of Bare MNPs in Citrate Solutions

The duration of ultrasonication apparently influenced the hydrodynamic size of the NPs.
Irrespective of the concentration of NPs, lower hydrodynamic sizes were observed at longer
ultrasonication durations. For the same duration of ultrasonication, a 5g/L NP concentration
yielded slightly smaller hydrodynamic size (Z-average) than 1 g/L NP concentration, which
implies that better deagglomeration was probably due to increased interparticle collision
(Taurozzi et al. 2011). As it stands, the concentration of NPs in the dispersion did not seem to
be a major factor for the tested range. The number based hydrodynamic size distribution of
NPs for different concentrations and durations are illustrated in Figure 4-32.
The variation of hydrodynamic sizes in two media (DI water and citrate solution) is attributed
to the ionic strength difference and the surface charge of NPs. The higher ionic strength in the
citrate solutions may compress the electric double layer, and hence the measured
hydrodynamic size is lower. Moreover, in citrate solutions the citrate molecules bind to the
NP surface under ultrasonication and this imparts a strong negative charge to the particle
surfaces which prevents their agglomeration.
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Figure 4-32. Hydrodynamic size distribution of bare MNPs dispersed in trisodium
citrate solutions at pH 9.5

4.4.3

Dispersion of PEI-MNPs in Surfactant Solution

The hydrodynamic size distribution of PEI coated MNPs was also measured. First, PEI-MNPs
in dry powder form were ultrasonically dispersed in commercially available surfactant
solutions at a pH of 7.5 for different durations of ultrasonication. According to the size

116

distributions represented in Figure 4-33, a longer exposure to ultrasonic dispersion resulted in
a smaller hydrodynamic size and a narrower size distribution.
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Figure 4-33. Hydrodynamic size distribution of PEI-MNPs dispersed in commercial
surfactant at pH 7

4.4.4

Dispersion of PEI-MNPs in DI Water

Ultrasonic dispersion of PEI-MNPs in a DI water matrix was also attempted in order to
compare with other media. The size distributions are represented in Figure 4-34. The size
reduced to a certain extent when increasing the ultrasonic time. However, the resultant average
hydrodynamic sizes were lower than the comparative sizes in surfactant solutions in shorter
ultrasonic durations (30 S and 300 S) and almost identical after 600 S. The dispersion media
does not seems to be a major factor for PEI-MNPs, as surface functional groups and
mechanical forces predominate more so than the solution properties for deagglomeration. The
size distributions after 300 s were not shown here.
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Figure 4-34. Hydrodynamic size distribution of PEI-MNPs dispersed in DI water at pH 7

The summary of the measurements in both media is listed in Table 4-5. Longer ultrasonication
times resulted in a considerable reduction of hydrodynamic size in PEI-MNPs. This trend was
applicable for both DI water and surfactant solutions.
It is worth discussing the discrepancy in the hydrodynamic sizes of PEI-MNPs mentioned in
Section 4.3.1.2, where the particles were not subjected to a drying process and throughout the

117

process they were in aqueous suspension form. On the contrary, for ultrasonic dispersion trials
in Section 4.4, all the nanoparticle samples came initially in dry powder form which was then
added to the solutions for dispersion. For instance, the hydrodynamic size of dry PEI-MNPs
ultrasonically dispersed in DI water for 600s and wet NPs just after surface functionalisation
and washing (before drying) were 203.7 nm and 174.3 nm, respectively. This indicates the
advantage of using wet NPs for adsorption. However, due to practical difficulties in precise
sample weight measurements, PEI-MNPs were oven dried in this study.
Table 4-5. Summary of hydrodynamic sizes of PEI-MNPs in different media
Intensity
weighted ZAve (nm)

PdI

PEI-MNPs, surfactant, 30S

554.8

PEI-MNPs, surfactant, 300S

Sample description

Mean diameter (nm)
peak 1

Peak 2

Peak 3

0.813

1194

234.7

5150

263.1

0.409

254.4

2956

0

PEI-MNPs, surfactant, 600S

209.7

0.335

290.1

4904

0

PEI-MNPs, DI water, 30S

325.5

0.432

356.4

4586

0

PEI-MNPs, DI water, 300S

295.5

0.473

319.8

3004

0

PEI-MNPs, DI water, 600S

203.7

0.361

406.5

4515

0

4.5

pH Dependent Dissolution of MNPs

The dissolution behaviour of MNPs before and after coating was examined by exposing the
particles to aqueous solutions across a wide range of pH levels (pH 2 to 12) for 3 hours
followed by solution analysis for Fe ion concentrations. As illustrated in Table 4-6,
approximately 21.4 % of Fe leaching was observed as a result of dissolving bare MNPs in a
pH 2 solution. When iron oxide is exposed to strong acidic conditions, it reacts to form Fe2+
and Fe3+ ions. These reactions are effective only at low pH levels. However, the corresponding
Fe leaching from PEI-MNPs was only 5.4%, which exhibited the protection of the magnetic
core by the surface coating. A slight amount of Fe leaching was observed in pH 3, 10, 11 and
12 solutions from bare MNPs, while PEI coated MNPs were resistant to dissolution within this
range. Therefore, it is apparent that the surface coating was able to provide a protection for the
magnetic core in terms of covering it.
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Table 4-6. Nanoparticle dissolution in acidic and alkaline solutions before and after
coating
pH

2

3

5

7

9

10

11

12

Fe leaching (PEI-MNPs), %

5.4

0.0

0.0

0.0

0.0

0.0

0.0

0.1

Fe leaching (Bare MNPs), %

21.4

0.3

0.0

0.0

0.0

0.9

1.9

0.4

The evaluation of the dissolution behaviour of PEI-MNPs in highly alkaline solutions is
important, as gold elution is conducted in pH 12 solutions, as will be discussed in Section 6.4.
Interestingly, Fe leaching is insignificant in PEI-MNPs at pH 12. To verify that the extreme
pH does not impair the surface coating, PEI-MNPs used in the pH 2 and pH 12 solutions above
were used for metal adsorption afterwards. Any change in the adsorption efficiency was not
perceived, which indicates the excellent resistance of PEI-MNPs to highly acidic and alkaline
conditions.

4.6

Chapter Summary

The surface functionalisation of iron oxide MNPs using citrate groups and PEI proved to be
successful. The simple and relatively fast one-pot coating method resulted in well-dispersed
PEI-MNPs. Nanoparticle deagglomeration prior to surface coating is an important aspect to
consider. The ultrasonic dispersion method was able to produce an adequately deagglomerated
nanoparticle suspension. The characterisation of bare MNPs revealed that the nanopowder is
a mixture of iron oxide, predominantly containing magnetite and maghemite. Successful
surface functionalisation with citrate groups and PEI was verified by various characterisation
technologies. XPS and APT analysis revealed the adsorption of gold and some other species,
such as copper and sulfur, onto PEI-MNPs.
The characterisation data provided indispensable information in deriving the mechanism of
gold adsorption. According to the XPS analysis, gold predominantly exists in the Au(I) state
on the surfaces of PEI-MNPs. This confirms that the gold exists as its thiosulfate complex
rather than being reduced to metallic form. Any evidence of a redox reaction occurring could
not be found. APT analysis results demonstrated the successful adsorption of gold, both
monolayer and multilayer. In the reconstructed APT images, on the majority of occasions,
gold atoms held together with sulfur atoms, which is indicative of gold adsorption as its
respective thiosulfate complex. However, the existence of gold as gold clusters in some areas
also cannot be ruled out.
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It is evident that the characterisation of nanoparticles is challenging and complicated due to
their size, agglomeration behaviour and magnetic properties. Thus, trying several
characterisation methods and linking the results from each method is essential for obtaining a
self-consistent picture of the material. Nanoparticles can undergo severe structural or phase
changes instantly, during the characterisation stage or even during the sample preparation
stage. As an example, the Raman spectrum of nanopowder samples dramatically changed at
different laser powers as a result of laser-induced in-situ oxidation. This hinders the obtaining
of actual information on the original material. Likewise, particle agglomeration can occur
during the TEM sample preparation, especially during the drying stage, which can easily lead
to misinterpretation. In the APT sample preparation, the encapsulation of MNPs in ZnO matrix
was performed at a temperature of 200 °C, and this can change the original state of the surface
coating and the adsorbed species.
The use of an electron beam in SEM and TEM analysis can also influence the shape and
structure of nanoparticles. Obtaining a clear image with a TEM was harder due to the charge
build up on the specimen. In a similar manner, x-rays also can cause damage to the original
sample specimen. During the XPS analysis, longer times of exposure to x-rays were needed to
obtain high resolution spectra of the elements of interest. This can alter evidence of the
specimen’s history and the properties of the surface coating.
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Chapter 5

5.1

Gold Adsorption by
Polyethylenimine Coated
Magnetic Nanoparticles

Introduction and Chapter Objectives

This chapter consists of the results and the discussion of the adsorption experiments conducted
using synthetic leaching solutions and pure gold thiosulfate solutions. The effects of different
parameters and conditions are discussed with regard to gold adsorption efficiency in synthetic
leaching solutions. Examples of some of these are: concentrations of lixiviant and other
reagents, adsorbent dosage, solution pH, solution temperature and adsorption time. Most
importantly, adsorption isotherms and adsorption kinetics modelling parameters are also
presented. The adsorption mechanism was revealed through a thermodynamic approach.
The adsorption experiments were mainly conducted using the solutions simulating calcium
thiosulfate - air leaching system. The adsorption efficiency of this adsorbent in different
thiosulfate leaching systems other than calcium thiosulfate – air system is briefly mentioned,
but not investigated in depth.

5.2

Gold Adsorption

Gold adsorption from synthetic leaching solutions of calcium thiosulfate – air system was
carried out. These solutions consisted of calcium thiosulfate and gold thiosulfate with and
without copper. In addition, gold adsorption efficiency in pure gold thiosulfate solutions, in
the absence of competitive adsorbates, was also investigated. The solutions were prepared by
dissolving sodium aurothiosulfate (I) powder in deionised water. pH adjustments were carried
out using diluted NaOH and H2SO4 acid solutions, wherever required.
The composition of 0.1 M calcium thiosulfate, 10 mg/L gold thiosulfate and 20 mg/L copper
sulfate solution is schematically represented in Figure 5-1. Only the elements of interest were
considered and sodium was omitted, although approximately 6 mg/L could be available as a
result of pH adjustment using NaOH and the balance amount from the sodium aurothiosulfate
(𝑁𝑎 𝐴𝑢 𝑆 𝑂

) complex. Almost 99.7% was held by calcium and sulfur while the gold

concentration was only as small as 0.1% (weight basis) and 0.2 % of copper. Therefore the
competitive adsorption of these species is expected. The sulfur contribution from
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𝑁𝑎 𝐴𝑢 𝑆 𝑂

and CuSO4 was negligible. However, it was added to the total sulfur in the

graph. Selective adsorption of gold in such a trace level is expected to be challenging.
Ca

S

Cu

Au

S

Ca

Au

Cu

Figure 5-1. Composition of Au, Cu, S and Ca as a percentage (weight basis) in
synthetic leaching solution consists of 0.1 M calcium thiosulfate, 10 mg/L gold
thiosulfate and 20 mg/L copper sulfate.

5.2.1

Effect of Nanoparticle Dosage

The influence of adsorbent concentration on gold adsorption was evaluated and the results are
presented in Figure 5-2. The test solution consisted of approximately 0.1 M thiosulfate, 10
mg/L gold and 20 mg/L copper. Once the pH was adjusted to 8 and the solutions reached a
temperature of 50 ℃, nanoparticles were added, equivalent to 5, 10, 20, 50 and 75 g/L. An
increase in adsorbent dosage led to a significant increase in gold adsorption. The availability
of more adsorption sites and hence less competitiveness may be the reason for higher gold
adsorption. The next experiments were conducted at 5 g/L and 20 g/L PEI-MNPs dosages to
compare the performance at two different PEI-MNPs concentrations.
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Figure 5-2. Effect of magnetic nanoparticle dosage on gold adsorption. The solution
consists of 0.1 M thiosulfate, 20 mg/L copper, approximately 10 mg/L gold at pH 8,
50℃ after one hour adsorption time.
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5.2.2

Effect of Solution pH

The influence of the initial solution pH was evaluated in solutions consisting of 0.1 M
thiosulfate, 10 mg/L gold, 20 mg/L copper, and 5 g/L adsorbent dosage at 50 ℃. The pH of
the solution did not show a considerable effect on the final metal loading onto PEI-MNPs in
the tested pH range, as indicated in Figure 5-3. An initial solution pH range of 5 to 8.8 was
selected. The adsorption efficiency would have been different outside this range, but was not
practical to check, as pH values greater than 8.8 rendered the solution unstable and
precipitation was evident due to the instability of copper (1) thiosulfate at a high pH, and
copper precipitates as copper hydroxide at a high pH. On the other hand, thiosulfate is unstable
in acidic pH solutions.
Gold adsorption efficiency at different pH solutions can depend on two aspects; the behaviour
of the adsorbent and the adsorbate. With respect to the adsorbent, the zeta potential analysis
results showed that the adsorbent surface charge is positive throughout the tested pH range (5
to 8.8) and this may be the reason for a similar degree of adsorption at every pH value tested.
With regard to the adsorbate, gold speciation can vary with the solution pH. According to
published data on gold speciation, gold (I) thiosulfate complex is the most stable form within

Gold adsorption efficiency (%)

the tested pH range (Aylmore and Muir 2001) which also supports the observed outcome.
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Figure 5-3. Effect of initial solution pH on gold adsorption after one hour in solutions
consisted of 0.1 M thiosulfate, 20 mg/L copper, approximately 10 mg/L gold and 5 g/L
PEI-MNPs at 50℃

5.2.3

Effect of Copper Concentration

In an ammoniacal thiosulfate system, copper acts as an oxidant and as a catalyst in the gold
oxidation half reaction, as indicated in equation (5-1).
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𝐴𝑢

5𝑆 𝑂

𝐶𝑢 𝑁𝐻

→ 𝐴𝑢 𝑆 𝑂

𝐶𝑢 𝑆 𝑂

4𝑁𝐻

(5-1)

In a non-ammoniacal CaS2O3 –air leaching system, in the absence of ammonia, the role of
copper is not yet well understood (Zhang and Nicol 2005, Zhang et al. 2013a). It is suggested
that copper (in cuprous and cupric states) can exist as various copper-thiosulfate complexes,
depending on the copper and thiosulfate concentrations and other solution parameters like the
pH and which additives are available. 𝐶𝑢 𝑆 𝑂

and 𝐶𝑢 𝑆 𝑂

have been identified as

the predominant species at pH 8 and at a 0.1 M thiosulfate concentration. Copper exists as
Cu(I) and Cu(II) in the former and latter complexes mentioned above, respectively. In
thiosulfate deficient solutions, copper can precipitate as CuS or Cu2S (Senanayake 2005b).
𝐶𝑢 𝑆 𝑂

complex is assumed to be the main contributor to thiosulfate degradation, as

presented in equations (5-2) and (5-3).
𝐶𝑢
2𝐶𝑢 𝑆 𝑂

2𝑆 𝑂

→ 𝐶𝑢 𝑆 𝑂

→ 2𝐶𝑢𝑆 𝑂

𝑆 𝑂

(5-2)

(5-3)

To this end, gold adsorption behaviour was investigated at different initial copper
concentrations ranging from 0 to 120 mg/L and the results are illustrated in Figure 5-4. The
solution consisted of 0.1 M free thiosulfate as 𝐶𝑎𝑆 𝑂 and approximately 10 mg/L gold.
Adsorption was conducted for one hour at 5 and 20 g/L PEI-MNPs dosages in pH 8 solutions.
When a 5 g/L PEI-MNPs dosage was used, the increase in copper concentration in the solution
resulted in a slightly lower gold loading. At a copper concentration greater than 42 mg/L, gold
adsorption efficiency started to drop slightly for the tested range. PEI shows a good affinity
towards copper (Xu et al. 2015). Therefore copper can competitively adsorb onto PEI-MNPs
reducing the gold adsorption. However, at a 20 g/L adsorbent dosage, the copper concentration
did not seem to be a significant factor influencing the gold adsorption. An increase in copper
concentration did not show any considerable effect on gold adsorption efficiency. The
availability of ample adsorption sites may be the reason.
A linear regression model fitted to the data with the initial copper concentration and the time
as a binary indicator or dummy variable indicated that neither the initial copper concentration,
nor the time had a significant effect on gold adsorption at a 95% confidence level as illustrated
in Figure 5-5.
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Figure 5-4. Effect of initial Copper concentration on gold adsorption efficiency after
one hour with 0.1 M thiosulfate, 0-120 mg/L Cu, 10 mg/L Au at pH 8 and 50 ℃

Figure 5-5. Effect of initial copper concentration and time on gold adsorption

5.2.4

Effect of Thiosulfate Concentration

Gold loading on to PEI-MNPs was investigated by varying the initial free thiosulfate
concentration from 0 to 0.2 M. Gold was added as gold thiosulfate complex and thiosulfate as
calcium thiosulfate liquid. It is evident from the results given in Figure 5-6 that the thiosulfate
concentration is a significant factor which influences gold loading. The gold loading onto PEIMNPs is significantly reduced by increasing the free thiosulfate concentration in the system.
The reduced gold loading can possibly be due to competitive adsorption of thiosulfate onto
the MNPs. This would obstruct the available adsorption sites for gold. Moreover, increased
polythionate concentrations formed by oxidising thiosulfate would also compete for
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adsorption sites on the MNPs, similar to the behaviour observed with IX resins (Daenzer et al.
2016) and activated carbon (Sitando et al. 2019). The adsorption of sulfur species were
confirmed by atom probe tomography analysis discussed in Section 4.3.5. The use of a higher
adsorbent dosage was beneficial to the adsorption of gold. Further insights gained into the
system based on ion speciation analysis are discussed in Section 5.3.1.

Gold Adsorption Efficiency (%)

100%

5g/L [PEI-MNPs]

90%

20 g/L [ PEI-MNPs]

80%
70%
60%
50%
40%
30%
20%
10%
0%
0

0.05

0.1

0.15

0.2

Thiosulfate concentration (M)
Figure 5-6. Effect of initial free thiosulfate concentration on gold adsorption in 20
mg/L copper, approximately 10 mg/L gold at pH 8 and 50℃ temperature solutions at
different adsorbent dosages.

In many reported works and commercial applications, the initial thiosulfate concentration is
typically maintained at 0.1 M. A further increase of thiosulfate concentration to 0.2 M did not
show any increase in gold leaching (Senanayake 2005b). Furthermore, free thiosulfate
concentration in leachate after a few hours may be much less due to complexation with gold,
copper and any other possible metals and by oxidation to polythionates and sulfate.
Although the solution chemistry is not fully understood for this system, some findings are
reported on the effect of polythionates and some other species on the recovery of gold. Daenzer
et al. (2016) reported the results of a study on the effect of polythionates on gold loading onto
Purolite A500 anion exchange resin. It was observed that at equal molarities, tetrathionate was
less favourable to gold loading than trithionate. The increase in initial polythionate (either
trithionate or tetrathionate) concentration in the synthetic leaching solutions significantly
reduced the gold loading onto the IX resin. In a solution containing 0.1 M CaS2O3, 8 mg/L
gold and 4 mM tetrathionate, 61% of the resin capacity was taken up by the tetrathionate that
replaced the previously adsorbed thiosulfate.
A comparable scenario can occur with nanoparticles as well, replacing the already adsorbed
gold thiosulfate by polythionates or sulfate. Another possible explanation is that free
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thiosulfate itself in the solution can be adsorbed onto PEI-MNPs by obstructing the available
adsorption sites for gold. The competitive adsorption of sulfur species will be discussed in the
following section.

5.3
5.3.1

Competitive Adsorption of Copper and
Sulfur Species
Copper Adsorption

PEI shows a good affinity towards copper (Xu et al. 2015). A competitive adsorption of copper
was verified by solution analysis and particle analysis as shown in Table 5-1. The copper
content found on the nanoparticles (by particle analysis) matched the calculated adsorption
capacity by solution analysis. The reduction in adsorption efficiency over the time is assumed
to be due to the sulfur species adsorption, replacing the already adsorbed copper. Cu(II) can
form stable complexes with amine groups of PEI, having an approximate coordination number
of 4. The formation constant was known to be in the order of 1016.6 (Kislenko and Oliynyk
2002, Xu et al. 2015). The preferential adsorption of copper onto PEI functionalised adsorbents
has often been reported (Pang et al. 2011b, Lindén et al. 2015, Xu et al. 2015). As mentioned
in Section 5.2.3, under the conditions given, copper can predominantly exist as Cu(I) in
𝐶𝑢 𝑆 𝑂

and/or as Cu(II) in 𝐶𝑢 𝑆 𝑂

complexes. Accordingly, electrostatic attraction

of anionic copper species and complexation of Cu(II) with PEI by coordination are the possible
adsorption mechanisms. However, a further exploration into the mechanism of copper
adsorption was not conducted at this stage as it is beyond the scope of this study.

5.3.2

Sulfur Species Adsorption

The competitive adsorption of sulfur species was verified by XPS and APT analyses, as
discussed in Section 4.3. Further solution analysis by HPLC was carried out to determine the
sulfur speciation in the test solution. The particle analysis by XRF and LECO techniques
revealed the net sulfur value adsorbed on to PEI-MNPs. This gives the actual sulfur adsorption
onto the adsorbent, excluding the possible sulfur loss in the solution by precipitation.
As mentioned before, thiosulfate is metastable. Consequently, thiosulfate leaching solutions
are unstable and the formation of polythionates and ultimately sulfates are inevitable in the
presence of an oxidant. Therefore, sulfur speciation analysis was conducted to understand the
solution chemistry and competitive loading of thiosulfate and its oxidation products onto PEIMNPs, using a high performance liquid chromatography (HPLC) technique. The
concentration of sulfur species at two different initial thiosulfate concentrations (0.1 M and
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0.025 M) was investigated at two different adsorbent dosages (5 and 20 g/L). Sample aliquots
were collected after 1 hour and 24 hours to observe the time-dependent thiosulfate
decomposition. All the experiments were conducted using synthetic leaching solutions at a pH
of 8 and at 50 ℃. The results are listed in Table 5-1.
Table 5-1. Sulfur species analysis results by HPLC and copper adsorption analysis
results
Concentration (mM)

Solution 3

Solution 2

Solution 1

Sample description

"S" mass
loss, %

Cu
adsorption
,%

𝑆𝑂

𝑆 𝑂

𝑆 𝑂

𝑆 𝑂

𝑆 𝑂

𝑆 𝑂

Before adsorption

0.22

24.5

0.19

0.13

0.08

0.01

5g/L [NP], 1 hr

0.55

24.5

0.21

0.1

0.03

BDL

0%

84%

5g/L [NP], 24 hrs

0.81

21.2

0.33

0.06

0.01

BDL

12%

78%

Before adsorption

0.26

99.8

0.21

0.1

0.05

BDL

5g/L [NP], 1 hr

0.31

99.8

0.56

0.08

0.11

0.01

0%

79%

5g/L [NP], 24 hrs

0.66

91.8

0.8

0.37

0.18

0.01

6%

75%

Before adsorption

0.26

99.8

0.21

0.1

0.05

BDL

20g/L [NP], 1 hr

0.46

94.8

0.48

0.12

0.11

0.01

4%

84%

20g/L [NP], 24 hrs

0.77

84.9

0.73

0.49

0.11

0.01

13%

76%

BDL- below detection limit of the instrument
Solution 1 - 0.0245 M thiosulfate and 5 g/L PEI-MNPs,
Solution 2 - 0.1 M thiosulfate and 5 g/L PEI-MNPs,
Solution 3- 0.1 M thiosulfate and 20 g/L PEI-MNPs

The decrease in 𝑆 𝑂

concentration could result either from adsorption onto PEI-MNPs as a

thiosulfate anion itself or oxidation into polythionate and sulfate form. The sulfur mass balance
calculations revealed that in one hour, any of the sulfur species adsorption onto PEI-MNPs
was insignificant in case of Solution 1 and Solution 2. However after 24 hours, 6% -12% of
sulfur mass loss was observed which may be resulted either by adsorption onto PEI-MNPs as
thiosulfate or polythionates, or otherwise precipitate as gypsum (𝐶𝑎𝑆𝑂 . 2𝐻 𝑂) in the
presence of calcium and sulfate in the solution. Concerning sample 3, where the adsorbent
dosage was 20 g/L, a 4% drop in 𝑆 𝑂

concentration was detected even after one hour and a

further reduction to 13% was noted after 24 hours. An increase in adsorption duration
obviously resulted in a higher sulfur species loading but a lower gold loading. This confirms
the importance of the use of shorter immersion times to achieve higher gold adsorption.
To differentiate between sulfur species adsorption and any precipitation, a particle analysis
was conducted using XRF and LECO techniques, which provide valuable information on the
actual sulfur species (as total sulfur) adsorbed onto PEI-MNPs. It was determined that out of
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13% sulfur mass loss, only 3% is adsorbed onto PEI-MNPs and the balance of 10% is
anticipated to be precipitate as gypsum in the presence of calcium and sulfate ions in the
solution. Assuming that gold was adsorbed as its respective thiosulfate complex, the net sulfur
mass adsorbed as free thiosulfate or polythionates would be even lower than 3%.

5.3.3

Catalytic Degradation of Thiosulfate

A few experiments were conducted to study the effect of added copper and PEI-MNPs on
thiosulfate degradation and the results are presented in Figure 5-7. Two solutions were tested;
one containing only 0.1 M thiosulfate added as respective calcium salt (Solution 1) and the
other solution containing 0.1 M thiosulfate, 10 mg/L gold and 20 mg/L copper, added as
copper sulfate (Solution 2). Both solutions were tested in the presence and absence of PEIMNPs.
The results showed that the presence of copper, as well as PEI-MNPs, catalyse thiosulfate
degradation to a certain level. For instance, in a pure thiosulfate solution (without copper) the
initial concentration of tetrathionate was 0.02 mM and the thiosulfate concentration was 88
mM. As shown in Figure 5-7B, upon the addition of PEI-MNPs, tetrathionate concentration
was increased to 0.03, 0.09 and 0.16 mM over 1, 6 and 24 hours, respectively. In the presence
of copper (without PEI-MNPs), the tetrathionate concentration was 0.09, 0.13 and 0.20 mM
after 1, 6 and 24 hours. Upon the addition of both copper and PEI-MNPs, the tetrathionate
concentration increased to 0.14, 0.23 and 0.37 mM in 1, 6 and 24 hours, respectively.
Simultaneously, in Solution 1, the thiosulfate concentration dropped to 83 mM in one hour,
however the final concentration after 24 hours reached 88 mM. In the presence of both copper
and PEI-MNPs, the initial thiosulfate concentrations was 92 mM which later dropped to 89
mM after 24 hours (Figure 5-7A).
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Figure 5-7. Thiosulfate degradation (A) and the formation of tetrathionate (B),
trithionate (C) and sulfate (D) in pure thiosulfate solutions without copper (Solution 1)
and in thiosulfate, gold and copper solutions (Solution 2)
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Being metastable, thiosulfate can readily degrade in aqueous solutions. The catalytic effect of
copper on the oxidative degradation of thiosulfate has been observed in earlier studies (Zhang
and Nicol 2005, Xu et al. 2017). The availability of oxygen further enhanced oxidative
degradation. However, the mechanism behind the catalytic effect of PEI-MNPs on thiosulfate
degradation was not further investigated. It could be due either to the iron oxide core or the
surface coating. If it is due to any uncoated iron oxide MNPs, a proper surface coverage by
functional groups should resolve the problem. Some iron minerals such as hematite, pyrite and
pyrrhotite can catalyse the oxidative degradation of thiosulfate (Benedetti and Boulëgue 1991,
Xu and Schoonen 1995). Feng and van Deventer (2007) found that the presence of hematite
can catalyse oxidative degradation of TS, but this detrimental effect can be minimised by
adding a natural guar type surfactant (Gempolym M47) to the solution.
The results showed that, polythionate and sulfate formation increased over time. Therefore,
the use of shorter (less than one hour) adsorption times would be beneficial to higher gold
adsorption as well as to minimise thiosulfate degradation.

5.3.4

Comparison of Gold, Copper and Sulfur
Species Adsorption with IX Resin and
Activated Carbon

The competitive adsorption of copper and sulfur species onto PEI-MNPs was compared with
two IX resins (Purolite A500 and Amberjet 4200) and granular AC (PICAGOLD G210AS).
A typical calcium thiosulfate leaching solution was used and the adsorbent dosages used were
5 and 20 g/L. The initial concentrations of gold, copper and total sulfur were 10, 21 and 5600
mg/L, respectively.
As illustrated in Figure 5-8, copper and sulfur species adsorption was higher with IX resins
than with PEI-MNPs. The lower adsorption of competitive ions (sulfur species and copper)
was beneficial in the case of PEI-MNPs. Sulfur species adsorption ranged from 6% to 23% for
IX resins. This is a considerable amount compared to the high concentration of sulfur in the
solution. The competitive adsorption of polythionates is also reported elsewhere (Muslim et
al. 2009, Daenzer et al. 2016). Sulfur species adsorption was significantly lower in PEI-MNPs
(2.6% to 5.8%) compared to IX resin (6% to 23%). Gold adsorption efficiency of IX resins
was apparently higher than PEI-MNPs. AC did not adsorb any of the adsorbates at 5 g/L
adsorbent dosage while approximately 11% of gold and 3% of sulfur species adsorption
resulted at 20 g/L adsorbent dosage.
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Figure 5-8. Comparison of metal adsorption efficiency of PEI-MNPs with IX resins and
AC from a solution consisting of 0.1 M thiosulfate, 10 mg/L gold and 21 mg/L copper,
pH 8, 50 °C, after 1 hour with an adsorbent dosage of 5 g/L (a) and 20 g/L (b).

5.4
5.4.1

Gold Adsorption Kinetics
Pure Gold Thiosulfate Solutions

Gold adsorption kinetics in pure gold thiosulfate solutions was conducted with two different
adsorbent dosages, 5g/L and 20 g/L, at pH 8 and 50 °C. Sample aliquots were collected after
5, 10, 20, 30, 40, 60 and 180 minutes and the results are shown in Figure 5-9. The gold
adsorption was rapid and 100% equilibrium gold adsorption was achieved within few minutes,
irrespective of the adsorbent dosage. The good affinity of gold-thiosulfate complex with PEIMNPs is prominent without any competitive ions.
The adsorption kinetics were tested in the first hour in a solution containing only gold
thiosulfate complex with the first three samples collected after 1, 2 and 5 minutes. After 1
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minute, almost 99.5 % gold was adsorbed onto the PEI-MNPs and that value remained almost
steady throughout the first hour.
100%

Adsorption Efficiency, %
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30%
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10%
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10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Time, Minutes

Figure 5-9. Gold adsorption kinetics in pure gold thiosulfate solution at pH 8 and 50 ℃

5.4.2

Synthetic Leaching Solutions

Gold adsorption kinetics in two different solutions were evaluated. One solution consisted of
gold, copper and free thiosulfate added as calcium thiosulfate (Solution 1). The other solution
consisted of gold and free thiosulfate (Solution 2).
100%
90%

Adsorption Efficiency, %
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Figure 5-10. Comparison of gold adsorption kinetics in different solutions (Solution 1
= 0.09 M CaS2O3 + 10 mg/L Au + 20 mg/L Cu; Solution 2 = 0.09 M CaS2O3 + 10 mg/L Au)
at pH 8 and 50 °C.
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Experiments were conducted with adsorbent dosages of 5 g/L (shown as solid markers in
Figure 5-10) and 20 g/L (shown as open markers in Figure 5-10). The gold adsorption kinetics
were rapid in all of the solutions tested. In all cases, the gold peaked rapidly and a similar kind
of kinetic pattern was observed in almost all of the experiments conducted.
In solution 1, 76% and 48% gold adsorption was observed at 20 g/L and 5 g/L PEI-MNPs
dosages, respectively. In CaS2O3 + Au solution (Solution 2), the gold adsorption was around
74% and 43% after one hour with 20 g/L and 5 g/L adsorbent dosages, respectively. The
availability of more adsorption sites and hence reduced competition could have been the
reason for improved adsorption efficiency at higher adsorbent dosages.
This extremely fast kinetics is an indication of the physical adsorption behaviour of the process
where activation energy is not required (Inglezakis and Poulopoulos 2006).

5.4.3

Kinetics Model Fitting

Gold adsorption kinetics was fitted to pseudo-first-order kinetics model (Lagergren 1898),
pseudo-second-order kinetics model (Blanchard et al. 1984) and intra-particle diffusion model
(Weber and Morris 1963, Crank 1975). As mentioned previously, gold adsorption kinetics is
fast, irrespective of the solution content, and reached equilibrium in less than 30 minutes. The
adsorption efficiency results obtained from Solution 1 with a 5 g/L adsorbent dosage (in Figure
5-10) were used for kinetics model fitting. Sample aliquots were collected frequently within
the first 12 minutes and then at 10 minute intervals for up to one hour to obtain enough data
points for the kinetic model fitting.
Non-linearised and the respective linearised kinetics model equations are listed under
equations (5-4) to (5-8). The linearised versions were used for the model fitting.
Pseudo-first-order (non-linear)
Pseudo-first-order (linear)
Pseudo-second-order (non-linear)

Pseudo-second-order (linear)

Intra-particle diffusion

𝑞 1

𝑞

𝑞
𝑡
𝑞
𝑞

(5-4)

𝑘 𝑡

𝑞

ln 𝑞

𝑒

𝑞 𝑘 𝑡
1 𝑞 𝑘 𝑡
1
𝑘 𝑞
𝑘 √𝑡

𝑙𝑛𝑞

(5-5)

(5-6)

1
𝑡
𝑞

(5-7)

𝐶

(5-8)
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where, 𝑞 and 𝑞 are the adsorption capcity expressed in mg/g at equilibrium and at time 𝑡,
respectively. 𝑘 , 𝑘 and 𝑘 are the first-order, second-order and intra-particle diffusion rate
constants, respectively. C in mg/g is a constant (the intercept of the intra-particle diffusion
equation) associated with the thickness of the boundary layer.
The experimental data first fitted to the pseudo-first-order and pseudo-second-order models as
shown in Figure 5-11 and Figure 5-12. The kinetic model parameters are listed in Table 5-2.
The adsorption rate constants of pseudo-first order model and pseudo-second-order model are
0.2021 and 2.57, respectively. Based on R2 values, the experimental data had a better fit with
the pseudo-second-order model within the tested conditions. Significance of the difference
between two correlation coefficients was tested using the Fisher R to Z transformation which
also confirmed the better fit to pseudo-second-order model. The predicted equilibrium
adsorption capacity (qe, cal) matched with the experimental value (qe, exp).
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Figure 5-11. Pseudo-first-order adsorption kinetics of Au adsorption onto PEI-MNPs
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Figure 5-12. Pseudo-second-order adsorption kinetics of gold adsorption onto PEIMNPs
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Table 5-2. Kinetic parameters of pseudo-first-order and pseudo-second-order models
First Order Model
qe, exp
0.958

Second Order Model

k1 (min-1)

qe, cal (mg/g)

R2

k2 (g mg-1
min-1)

qe, cal (mg/g)

R2

0.2021

0.22

0.9775

2.57

0.966

0.9999

According to Azizian (2004), the initial adsorbate concentration (C₀) greatly influences the
fitting of data to a kinetics model, where a pseudo-first-order model describes the kinetics at
very high C₀ values and the data fit well to a pseudo-second-order model at low C₀. However,
only 10 mg/L (relatively low) adsorbate concentration was tested in the current study to
simulate practical/real world conditions, and it should be noted that the kinetic model fit can
be different for a very high or very low initial gold concentration. In many published works,
the adsorption mechanism was concluded to be chemisorption by fitting the kinetics data to a
pseudo-second-order model, which is incorrect as highlighted by Kajjumba et al. (2018). It is
further reported that an adsorption mechanism cannot simply be determined only by fitting
data to a kinetic model but can be achieved with comprehensive particle analysis techniques
and thermodynamic evaluations (Lima et al. 2015, Tran et al. 2017). The adsorption
mechanism will be thermodynamically assessed in Section 5.6.
The intra-particle diffusion model is frequently used to determine the rate-limiting step of the
adsorption process. This model was originally developed for pure diffusion on porous solids
(Crank 1975). However, currently this model is often used to describe the adsorption
mechanism of adsorbates onto numerous adsorbents. The Weber and Morris model (Weber
and Morris 1963) is often used to fit kinetic data. If a plot of 𝑞 vs √𝑡 is linear and passes
through the origin, the rate-limiting step is entirely controlled by intra-particle diffusion. In
contrast, if the plot shows multiple linear sections, it implies that the adsorption is controlled
by multistep stages. As shown in Figure 5-13, the graph consist of two well defined linear
sections. The first section is associated with bulk-diffusion (also knowns external-diffusion),
which means the adsorbate is transferred from the bulk solution to the outer hydrodynamic
layer of the adsorbent. This is a rapid process. The second section of the graph (the levelledoff section) is corresponded to the surface-diffusion. This means the transfer of adsorbent into
the hydrodynamic boundary layer, which is most likely to be the surface PEI layer. The
presence of multiple linear regions indicates that the rate-limiting step is not only the intraparticle diffusion.
The values of 𝑘 and C were calculated from the slope and intercept of second linear section
of the graph, respectively. The value of 𝑘 was 0.003. The value of C gives an idea on the
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thickness of the boundary layer. A higher value of C resembles that a greater effect on limiting
boundary layer (Tran et al. 2017). In this study the value of C was 0.94 that may imply a little
effect on limiting boundary layer.
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Figure 5-13. Intra-particle diffusion model for the gold adsorption onto PEI-MNPs

5.5

Gold Adsorption Isotherms

The relationship between the amount of adsorbate attached to an adsorbent surface to its
concentration in the solution phase at a constant value of temperature is known as an
adsorption isotherm in a solid-liquid system. Initially, the Langmuir isotherm and the
Freundlich isotherm models were used for data fitting. Nonlinear forms of the Langmuir model
and the Freundlich model are represented in equations (5-9) and (5-10), respectively.
𝑞

𝑞 𝐾𝐶
1 𝐾𝐶

𝑞

𝐾 𝐶

/

(5-9)

(5-10)

where, 𝑞 is the adsorption capacity at equilibrium in mg/g, 𝐶 is the equilibrium concentration
of adsorbate in the solution in mg/L, 𝑞 is the maximum adsorption capacity in mg/g, 𝐾 is
the Langmuir isotherm constant in L/mg, 𝐾 is the Freundlich constant in (mg/g) (L/mg)1/n and
𝑛 is a dimensionless intensity parameter.
The adsorption isotherm data were fitted to non-linear Langmuir and Freundlich models.
OriginPro software was used for the nonlinear curve fitting and the results are summarised in
Table 5-3. Simulated leaching solutions at pH 8 were used and initial copper concentration
and thiosulfate concentration was maintained at 20 mg/L and 0.1 M, respectively. Adsorbent
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dosage was 5 g/L for all the experiments and the temperature was varied from 25 ℃ to 50 ℃.
Gold loading significantly improved with increasing gold concentration.
Table 5-3. Model parameters of Langmuir and Freundlich adsorption isotherms

T(℃)

Freundlich model

Langmuir model
qm mg/g

KL L/mg

R2

25

42.11

0.00418

0.9959

35

41.22

0.00411

50

33.85

0.00373

𝐾

mg/g L/mg

n

R2

0.499

1.4710

0.9930

0.9973

0.458

1.4556

0.9873

0.9959

0.338

1.4304

0.9834

1/n

A coefficient of determination (R2) value was used to determine the goodness of fit. The data
fitted well with both isotherm models, and this has been reported elsewhere also in some
instances (Chowdhury et al. 2010, Feng et al. 2017). The selected gold concentration range
could be the reason for this. However, as temperature increased, the Langmuir model showed
a slightly better fit. The Langmuir adsorption isotherm assumes a monolayer adsorption.
Graphically the adsorption capacity should reach a plateau although the adsorbate
concentration is increased. However, as illustrated in Figure 5-14, the adsorption process
doesn’t seem to reach equilibrium even at very high gold concentrations. This could be due to
a few reasons. One is that the adsorbent may not reach saturation, which means the existence
of more vacant adsorption sites on the surface. Furthermore, it can be a multilayer/physical
adsorption process. Finally, one can predict that at very high adsorbate concentrations, surface
precipitation of the adsorbate could occur. The shape of the plot indicates the formation of
multilayers. Therefore, the adsorption mechanism could be a physical adsorption. The
maximum gold adsorption capacity derived from the Langmuir model was varied from 33.85
to 42.11 mg/g, at different temperatures.
The favourable nature of the adsorption can be expressed in terms of a dimensionless
equilibrium constant known as the separation factor (𝑅 ). 𝑅 can be determined according to
equation (5-11).
𝑅

1

1
𝐾𝐶

(5-11)

Where 𝐾 is the Langmuir constant and 𝐶 is the initial concentration of adsorbate in the
solution, expressed in mg/L. An 𝑅 value in between 0 and 1 indicates favourable adsorption,
while 𝑅 >1 means unfavourable adsorption, 𝑅 =1 denotes linear adsorption and 𝑅 =0
indicates an irreversible adsorption (Hamdaoui and Naffrechoux 2007, Foo and Hameed
2010). From the data presented in Table 5-3, the calculated 𝑅 value ranges in between 0.44
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and 0.99 for the initial gold concentrations considered in this study, which denotes the
favourable adsorption of gold onto PEI-MNPs.
The Freundlich fitting of adsorption data is illustrated in Figure 5-15. Intensity parameter n, in
the Freundlich isotherm model is an indicator of adsorption intensity or heterogeneity of the
surface (Foo and Hameed 2010). It is reported that n values of less than 1 indicates an
unfavourable adsorption. According to Hamdaoui and Naffrechoux (2007), 𝑛 values in
between 1 and 2 denoted moderate adsorption, whilst 𝑛
According to Choudhary et al. (2018), 0
1

1 , 1𝑛

𝑛

1 and 1 𝑛

1

𝑛

2 represent good adsorption.

1 indicates favourable adsorption, while

0 denotes unfavourable, linear and irreversible adsorption,

respectively. The 𝑛 values of 1.43 to 1.47 in the current study indicate favourable adsorption.
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Figure 5-14. Langmuir isotherm model fitting. Synthetic leaching solutions consist of
0.1 M thiosulfate, 20 mg/L copper and different initial gold concentrations ranging
from 4 to 429 mg/L. Adsorption was conducted at temperatures of 25, 35 and 50C and
a pH of 8.
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Figure 5-15. Freundlich isotherm model fitting. Synthetic leaching solutions consist of
0.1 M thiosulfate, 20 mg/L copper and different initial gold concentrations ranging
from 4 to 429 mg/L. Adsorption was conducted at temperatures of 25, 35 and 50C and
a pH of 8.

5.6

Thermodynamic Studies

Thermodynamic studies can be effectively used to determine the adsorption mechanism in
aqueous solutions. A series of adsorption experiments were conducted at different
temperatures and at different initial gold concentrations (from 4-429 mg/L). All other
parameters such as solution pH, adsorbent dosage, and solid to liquid ratio were kept constant.
Once the system reached equilibrium, the residual adsorbate concentrations were analysed and
the adsorbent capacity data was fitted to the Langmuir adsorption isotherm model. To calculate
the thermodynamic parameters (Gibbs free energy change (ΔG), enthalpy change (ΔH) and
entropy change (ΔS)) according to equations (3-3) to (3-6), it is important to determine the
thermodynamic equilibrium constant (KC, dimensionless). The Langmuir constant (KL) can be
used to calculate the equilibrium constant, KC, according to equations mentioned above. Tran
et al. (2016) discusses in detail the thermodynamic equilibrium constant calculation by use of
isotherm constants.
In general, two adsorption mechanisms are mainly considered. Physical adsorption (also
known as physisorption) occurs from electrostatic attraction which is relatively weak.
Chemical adsorption (also known as chemisorption) involves covalent bonds between the
adsorbent surface and the adsorbate molecules. As a consequence, chemisorption ceases once
the adsorbent’s surface layer is saturated (monolayer adsorption) and additional adsorption
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can occur only on the already adsorbed layer(s) by physical means. In contrast, physical
adsorption can continue up to several layers. Chemisorption is accompanied with a
considerable amount of activation energy, and consequently this is a comparatively slow
process. By contrast, physical adsorption does not need any activation energy and therefore
fast kinetics are observed more so than in chemisorption (Laidler and Meiser 1999).
The Langmuir constant, KL was used for the calculation of equilibrium constant, KC in order
to determine the adsorption mechanism. Caution should be exercised when using the Langmuir
constant for equilibrium constant calculation as inaccurate calculations can alter the values
and signs (+/-) of ΔG, ΔH and ΔS considerably and lead to inaccurate conclusions. Kc
should be dimensionless but KL is given in L/mg. The erroneousness of using the KL value “as
it is” to calculate ΔG is emphasised in many articles (Liu 2009, Anastopoulos and Kyzas
2016, Ghosal and Gupta 2017, Tran et al. 2017). Instead, the equilibrium constant (Kc) should
be used, and this can be derived using the value of KL. However the calculation of KC using
KL is contradictory in some of the existing literature. Two methods followed by Tran et al.
(2016) and Ghosal and Gupta (2017) were tried in this study and the same conclusions were
derived, but the values of ΔG and ΔS are distinct. Yet the signs are the same, which is
important in concluding the spontaneity and randomness of the adsorption process. The results
included below are based on the method suggested by Tran et al. (2016).
It is reported that the negative value for ΔG implies the spontaneous and favourable nature of
adsorption at a given temperature (Tran et al. 2016). The value and sign of ΔH is a reflection
of the adsorption mechanism (either physical or chemical) and endothermic/exothermic nature
of the adsorption process, respectively. Moreover, ΔS represent the randomness or state of
disorder of the adsorption system. A negative ΔS value indicates the decrease of randomness
at the solid-liquid interface which corresponds to an associative mechanism. Conversely, a
positive ΔS value suggests an increase in randomness at the solid-liquid interface, which
corresponds to a dissociative mechanism.
In this study, the average value of ΔG for all the temperatures tested was approximately -27.2
kJ/mol. The calculated negative value for the Gibb’s free energy change indicates the
spontaneous nature of the adsorption. The enthalpy change and the entropy change were
determined using the slope and intercept of the plot (Figure 5-16) of ln 𝐾

vs 1/𝑇,

respectively, in accordance with equation (3-5). The calculated thermodynamic parameters are
summarised in Table 5-4. The negative value of ΔH verifies the exothermic nature of gold
adsorption onto PEI-MNPs. A decrease in the metal loading was observed when increasing
the temperature, which is an indication of the exothermic nature of the adsorption process. The
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adsorption process in the solid-liquid system is a combination of two processes, the desorption
of already adsorbed solvent (water) molecules and the adsorption of the adsorbate. In an
exothermic process, the energy absorbed in bond-breaking (adsorbent-water) is less than the
energy released at bond-making (adsorbent-adsorbate). The extra energy is released as heat,
making the ΔH value negative. The calculated value for ΔH was -11.99 kJ/mol, which
implies physical adsorption (physisorption), given that typical adsorption enthalpy change
values for physical adsorption vary from 2.1-20.9 kJ/mol and 80-200 kJ/mol for chemical
adsorption (Saha and Chowdhury 2011). According to Inglezakis and Poulopoulos (2006),
enthalpy changes between 5 and 40 kJ/mol and 40-800 kJ/mol correspond to physisorption
and chemisorption, respectively. The positive value (49.33 J/mol.K) obtained for entropy
change, ΔS was indicative of increased randomness at the solid liquid interface and affinity
of the adsorbent towards the adsorbate.
It is generally expected that an increase in temperature causes a reduction in anion adsorption
onto an oxide surface (Lutzenkirchen 2002). This is caused by the decrease in the point of zero
charge. Consequently, at a constant pH, the cationic surface charge (in adsorbent surface) is
reduced, by lowering the electrostatic attraction to anions (gold complex). A few studies have
reported the temperature dependence of zeta potential and pHPZC. According to Tewari and
McLean (1972), the pHPZC of magnetite reduced when the temperature was increased. A
similar scenario can also be expected with the adsorbent used in this study. This further verifies
that the gold adsorption onto PEI-MNPs is a consequence of electrostatic attraction. Any
published results on the temperature dependence of the surface charge of the PEI layer could
not be found.
Table 5-4. Summary of the thermodynamic parameters
Temperature
(K)

KL (L/mg)

KC (dimensionless)

ΔG°
(kJ/mol)

298

0.00418

94137.44

-26.58

308

0.00404

72598.44

-27.39

323

0.00291

41765.97

-27.84

ΔH°
(kJ/mol)

ΔS°
(J/mol.K)

-11.99

49.33
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Figure 5-16. ln Kc vs 1/T

5.7

Gold Adsorption from Other Thiosulfate
Leaching Systems

Gold and other metals (used as oxidants) adsorption behaviour in selected different thiosulfate
leaching systems other than CaS2O3-air system was investigated These experiments were
conducted for the sole purpose of comparison and, detailed studies such as isotherms, kinetics
and thermodynamic studies were not performed. Synthetic leaching solutions were used for
all the experiments and the reagent concentrations and experiment conditions are illustrated in
Table 5-5. Initial gold concentration was varied from 6.5-9.5 mg/L. The natural pH of FeEDTA solution was approximately pH 2, once 𝐹𝑒𝐶𝑙 and EDTA were mixed together in DI
water. This was adjusted to pH 7 before adding thiosulfate as such an acidic pH can decompose
thiosulfate. Furthermore it is recommended to add thiosulfate only to the mixture of ferric ions
and the ligand (either EDTA or oxalate) to prevent thiosulfate oxidation by Fe III (Heath et
al. 2008).
Table 5-5. Conditions and content of leaching solutions of different thiosulfate
systems
Oxidant-Ligand
pair

𝑁𝑎 𝑆 𝑂
concentration

Oxidant
concentration

Ligand
concentration

pH

Temperat
ure

Fe-EDTA

0.06-0.1 M

5mM, Fe (III)

5.5 mM, EDTA

7

25 °C

Fe-Oxalate

0.06-0.1 M

5mM, Fe (III)

12.5M, Oxalate

5

25 °C

Ni-NH3

0.06-0.1 M

5mM, Ni (II)

0.5M, NH3

10

25 °C

Cu-NH3

0.06-0.1 M

5mM, Cu (II)

0.4M, NH3

11.4

25 °C
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The adsorption efficiency results are depicted in Figure 5-17 and Figure 5-18. Despite the
solution composition, the gold adsorption was higher at 0.06 M thiosulfate concentration. At
low thiosulfate concentration, the free thiosulfate concentration is lower in the solution. Free
thiosulfate may competitively adsorb onto PEI-MNPs. Higher amount of gold can adsorb onto

Gold adsorption efficiency (%)

PEI-MNPs when the competitive ions are lower in the solution.
0.1M Thiosulfate
0.06 M Thiosulfate

60%
50%
40%
30%
20%
10%
0%
Fe-EDTA

Fe-Oxalate

Ni-ammonia

Cu-ammonia

Oxidant-ligand pair

Fe/Ni/Cu adsorpiotn, %

Figure 5-17. Gold adsorption efficiency in different thiosulfate leaching systems at 5
g/L adsorbent dosage
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Ni-ammonia
Oxidant-ligand pair
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Figure 5-18. Metal adsorption in different thiosulfate leaching systems at 5g/L
adsorbent dosage. The solution preparation is according to Table 5-5.

For the tested conditions, gold adsorption decreased in the order of; Ni-ammonia > Fe-EDTA
> Fe-oxalate > Cu-ammonia system. Gold adsorption was enhanced when using lower
thiosulfate concentrations. As the initial concentration of thiosulfate was constant for all the
leaching systems, this variation could be due to the effect of individual oxidant-ligand pairs
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on thiosulfate oxidation and the adsorption of the metal-ligand complex itself by the adsorbent.
PEI-MNPs perform best in Ni-ammonia system where gold adsorption is highest and Ni
adsorption is lowest, compared to the other oxidants. Thiosulfate concentration does not seem
to be a major factor in Ni adsorption, but it is for gold adsorption. Although gold adsorption
is lower in the Fe-EDTA system than in the Ni-ammonia system, ferric ion adsorption is
negligible which is advantageous at the metal elution stage. Ferric ion adsorption is highest in
the Fe-oxalate system. It was previously reported that oxalate ions are attracted towards natural
magnetite surfaces, depending on the zeta potential values and hence solution pH (Erdemoğlu
and Sarıkaya 2006). Therefore, in this study, either free oxalate anions (which have not
complexed with ferric ions) or metal-oxalate complexes can adsorb preferentially onto PEIMNPs, hindering the gold adsorption. Gold adsorption dropped dramatically in the Cuammonia system, which necessitated a solution analysis for sulfur speciation.
Sulfur species were analysed by High performance liquid chromatography (HPLC) for Cuammonia and Ni-ammonia systems to investigate the effect of polythionates and thiosulfate
on gold loading onto PEI-MNPs. The synthetic leaching solution used for the adsorption
experiments comprised 0.1 M sodium thiosulfate, 5 mM Copper, 0.6 M ammonia and
approximately 10 mg/L gold. After 24 hours of adsorption at room temperature, no free
thiosulfate was detected in the solution, possibly due to adsorption onto nanoparticles or
ultimately, oxidation to polythionates or to a more stable sulfate form. With respect to the Niammonia system, a slight reduction in thiosulfate concentration was observed together with
an increase in tri- and tetrathionates after the adsorption. The total sulfur mass loss derived
from mass balance calculations was 1.97% and 17.4% for Ni-ammonia and Cu-ammonia
systems, respectively. In the Ni-ammonia system, the formation of polythionates was
relatively lower.
To conclude, the adsorption results are based on a 5 g/L adsorbent dosage only. It is anticipated
that higher adsorbent dosages would enhance gold adsorption efficiency. However,
experiments with higher adsorbent dosages were not attempted for the aforementioned
thiosulfate leaching systems, as detailed investigation of these systems is not within the scope
of this study.

5.8

Chapter Summary

Gold adsorption onto PEI-MNPs, from synthetic leaching solutions was discussed in this
chapter. Gold adsorption was superior in pure gold thiosulfate solutions whilst the competitive
adsorption of other species such as copper and sulfur caused a drop in gold adsorption
efficiency in a simulated synthetic leaching solution. The presence of copper and sulfur species
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is inevitable in the particular thiosulfate leaching system considered. However, the competitive
adsorption of the aforementioned species is lower than that which was observed with an IX
resin. Adsorbent dosage and free thiosulfate concentration positively and negatively affected
gold adsorption efficiency, respectively. The initial solution pH and copper concentration did
not show any considerable effect.
According to the solution and particle analysis, not all the sulfur species calculated by solution
analysis were adsorbed onto the adsorbent. For instance, a 13% total sulfur mass loss was
observed by solution analysis, whilst only 3% sulfur was adsorbed onto PEI-MNPs, as
confirmed by particle analysis (XRF/LECO). Copper adsorption capacity was consistent with
both solution and particle analysis.
Gold adsorption kinetics were rapid, irrespective of the solution composition. Both pseudofirst-order and pseudo-second-order models fit the kinetic data having R2 values of 0.9775 and
0.9999, respectively. With a slightly higher R2 value, together with close approximation of
equilibrium adsorption capacity, pseudo-second-order models showed a best fit to the data
within the tested range.
Similarly, both the Langmuir and Freundlich isotherm models fitted the adsorption isotherm
data. However, the Langmuir model showed a slightly better fit, estimating the maximum
adsorption capacity within the range of 33.85 to 42.11 mg/g for the tested temperatures.
Interestingly, both the separation factor (𝑅 ) derived from the Langmuir isotherm model and
the intensity parameter 𝑛 derived from the Freundlich isotherm model, confirmed a
favourable adsorption of gold onto PEI-MNPs.
Determination of possible adsorption mechanism(s) was attempted through a thermodynamic
approach. The adsorption kinetic studies and the particle characterisation results supported this
indeed. According to the observation thus far, the adsorption mechanism can be estimated as
a physisorption. This conclusion was derived based on the following observations.


Adsorption kinetics were extremely rapid



The relatively low enthalpy change value (ΔH was -11.99 kJ/mol) was indicative of
physical adsorption. The value is well below the threshold value.



Although the gold adsorption isotherm fitted well to the Langmuir model, the curve
did not reach a perfect plateau even at the highest initial gold concentration tested, i.e.
at 429 mg/L. This can possibly be due to the multilayer adsorption, which is certainly
a physical adsorption phenomenon.
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Chapter 6
6.1

Metal Elution and PEI-MNPs
Reuse Studies

Introduction and Chapter Objectives

In this chapter, the approaches taken to elute the loaded gold and copper from the adsorbent
are discussed. Several eluants were tested for metal elution on a trial and error basis. Copper
pre-elution with EDTA and gold elution with NaOH were the most promising eluants and will
be discussed in detail in the following sections. The influence of process conditions such as
temperature, pH, eluant concentration and solid to liquid ratio on elution efficiency was
evaluated. Furthermore, the reuse of the adsorbent for up to six cycles was also investigated.
Few other eluant systems such as NaOH, diluted HCl, glycine and thiosulfate together with
sodium sulfite and sodium chloride under different concentrations and process conditions were
also evaluated and the results will be discussed in Appendix D. However these other systems
are not very promising compared to the two step EDTA-NaOH system.

6.2
6.2.1

Parameters
Solid to Liquid Ratio

This is one of the most important parameters to be considered in an elution system.
Comparison of elution efficiency values of different eluants is quite meaningless without
stating a solid to liquid ratio. In addition, S/L ratio is an important parameter to consider in
practical applications. Solid to liquid ratio is defined as the weight of the adsorbent in one litre
of the eluant solution expressed in g/L. Higher values for the S/L ratio are preferred in order
to get a concentrated metal solution after elution. In a batch desorption system, the S/L ratio
cannot increase much as the solution becomes highly dense, and practical application becomes
difficult. Mixing becomes problematic and contact of the eluant solution with the adsorbent is
disturbed (Vilar et al. 2007). Column application is preferred in order to get a very high S/L
ratio. In this study the S/L ratio was maintained in the 2.5-10 g/L range. The value used for
each experiment is stated in respective sections.

6.2.2

Elution Efficiency

Elution efficiency can be defined as,
Elution efficiency %

amount of metal eluted
∗ 100
amount of metal loaded
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The amount of metal loaded was calculated by the difference in initial and equilibrium metal
concentration during the adsorption and the adsorption solution volume. The value of elution
efficiency was used for comparison of the different eluants and for the selection of the best
suited eluant(s) for metal elution from the PEI-MNPs.

6.3

Copper Pre-elution using EDTA

EDTA was used for selective copper elution from metal loaded PEI-MNP at relatively mild
elution conditions. The influence of process parameters and reagent concentrations on elution
efficiency was investigated and is discussed in the following sections. EDTA can form stable
complexes with many of the base metals. The stability constant of Cu-EDTA complex is
reported as 18.7 (Martell and Smith 1974, Martell and Hancock 1996). The schematic
representation of the Cu-EDTA complex is illustrated in Figure 6-1. The excellent metal
chelating property of EDTA was the reason for using it as a potential eluant in this study.
EDTA forms a five membered chelate ring size and the smaller ionic radius of divalent copper
(0.57 Å) facilitates the formation of a strong complex. No gold chelates have been reported
but it can be assumed that the larger size of the Au (I) ion (1.37 Å) with respect to copper
makes the complex less stable than that of the Cu-EDTA complex. EDTA can form a weak
complex with silver, having a stability constant of 7.3 (Dwyer and Mellor 1964). Further it is
reported that EDTA as an eluant for Au(III) resulted only a 4.4% elution efficiency from a
silica gel adsorbent (Sabermahani et al. 2016). Considering these aspects, it is anticipated that
EDTA can selectively elute copper without eluting gold from PEI-MNPs.

Figure 6-1. Copper complexation with EDTA forming an octahedral complex (derived
from (Tseng et al. 2009) with permission)

6.3.1

Effect of EDTA Concentration

The influence of EDTA concentration on copper elution was investigated. Briefly, gold and
copper loaded nanoparticles were exposed to EDTA solutions at different concentrations (0.3
mM to 20 mM) at pH 6 and 25 C for 15 minutes. An increase in the EDTA concentration
supported higher copper elution efficiency. However, gold elution was insignificant as
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illustrated in Figure 6-2. These results verify the suitability of EDTA for the selective elution
of copper from nanoparticles and used as the preferred copper eluant in this study. A 20 mM
EDTA concentration was used for all future experiments.
With an excess of Cu (II), the Cu-EDTA complex precipitates as Cu2EDTA.4H2O up to pH
5.6. However, this depends on concentrations of copper and EDTA, solution temperature and
ionic strength (Gylienė et al. 2004). Therefore, to keep copper in the solution as the Cu-EDTA
soluble complex, the use of excess EDTA is preferred.
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Elution efficiency, %
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70%

Cu
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50%
40%
30%
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10%
0%
0.3

1
5
EDTA concentration, mM

20

Figure 6-2. Effect of EDTA concentration on metal elution at pH 6, 2.5 g/L of S/L ratio
and 25 C for 15 minutes

6.3.2

Effect of Solution pH

The influence of solution pH on gold and copper elution efficiency in 0.02 M EDTA solutions
was evaluated and the results are illustrated in Figure 6-3. Copper elution efficiency was 100%
for pH 4.5, 6 and 7 while it dropped to 79% in a pH 8.5 solution. Gold elution was insignificant
in pH 4.5 and 6 solutions while it reached 17% and 54% in pH 7 and 8.5 solutions, respectively.
However, the reason for considerable gold elution at pH 8.5 is unclear. Perhaps the formation
of an Au-EDTA complex could be the reason, but this would require further investigations.
Based on the results, pH 6 was chosen for subsequent studies due to the minimal gold elution
and 100% copper elution.
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Figure 6-3. Effect of solution pH on metal elution at copper pre-elution stage with 0.02
M EDTA at 25 C and 2.5 g/L S/L ratio for 15 minutes

6.3.3

6

Effect of Solution Temperature

To optimise the elution temperature, the metal elution efficiency at different temperatures was
examined. The eluant solution was first heated to the desired temperature and then mixed with
metal-loaded PEI-MNPs. Sample aliquots were collected at predetermined intervals of up to
one hour for analysis. The influence of temperature on copper and gold elution at the copper
pre-elution stage after 15 minutes was as shown in Figure 6-4. Copper elution was 98-100%
at 50 and 25 ℃ solutions but a slight drop was observed at 40 ℃. Gold elution was negligible
at both 40 ℃ and 25 ℃, however nearly 10% gold elution was observed at 50 ℃. Therefore,
a temperature of 25 ℃ was chosen for copper elution due to high copper elution efficiency

Elution efficiency (%)

and negligible gold elution.
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Figure 6-4. Effect of solution temperature on gold and copper elution efficiency in 0.02
M EDTA solution at 15 minutes and 2.5 g/L of S/L ratio
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6.3.4

Effect of Solid to Liquid Ratio

Being one of the important parameters in elution experiments, the influence of S/L ratio on
elution efficiency was investigated. This parameter did not show any significant impact on
metal elution for the tested range (2.5 to 10 g/L), as displayed in Figure 6-5. Higher S/L ratio
values are preferred for more concentrated metal solutions, with less volume of eluant solution.
This influences the process costs as well as reduction of the volumes of spent eluants. In batch
operations, the maximum S/L ratio is limited by practical implications, while higher ratios are
possible in column applications.
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Figure 6-5. Effect of solid to liquid ratio on metal elution with 0.02 M EDTA at pH 6 and
25 ℃ after 15 minutes

6.4
6.4.1

Gold Elution using NaOH
Effect of NaOH Concentration

Gold elution efficiency of copper pre-eluted nanoparticles was investigated in the solutions
consisting of different NaOH concentrations. The associated pH values in the solution were
approximately 10, 11 and 12 for 0.0001M, 0.001 M and 0.01 M NaOH concentrations,
respectively. The results are shown in Figure 6-6, and it is apparent that higher NaOH
concentrations, hence higher pH values are favourable for increased gold elution efficiency.
Based on the zeta potential studies, in a pH 12 solution, the adsorbent surface is negatively
charged. This leads to a repellence of the anionic gold thiosulfate complex by PEI-MNPs in
0.01 M NaOH (pH 12) solution. In a pH 11 solution (0.001M NaOH), the nanoparticle surface
does not hold any charge as this is where the pHPZC of PEI-MNPs. According to zeta potential
analysis results, particle surface is positively charged at a pH of 10 (in a 0.0001 M NaOH
solution). This explains the reason for different gold elution efficiencies at different NaOH
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concentrations. Based on the selectivity and 100% gold elution efficiency, it was decided that
0.01 M NaOH would be suitable for all future elution experiments.
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0.001 M
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NaOH concentration
Figure 6-6. Effect of NaOH concentration on gold elution at 50 C and 2.5 g/L of S/L
ratio

6.4.2

Effect of Solution Temperature

Gold elution efficiency was evaluated at different temperatures ranging from 25 ℃ to 50 ℃,
as represented in Figure 6-7. The already copper pre-eluted adsorbent was subjected to gold
elution in 0.01 M NaOH solutions at 2.5 g/L solid to liquid ratio. At a temperature of 50 ℃, a
100% gold elution efficiency was achieved whilst this dropped slightly with a decrease in
temperature. As mentioned in Section 5.6, the gold adsorption process was determined as
exothermic, which means the lower temperatures are more appropriate for a higher gold
adsorption efficiency. Therefore, higher temperatures should be useful for fast gold desorption.
Sensitivity to temperature was only minor however, as 96% and 100% elution efficiency was
achieved at 25 ℃ and 50 ℃, respectively.
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Figure 6-7. Effect of solution temperature on gold elution efficiency in 0.01 M NaOH
solutions at 2.5 g/L of S/L ratio at 15 minutes.

6.4.3

Effect of Solid to Liquid Ratio

The solid to liquid ratio of the eluant solution was altered from 2.5 to 10 g/L by varying the
solution volume. As represented in Figure 6-8, it was apparent that the S/L ratio does not have
any influence on gold elution efficiency, as 100% gold elution was achieved irrespective of
the S/L ratio for the tested range of 2.5 to 10 g/L. This confirms the possibility of using lower
volumes of eluant solution which generate highly gold concentrated solutions for further
processing that consume fewer amounts of chemicals and ultimately lower the processing
costs.
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Figure 6-8. Effect of S/L ratio on gold elution efficiency in 0.01 M NaOH solutions at
50°C
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6.5

Elution Kinetics

6.5.1

Copper Elution Kinetics

Copper elution kinetics were investigated in 0.02 M EDTA solutions at different temperatures
and results are shown in Figure 6-9. The S/L ratio was maintained at 2.5 g/L and sample
aliquots were collected at different time intervals. Elution kinetics were fast irrespective of the
temeperatrure for 25-50 C range. The equilibrium was achieved after 15 minutes. The elution
efficiency was lower at 40 °C than at 25 °C and 50 °C.

100%

Cu elution efficiency (%)

99%
98%
97%
96%
95%
94%

50 ℃

93%

40 ℃

92%

25 ℃

91%
90%
0

10
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30

Elution time (min)

40

50

60

Figure 6-9. Copper elution kinetics at different temperatures (25, 40 and 50 °C), at pH 8
and 2.5 g/L S/L ratio

6.5.2

Gold Elution Kinetics

The kinetics of gold elution from already copper eluted nanoparticles were evaluated at
different temperatures in diluted NaOH solutions at a pH of 12. The results are presented in
Figure 6-10. It was apparent that the elution kinetics were rapid and almost 100% of adsorbed
gold was eluted after only 5 minutes at 50 ℃ with no evidence of re-adsorption. Therefore,
the time for complete elution was concluded as 15 minutes to err on the side of caution, and
this time would be used for all future experiments. However, elution efficiency was higher at
25 ℃ than at 40 ℃. This was reconfirmed by additional tests. The same behaviour was also
observed in the copper elution stage.
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Figure 6-10. Gold elution kinetics at different temperatures (25, 40 and 50 °C), at pH 12
and 2.5 g/L S/L ratio

6.6

Reuse of the Adsorbent

Six consecutive adsorption-elution cycles were conducted to investigate the reusability of PEIMNPs. Solution 1 was a synthetic leaching solution which consisted of free thiosulfate, gold
and copper while Solution 2 was a pure gold thiosulfate solution. Metal-loaded PEI-MNPs
(Solution 1) were magnetically separated, washed with deionised water and copper pre-elution
was then performed, followed by gold elution. Only the gold elution step was performed for
the PEI-MNPs used in Solution 2. The nanoparticles were subsequently washed with DI water,
before being used for metal adsorption either in a fresh solution of Solution 1 or Solution 2.
The solutions were analysed after each step and the results are shown in Figure 6-11. An
approximate 12-15% drop in the adsorption efficiency was observed after six cycles in
Solution 1. Interestingly, the adsorption efficiency was almost 100% in Solution 2 for up to
six cycles.
According to the metal elution studies, almost 100 % gold and copper elution was achieved at
the metal elution stage. The complete elution of gold and copper was also verified by particle
analysis by acid digestion and XRF. No gold was found on metal eluted PEI-MNPs by acid
digestion studies. The copper composition of metal eluted PEI-MNPs tested by XRF was
almost same to that of bare MNPs. However, the complete elution of the sulfur species was
not possible during copper and gold elution. Approximately 2 % of sulfur mass loaded
remained on the adsorbent surface after the gold elution stage. The gradual loss of adsorption
efficiency in Solution 1 is expected to occur as a result of the accumulation of uneluted sulfur
species on the adsorbent. The preservation of adsorption efficiency in Solution 2 further
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supports this conclusion. Solution 2 consists of only gold thiosulfate (no competitive ions
available). Therefore, elution of 100% of gold was achieved and the PEI-MNPs does not have
any uneluted species on them. But in the case of Solution 1, the competitively adsorbed sulfur
can accumulate on PEI-MNPs. These uneluted sulfur will occupy the adsorption sites reducing
the gold adsorption efficiency in subsequent cycles.
Moreover, a nanoparticle agglomeration phenomenon can also cause a reduction in adsorption
efficiency, after several adsorption-desorption cycles. This ultimately causes a lowering of
adsorption sites available, resulting in a reduction in adsorption efficiency. One may also think
that, the loss of surface coating can cause a drop in adsorption efficiency in consecutive cycles.
However, this is less likely to happen, as the adsorption efficiency is constant for up to six
cycles in Solution 2. Considering all the facts, the main reason for the reduction in adsorption
efficiency may be the accumulation of sulfur species on PEI-MNPs.
100%
Au adsortion efficiency, %

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
1

2

3

5 g/L [PEI-MNPs], Solution 1

Cycles

4

5

6

20 g/L [PEI-MNPs], Solution 1
5 g/L [PEI-MNPs], Solution 2
Figure 6-11. Reuse of eluted PEI-MNPs up to six cycles. The adsorption solutions
consist of 10 mg/L gold, 20 mg/L copper and 0.1 M free thiosulfate (Solution 1) at 5
and 20 g/L adsorbent dosages and 10 mg/L gold thiosulfate (Solution 2) at 5 g/L
adsorbent dosage at a pH value of 8 and 50 C

6.7

Chapter Summary

Copper pre-elution was conducted by using 0.02 M EDTA solutions at pH 6, 25 °C for 15
minutes. Subsequent gold elution was successfully achieved in 0.01 M naOH solution at pH
12, 50 °C after 15 minutes. Selective gold and copper elution was accomplished by selected
eluants at low concentrations. This is one of the major positive outcomes achieved by this
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study. Copper elution was anticipated to occur by formation of a Cu-EDTA complex.
Physically adsorbed gold was desorbed as the adsorbent changed its surface charge to a
negative state at pH 12 solutions, in the gold elution process. Both gold and copper elution
was favoured by higher eluant concentration. Neither solution pH nor S/L ratio had a
considerable effect on the elution of both gold and copper.
The outcome of the reuse experiments was encouraging. However there is ample room for
improvement, such as finding a method to elute the sulfur species. The elution of sulfur was
not considered, as any sulfur elution was not observed at the gold elution stage. This means
that there is no risk of contaminating the gold eluant solution. However, sulfur elution could
have been beneficial for the effective reuse of PEI-MNPs. Accordingly, it is foreseen that
adsorption efficiency will be maintained for further cycles.
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Chapter 7

7.1

Leaching, Metal Recovery
and Elution Experiments
with Gold Ore Samples

Introduction and Chapter Objectives

This chapter consists of information on the processing of real ore samples; from leaching to
gold elution. As all the previously mentioned results are based on synthetic leach solutions,
the investigation into the behaviour and performance of PEI-MNPs in real world conditions is
important. Ore samples from Cortez ore, located in Nevada, USA were used for leaching. As
this particular ore originates from the Nevada region, the characteristics should be more or less
comparable to the refractory gold ores discussed in this study. The resultant leachate was
utilised for subsequent adsorption experiments. Metal loaded PEI-MNPs were subjected to a
two-step metal elution process identical to the method described in Section 3.12. The Central
composite design (CCD) and response surface methodology (RSM) that used for adsorption
experiment design and process optimisation, respectively are also briefly stated. The
competitive adsorption and elution of gangue mineral/impurities was also evaluated.

7.2

Leaching

As the optimisation of leaching is not within the scope of this study, the ore sample was
leached under fixed conditions comparable to the thiosulfate - air leaching system, without
any changes. Calcium thiosulfate (equivalent to 0.1 M) and copper (equivalent to 20 ppm) as
CuSO4.5H2O were dissolved in DI water and used for the leaching. The solid to liquid ratio
was set to 40% and leaching was conducted at a pH of 8-8.5 and at a temperature of 50 ℃ for
48 hours. A slight drop in the solution pH to 7.67 was observed immediately after mixing the
ore with the solution and this was again adjusted to 8.5 by using hydrated lime.
The ore sample was characterised by QXRD and XRF/LECO techniques and the analysis
results are presented in Table 7-1 and Table 7-2, respectively. The gold head grade was 3.74
ppm determined by fire assay. The total carbon content of the ore derived by XRF was 3.71%
and the organic carbon composition was 0.18%. This ore was considered to be mild refractory
as cyanidation yielded only 86-88% of low gold recovery.
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Table 7-1. Mineralogical composition of ore sample by QXRD analysis
Mineral

Quartz

Mica group

Dolomite

Plagioclase

Composition (%)

35

14

41

10

Table 7-2. Elemental composition of the ore sample by XRF and LECO combustion
analysis
Element

Si

Ca

Al

C

Fe

Mg

Mn

S

As

Zn

Ni

Cu

Pb

Composition
(%)

23.2

12.5

4.2

3.7

2.9

1.2

0.08

0.05

0.06

0.03

0.02

0.01

0.01

The gold content of the ore sample was 3.74 ppm according to acid digestion analysis. The
concentration of elements in the leachate after 48 hours were analysed by AAS (Au and Cu
only) and ICP-MS (other elements), as listed in Table 7-3. As the sole purpose of leaching is
to obtain a gold containing solution for the adsorption, no attempt was made to achieve
maximum leaching efficiency. Some of the gangue minerals observed in the ore sample have
also been dissolved in the leaching solution. Although other elements such as As, Fe, Mg, Ni,
Pb and Zn were detected in the ore sample, the concentrations in the leachate were below the
detection limit (BDL) possibly due to the availability only in trace levels or an inability to
leach by the thiosulfate. The decrease in copper concentration in the leachate after 48 hours
was possibly due to precipitation as hydroxide, sulfide or oxide derivatives in the absence of
sufficiently strong ligands to complex with copper at pH 8 (Al Subu et al. 2001, Dai et al.
2017).
Table 7-3. Concentration of elements in the filtered solution after 48 hours of leaching
Element

Au

Cu

Ca

S

Mn

Si

Na

Concentration
(mg/L)

1.55

5.39

2760

5360

1.0

18

80

7.3

Adsorption

The adsorption behaviour of both gold and copper is considered here due to the presence of
copper being unavoidable in this particular thiosulfate leaching system. As mentioned in
Section 3.14.3, experiments were designed based on CCD. The independent variables were
adsorbent dosage (X1) in g/L, adsorption time (X2) in minutes and the solution temperature
(X3) in ℃, while the response variables were set as adsorption efficiencies (%) of gold (YAu)
and copper (YCu). The resultant gold and copper adsorption efficiencies (responses) are listed
in Table 7-4, and will be discussed in Sections 7.4.1 and 7.4.2.
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Table 7-4. Experiment design matrix and corresponding gold and copper adsorption
efficiencies
Independent variables
(coded)

Independent variables
(actual)

Response variables

Test
run

X1

X2

X3

X1

X2

X3

YAu

YCu

1

+1

+1

+1

30

45

50

79%

86%

2

-1

+1

+1

10

45

50

52%

80%

3

+1

-1

+1

30

15

50

79%

87%

4

-1

-1

+1

10

15

50

53%

85%

5

+1

+1

-1

30

45

30

79%

90%

6

-1

+1

-1

10

45

30

54%

90%

7

+1

-1

-1

30

15

30

76%

91%

8

-1

-1

-1

10

15

30

50%

92%

9

+1.68

0

0

36.8

30

40

84%

88%

10

-1.68

0

0

3.1

30

40

28%

90%

11

0

+1.68

0

20

55

40

72%

87%

12

0

-1.68

0

20

5

40

63%

93%

13

0

0

+1.68

20

30

56.8

68%

81%

14

0

0

-1.68

20

30

23.1

69%

92%

15

0

0

0

20

30

40

70%

87%

16

0

0

0

20

30

40

70%

87%

17

0

0

0

20

30

40

70%

87%

18

0

0

0

20

30

40

69%

87%

19

0

0

0

20

30

40

70%

87%

20

0

0

0

20

30

40

70%

87%

X1 – Adsorbent dosage given in g/L in actual values,
X2 – Time given in minutes in actual values,
X3 – Temperature given in °C in actual values;
YAu – Gold adsorption efficiency (%)
YCu – Copper adsorption efficiency (%)

According to a solution analysis using ICP-MS, some impurities such as S, Si, Ca, Mn and Na
will be present in the leaching solution. The competitive adsorption of those elements on to
PEI-MNPs is possible if the conditions are favourable. However gangue minerals are orespecific and would be different based on the ore composition. Particle analysis by the XRF
method revealed the competitive adsorption of Si, Ca and S onto PEI-MNPs. Furthermore,
sulfur adsorption was relatively higher than that of other gangue minerals. Sulfur speciation
analysis was not conducted, but only the total sulfur concentration in the solution, as the
solutions are unstable and speciation can rapidly change. Sulfur can be available in the leachate
as thiosulfate or its oxidised products such as polythionate or sulfate. The competitive
adsorption of the aforementioned anionic sulfur species is possible. In addition, there will be
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availability of calcium as Ca2+ cations and silica as silicate in the solution is anticipated.
Furthermore an intermediate product of 𝐴𝑢 𝑆 𝑂
of the 𝐴𝑢 𝑆 𝑂

𝐶𝑎 is also possible prior to the formation

complex (Senanayake 2012). In general, anionic species can be

predominantly adsorbed via electrostatic attraction, whilst positively charged ions may adsorb
to the electric double layer to achieve the electron neutrality.
The adsorption efficiency derived from solution analysis and particle analysis was
significantly different, which implies only a partial adsorption of those impurities to the
adsorbent, as summarised in Table 7-5. For instance, sulfur adsorption efficiency based on
solution analysis was 10.8%, while the ultimate sulfur adsorption was only 3.25% based on
the particle analysis. Likewise, calcium adsorption efficiency was 6.88% and 1.72% based on
solution analysis and particle analysis, respectively. The results correspond to a test solution
of 20 g/L adsorbent dosage, at a temperature of 40 ℃ and at a pH of 8 and 30 minutes of
adsorption time. Despite the full adsorption of Si, only partial adsorption of calcium and sulfur
species was observed. The difference between the particle and solution analysis may explain
the possible precipitation of those elements in addition to the adsorption. Any signs of sodium
or manganese adsorption onto PEI-MNPs were not detected.
Table 7-5. Adsorption efficiency of other elements available in leaching solution based
on particle analysis and (XRF) and solution analysis (ICP-MS)
Adsorption efficiency (%)

Ca

S

Si

Na

Mn

Particle analysis (XRF)

1.72

3.25

100

0

0

Solution analysis (ICP-MS)

6.88

10.8

67

3

80

7.4

Response Surface Methodology

The data obtained from CCD experiments was statistically analysed using Design-Expert 11
software. The resulting analysis of variance (ANOVA) of regression analysis was used to
check the significance of the model. The p-values associated with linear, quadratic and
interaction variables were used to decide the significance of each term. The insignificant
variables where p- value was > 0.05 were eliminated.
According to Myers et al. (2016), it is crucial to check the adequacy of the model to verify that
it adequately approximates to the real system. Several techniques have been proposed to check
the adequacy of the fitted model such as residual analysis, scaling residuals, F-value and
adequate precision. F value compares the mean squares to the residual mean squares. Adequate
precision is signal to noise ratio and it compares the range of the predicted values at the design
points to the average prediction error. Adequate precision was also considered to check the
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adequacy of the predicted model and a ratio higher than four is preferred. The equation of the
model was derived by including the coefficients of intercept and the significant variables (p
value < 0.05).

7.4.1

Gold Adsorption

Gold adsorption efficiency under different process conditions, as listed in Table 7-4, were
statistically analysed using RSM. As mentioned before, Design Expert (version 11) software
was employed for the model fitting, graph generation and optimisation. The statistical
significance of the model and individual and interactive parameters were evaluated using
variance analysis (ANOVA) and coefficient of determination (R2). The ANOVA and
regression statistics of the quadratic model for gold adsorption is represented in Table 7-6 and
in Table 7-7, respectively. The R2 value of the model is 0.979, whereas adjusted R2 and the
predicted R2 values are in reasonable agreement where the difference is less than 0.2. The
adequate precision indicates the signal to noise ratio and a value higher than four is desirable
(Bilici Baskan and Pala 2010). The high value of 26.4 of the model indicates an adequate
signal and hence the adequacy of the model. Furthermore, the high F value of the model (52.5)
and p value less than 0.05 suggests that the model is significant. Based on the p values, only
the variables X1 and X12 are significant for gold adsorption.
Table 7-6. Analysis of variance (ANOVA) for the quadratic model of gold adsorption
Source

Sum of Squares

Degree of
freedom

Mean Square F-value

p-value

Model

3217.69

9

357.52

52.53

< 0.0001

X1-Adsorbent dosage

2875.88

1

2875.88

422.53

< 0.0001

X2-Time

32.71

1

32.71

4.81

0.0531

X3-Temperature

0.39

1

0.3935

0.058

0.8148

X1 X2

0.00

1

0.00

0.00

1.00

X1 X3

0.50

1

0.50

0.073

0.79

X2 X3

8.00

1

8.00

1.18

0.30

X12

298.66

1

298.66

43.88

< 0.0001

X22

3.41

1

3.41

0.50

0.49

X32

0.25

1

0.25

0.037

0.85

Residual

68.06

10

6.81

Pure Error

0.83

5

0.17

Corrected Total

3285.75

19
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Table 7-7. Coefficients of determination for the quadratic model of gold adsorption
Regression Statistics
R2

0.979

Adjusted R2

0.961

2

0.844

Predicted R

Adequate precision

26.5

After elimination of the insignificant factors, the quadratic model for gold adsorption onto
PEI-MNPs can be expressed by equation (7-1). The terms with positive coefficients in the
equation increase the response variable, while negative coefficients decrease the response
variable (Petrović et al. 2018). Accordingly, an increase in adsorbent dosage (X ) gives an
increase in the gold adsorption efficiency. However the negative coefficient for 𝑋 term
indicates a decrease in adsorption efficiency at higher adsorbent dosages.
Y

%

69.78

14.51X

4.55𝑋

(7-1)

The interaction of independent variables on gold and copper adsorption is illustrated in Figure
7-1, Figure 7-2 and Figure 7-3. The axes are marked with coded values. As mentioned above
and as illustrated in the figures below, the adsorbent dosage is most influential on gold
adsorption efficiency. The increase in adsorption dosage clearly increased gold adsorption
efficiency. As an example, an increase in adsorbent dosage from 3.1 g/L to 36.8 g/L resulted
an increase in gold adsorption efficiency from 28% to 84%. The increase in adsorption dosage
facilitated the increased availability of adsorption sites and hence the reduced competitiveness
among the adsorbates.
The shapes of the response surfaces demonstrate that neither time X ), temperature X ) nor
interaction of temperature and time X X ) have an influence on gold adsorption. In summary,
the changes of adsorption in gold increased monotonically with changes in the variable.
The response surfaces corresponding to copper adsorption (Figure 7-1, Figure 7-2 and Figure
7-3 left side) show that the short adsorption times and lower temperatures support higher
copper adsorption efficiencies. Furthermore, the combined effect of adsorbent dosage and
temperature shows a positive effect on copper adsorption.
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Figure 7-1. Response surfaces of interactive effect of adsorbent dosage and time on
gold adsorption efficiency (left) and copper adsorption efficiency (right)

Figure 7-2. Response surfaces of interactive effect of adsorbent dosage and
temperature on gold adsorption efficiency (left) and copper adsorption efficiency
(right)

Figure 7-3. Response surfaces of interactive effects of temperature and time on gold
adsorption efficiency (left) and copper adsorption efficiency (right)

Figure 7-4 represents the relationship between gold and copper adsorption efficiency values
predicted by the respective quadratic models, and the experimental results. The graph shows
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a close proximity of experimental and predicted values for gold adsorption, which verifies the
validity of the model.

Figure 7-4. Predicted Vs actual values of gold adsorption (left) and copper adsorption
(right)

7.4.2

Copper Adsorption

ANOVA and R2 values for the quadratic model of copper adsorption are illustrated in Table
7-8 and
Table 7-9, respectively. Based on the model p value and F value the model is significant. The
R2 value of the model is 0.933. However the predicted R2 value is not close to the adjusted
R2 value where the difference is greater than 0.2. This may indicate a large block effect. The
adequate precision is 15.5 which represents the adequacy of signal.
Table 7-8. Analysis of variance (ANOVA) for the quadratic model of copper adsorption
Source

Sum of Squares

Model
X1-Adsorbent dosage
X2-Time
X3-Temperature
X1 X2
X1 X3
X2 X3
X12
X22
X32
Residual
Pure Error
Corrected Total

198.05
0.9683
31.60
138.56
3.12
10.12
1.13
3.37
6.29
2.31
14.15
0.83
212.20

Degree of
freedom
9
1
1
1
1
1
1
1
1
1
10
5
19

Mean
Square
22.01
0.97
31.60
138.56
3.12
10.12
1.13
3.37
6.29
2.31
1.42
0.167

F-value

p-value

15.5
0.68
22.32
97.90
2.21
7.15
0.795
2.38
4.44
1.63

< 0.0001
0.427
0.0008
< 0.0001
0.17
0.023
0.397
0.154
0.061
0.23
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Table 7-9. Coefficients of determination for the quadratic model of copper adsorption
Regression Statistics
R2

0.933

Adjusted R2

0.873

Predicted R2

0.510

Adequate precision

15.5

The quadratic model for copper adsorption onto PEI-MNPs can be expressed by equation
(7-2).
Y

87.19

1.52X

3.18𝑋

1.125𝑋 𝑋

(7-2)

In contrast to gold adsorption, X , 𝑋 and 𝑋 𝑋 significantly affect copper adsorption. In brief,
lower temperatures and short adsorption durations favoured higher copper adsorption. The
relationship between experimental and predicted values of copper adsorption efficiency is
represented in Figure 7-4 (right). It shows that the correlation is lower than that of gold. This
observation is more compatible with the lower R2 values for copper adsorption than gold
adsorption.

7.4.3

Optimisation of Parameters for Maximum Gold
Adsorption

In optimum conditions, gold adsorption efficiency should reach maximum value. The
adsorbent dosage was the only variable significantly influencing the efficiency of gold
adsorption. As the interaction between the parameters is not significant for gold adsorption,
higher adsorbent dosage values will enhance gold adsorption. Copper adsorption is not
encouraged in this system, but it was unavoidable, as the functional amine groups in PEI and
copper show an inherent attraction to each other. However, the selective pre-elution of copper
could successfully resolve the potential contamination of gold by copper. In general the
adsorbent dosage (X1) itself is not a significant factor for copper adsorption, but the interaction
of adsorbent dosage and temperature (X1 X3). Higher temperatures are detrimental to the
copper adsorption.
The criteria followed for the optimisation is depicted in Table 7-10. Lower and upper range
values were set for all the input variables, from -1.68 to + 1.68 (the coded values, mentioned
in Table 3-1). As mentioned previously, the main purpose of optimisation is to maximise gold
adsorption. Copper adsorption was ignored in the first criteria and set as minimal in the second.
Importance was chosen as ranging from 1 to 5 and this denotes the relative priorities allocated
for each variable to achieve the chosen goal (Mpinga et al. 2017). The optimum values
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predicted by the inbuilt optimisation tool of Design Expert software for maximum gold
adsorption (criteria 1) is 35 g/L adsorbent dosage, 55 minutes time and a temperature of 23
℃. If copper adsorption should be minimised, the optimum conditions would be 25 g/L
adsorbent dosage, 46 minutes time and a temperature of 56 ℃. However, several options are
available based on the requirements and the option with highest desirability was selected.
Desirability function is an established method for allowing simultaneous determination of
optimum values for several input variables to achieve a desired goal. It is an objective function
ranging from zero to one (Myers et al. 2016). The desirability of the predicted conditions is
presented in Figure 7-5. The values imply how well the variables satisfied the selected criteria.
A value closer to one is recommended. The desirability of gold adsorption and copper
adsorption, as well as combined desirability, is closer to 1 which verifies the meeting of
selected criteria.
Table 7-10. Optimisation criteria
Parameter

Criteria 1

Criteria 2

Lower
Limit

Upper
Limit

Importance

Adsorbent dosage

in range

in range

-1.68

1.68

3

Time

in range

in range

-1.68

1.68

3

Temperature

in range

in range

-1.68

1.68

3

Au adsorption

maximise

maximise

50

85

5

Cu adsorption

none

minimise

80

93

4

Adsorbent dosage

1

Time

1

Temperature

1

Au adsorption

0.9114

Cu adsorption

0.9445

Combined

0.9259
0

0.25

0.5

0.75

1

Figure 7-5. Desirability of satisfying the selected optimisation criteria 2
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7.4.4

Validation Experiments

In order to verify the accuracy of the model, some additional reconfirmation experiments were
carried out. The selected test conditions were slightly different to those in the CCD test runs.
The results given in Table 7-11 indicate that at adsorbent dosages within the model design
range (3-30 g/L), the predicted values of gold adsorption are in very close agreement with the
experimental values. The deviation of copper adsorption efficiency is slightly higher than that
of gold. Therefore, it can be concluded that the model is valid within the range of independent
variables used for the model design.
Table 7-11. Actual vs predicted values of reconfirmation experiments
X1
(g/L)

X2
(min)

X3
(℃)

5

30

10

Au adsorption efficiency (%)

Cu adsorption efficiency (%)

Actual

Predicted

Actual

Predicted

25

38

38

90

94

30

25

50

51

90

93

10

60

50

49

50

82

80

20

15

50

64

69

86

86

30

5

30

76

74

92

91

7.5

Elution

7.5.1

Gold and Copper Elution

The same two step metal elution process, which was used to elute metal from synthetic
leaching solutions tests was applied in these experiments. The competitive loading of copper
necessitates a copper pre-elution step to ensure the purity of the final gold product. Almost
100% copper elution was achieved using 0.02 M EDTA for 15 minutes. Copper elution
efficiency was independent of the solid to liquid ratio (S/L ratio) within the tested range of 2.5
to 10 g/L (results not shown). EDTA can form stable complexes with many of the base metals.
The stability constants of Cu-EDTA complex and Ca-EDTA complex are reported as 18.7 and
10.6, respectively (Martell and Hancock 1996).
Gold elution was accomplished using 0.01 M NaOH solutions at different S/L ratios and the
elution time varied from 15 minutes to 3 hours, as depicted in Figure 7-6. Gold elution
efficiency was low at a higher S/L ratio and substantially increased at a S/L ratio of 2.5 g/L.
The effect of time beyond 15 minutes was insignificant. Therefore, the ideal elution conditions
for gold elution were set as 0.01 M NaOH (approximately pH 12) for 15 minutes and at a S/L
ratio of 2.5 g/L. The mechanism behind gold elution may be proposed as the loss of
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electrostatic attraction at higher pH solutions. The pHPZC of PEI-MNPs used in this study was
determined previously as pH 11. At pH values higher than that, the adsorbent holds a negative
surface charge. This leads to desorption of gold from the PEI-MNPs surface.
100%

S/L 10

S/L 5

S/L 2.5

Au elution efficiency (%)

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
15 min

30 min

Time

1 hour

3 hours

Figure 7-6. Gold elution efficiency at different S/L ratio

7.5.2

Elution of Other Elements

Other elements, which were available in the leachate and then competitively adsorbed onto
PEI-MNPs are also considered and the results are presented in Table 7-12. The resultant copper
elution efficiency was 98-100% at the copper pre-elution stage. According to the solution
analysis with ICP-MS and particle analysis with XRF, 100% calcium elution and 68% sulfur
elution was accomplished during the copper pre-elution stage. It should be noted that most
importantly, the elution of many of the other species was not identified during gold elution,
except for some sulfur and silica elution. It is foreseen that the corresponding species of the
aforementioned two elements would not have any negative effect on the gold electrowinning
process, hence the purity of the final gold product (Kasper et al. 2016).
Table 7-12. Elution efficiency of gold, copper and other competitively adsorbed
elements
Element

Elution efficiency (%)
Cu pre elution stage1

Au elution stage2

Overall

Au

0-2

98-100

100

Cu

98-100

0-3

100

Si

0

≈18

≈18

Ca

100

0

100

S

68

≈24

≈92

1 eluant
2 eluant

used was 0.02 M EDTA, pH 6, 15 min
used was 0.01 M NaOH, pH 12, 3 hours
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7.5.3

Comparison with Synthetic Leaching Solutions

Gold elution behaviour shows a slight deviation from the conditions observed in gold elution
from PEI-MNPs used for synthetic leaching solutions (Section 6.4). Gold elution was
independent from the S/L ratio in synthetic leach tests, whilst it is highly dependent on the S/L
ratio in gold elution from real ore sample tests. A possible explanation may be the competitive
adsorption of impurities, hence the requirement of more eluant solution volume, i.e., a high
S/L ratio. The performance of the copper eluant did not change in either circumstance. The
stable complex formation of copper with EDTA may be the reason.

7.6

Chapter Summary

Extending the use of PEI-MNPs to recover gold from a gold ore leachate was considered in
this chapter. Although the laboratory scale adsorption experiments conducted with synthetic
leaching solutions showed considerable promise, the evaluation of the performance of PEIMNPs in actual gold ore leachates was worthwhile. Compared to synthetic leaching solutions,
the gold ore leachates are more complex solutions, as a consequence of complex ore
mineralogy. Gangue minerals can also dissolve in the solution and there is a high chance of
competitive adsorption.
The systematically designed experiments were used to investigate the effect of adsorbent
dosage, along with time and temperature on gold and copper adsorption efficiency. Gold
adsorption was mainly dependent on adsorbent dosage, and the other two variables did not
show any considerable influence. The optimum conditions predicted by the model for
maximum gold adsorption and minimum copper adsorption were 25 g/L adsorbent dosage for
46 minutes at a temperature of 56 ℃. Validation experiments confirmed the suitability of the
model for predicting gold and copper adsorption within the range considered.
Selective metal elution was attempted while the majority of impurities eluted at the copper
pre-elution stage. Approximately 18% of silica and 24% of total sulfur was detected in the
gold eluant together with 98% - 100% gold elution. According to the literature, it is foreseen
that the available Si and S would not have any detrimental effect on the gold electrowinning
process. The efficacy of using the same eluant system for both synthetic systems and actual
ore systems is of great value.
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Chapter 8

Conclusions and
Recommendations

The purpose of this study was to investigate the ability of polyethylenimine functionalised
magnetic nanoparticles to recover anionic gold complexes from alkaline thiosulfate leaching
solutions. In order to achieve this, the nanoparticles were functionalised, characterised and
used for gold adsorption. This was followed by gold elution and reuse of the adsorbent. The
objectives of this study were:


to functionalise the iron oxide magnetic nanoparticles with polyethylenimine to adsorb
anionic gold thiosulfate complex in alkaline pH solutions (as described in Section 8.1)



to characterise nanoparticles before and after surface functionalisation and after the
adsorption process (as described in Section 8.2)



to evaluate the influence of different reagent concentrations and experimental
conditions on gold adsorption efficiency from thiosulfate leaching solutions, onto
functionalised MNPs (as described in Section 8.3)



to determine the gold adsorption mechanism onto functionalised MNPs through
adsorption isotherm, kinetics and thermodynamic analyses (as described in Section
8.4)



to selectively elute the gold from MNPs, and to reuse the adsorbent (as described in
Section 8.2).

The extent to which the proposed objectives have been achieved and the specific conclusions
that were drawn from the experiment results will be discussed below. The discussion will also
cover the perceived limitations associated with the proposed technology. Furthermore, some
suggestions and recommendations for any future work will also be included.

8.1

Functionalisation of Magnetic Nanoparticles

Commercially available iron oxide magnetic nanoparticles were used as the magnetic core, to
be functionalised with suitable functional groups to fit the purpose. Based on a comprehensive
review of the literature and some preliminary trial and error attempts, a core-shell nanoparticle
coating was conducted by using citrate molecules as the intermediate layer and
polyethylenimine groups as the outer layer. The prepared magnetic nanoadsorbent was
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denoted as PEI-MNPs. The selection of functional groups was based on the conditions of the
particular leaching system, which operates at alkaline pH solutions, at elevated temperatures
and under oxidising conditions. Iron oxide was used as the magnetic core due to its high
saturation magnetisation, biocompatibility, being environmentally benign, abundant and
relatively low in cost. A trisodium citrate intermediate coating was able to provide a highly
negative surface charge to the MNP surface. This was useful to deagglomerate the MNPs and
to attach cationic PEI as the outer layer. The high cationic charge density, high point of zero
charge, preservation of magnetisation properties of the magnetic core and biocompatibility
were the main reasons for using PEI as the surface functionalisation agent to adsorb gold. The
preparation process was straightforward and simple. The adsorbent was functionalised in order
to promote the physical adsorption of gold, which was beneficial for subsequent gold elution
processes.
The agglomeration tendency of nanosized particles, especially magnetic nanoparticles is a
global issue, however it can be solved to a certain degree with various techniques. In this study,
ultrasonic dispersion was attempted with the aid of an ultrasonic probe in different dispersion
media at different pH values. According to the results shown in Table 8-1, dispersion was
considerably better in trisodium citrate solutions than in DI water. Longer ultrasonic durations
favoured better dispersion, however nanoparticle concentration was not a considerable factor.
Although the well- dispersed particles can re-agglomerate after drying in the oven,
ultrasonication was able to re-disperse them to an acceptable level. Provided that ultrasound
is reproducible, if applied to an identical solution formulation and with identical
ultrasonication process parameters, the same energy per volume can produce an identical
result. That means that the scaling up from bench scale to commercial scale is simplified.
Table 8-1. Hydrodynamic sizes of nanoparticles after ultrasonic dispersion
Intensity weighted Z-Ave
(nm)

PdI

Bare MNPs, before ultrasonication

2682

0.342

Bare MNPs, 600S ultrasonication

112.3

0.389

PEI-MNPs

174.3

0.254

Metal adsorbed MNPs

208.5

0.264

Sample description
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8.2

Characterisation of the Adsorbent

The adsorbent was characterised to understand its properties and to check the effectiveness of
the preparation process at different stages of the functionalisation and after adsorption. The
SEM, TEM and DLS techniques were employed for size and morphology measures, whilst,
XPS and FT-IR methods provided valuable information about surface elemental composition
and functional groups. Atom probe tomography was used for the analysis of the atomic
structure of the adsorbent. Further characterisation of the adsorbent was conducted by using
XRD and Raman spectroscopy for crystal structure, SQUID for magnetic measurements, TGA
and DSC for thermal properties and degradation, BET for specific surface area and zeta
potential analysis for the surface charge.
The aforementioned characterisation methods revealed that;


The nanoparticles demonstrated two different shapes and showed a bimodal size
distribution. The approximate size of the smaller particles varied from 13-20 nm and
the larger particles were in the range of 36-84 nm, in dry powder form. Only a slight
particle size increase (less than 2 nm) was observed after the coating process, and this
showed compatibility with other studies (Li et al. 2013). The hydrodynamic size
increased slightly after coating, as a result of the attachment of functional groups.



The zeta potential measurement depicted that the point of zero charge (pHPZC) of the
adsorbent significantly increased to pH 11, following the surface coating with PEI.
This was beneficial for anionic gold thiosulfate adsorption from an alkaline aqueous
solution.



Based on the XRD and QXRD analysis, the crystal structure of the uncoated MNPs
was a mixture of pure iron oxide mainly consisting of magnetite and maghemite. An
insignificant amount (less than 1%) of hematite was also identified. No other
contaminants were detected. The crystalline structure did not change after surface
functionalisation which confirms non-formation of any other crystalline phases during
this process.



XPS and FT-IR studies revealed the presence of nitrogen (as amine groups) on the
surface which confirms the success of the PEI coating process. The reconstructed APT
images also confirmed the presence of nitrogen atoms on iron oxide surfaces.



Furthermore, APT results revealed successful gold adsorption onto the PEI-MNPs
surface. The competitive adsorption of copper and sulfur species was also confirmed.
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Peaks related to gold and sulfur were observed in XPS spectra of metal adsorbed
samples which verifies the adsorption of these species.


Magnetisation measurements revealed that the saturation magnetisation reduced only
slightly after the PEI coating. Saturation magnetisation was 60.5, 52.3 and 50.5 emu/g
for bare MNPs, PEI-MNPs and Au-PEI-MNPs, respectively.



TGA results indicated that 10% of weight of the adsorbent are held by functional
groups.



According to BET analysis, the specific surface area of the adsorbent was 99 m2/g.

8.3

8.3.1

Evaluation of the Influence of Adsorption
Process Parameters on Gold Adsorption
Efficiency
Adsorption from Synthetic Leaching Solutions

The effect of thiosulfate concentration, copper concentration, adsorbent dosage and solution
pH on gold adsorption efficiency was investigated by conventional experiment design;
changing one parameter at a time while keeping other parameters constant. Adsorption
isotherm, adsorption kinetics and adsorption thermodynamics were also evaluated in synthetic
leaching solutions.
The concentration of free thiosulfate anions was the most detrimental factor to gold adsorption,
as a result of the competitive adsorption of thiosulfate anions and their oxidation products such
as polythionate anions. However, sulfur adsorption, as any sulfur compound, was less than
3%. Although some copper adsorption onto PEI-MNPs was observed, the initial copper
concentration was not a significant factor, at a 95% confidence level. However, copper is
believed to have an indirect influence in lowering gold adsorption by oxidising thiosulfate in
the solution.
An increase in adsorbent dosage enhanced gold adsorption significantly. The availability of
ample adsorption sites and hence the reduced competition could be the reason for higher gold
adsorption at higher adsorption dosages. The solution pH did not show any considerable effect
on the final loading for the tested pH range of 5 - 8.8. Lower temperatures favoured higher
gold loading, which confirms the exothermic nature of the adsorption process.
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Therefore, in essence, maximum gold adsorption is facilitated by maintaining lower free
thiosulfate concentration, using higher adsorbent dosages and lowering temperatures in the
solutions. Shorter contact times between the adsorbent and the adsorbate solution is preferred,
according to kinetics studies. This results in a higher gold loading and relatively lower
adsorption of competitive ions.

8.3.2

Adsorption from Gold Ore Leaching Solutions

Gold ore samples from Cortez ore, Nevada, USA were leached and the resultant solution was
used for the adsorption studies. Experiments were designed based on the Central Composite
Design (CCD) and the Response Surface Methodology (RSM) approach was used for
optimisation of the parameters. The adsorbent dosage, solution temperature and time were set
as independent variables while gold adsorption efficiency and copper adsorption efficiency
were the response variables. Adsorbent dosage was the most influential factor for gold
adsorption, while the effect on copper adsorption was insignificant. Although solution
temperature and adsorption time influences gold adsorption from synthetic leaching solutions,
these two parameters were not of great influence on gold adsorption from real ore leachate.
The optimum conditions predicted by the model for maximum gold adsorption and minimum
copper adsorption were 25 g/L adsorbent dosage for 46 minutes at a temperature of 56 ℃.
Therefore in brief, PEI coated iron oxide magnetic nanoparticles can be effectively used for
gold adsorption from clarified thiosulfate leach solutions. An increase in adsorbent dosage
clearly enhanced gold adsorption, whilst copper adsorption efficiency did not show a
considerable improvement. The predicted values of gold and copper adsorption efficiency by
the fitted regression model are in accordance with the experimental results. Selective elution
of the metals by use of low eluant concentrations within a short period of time is an added
advantage.

8.4

Determination of Adsorption Mechanism
through Adsorption Kinetics, Adsorption
Isotherms and Thermodynamic Analyses

Gold adsorption kinetics data were fitted with pseudo-first-order, pseudo-second-order kinetic
models and intra-particle diffusion model. The adsorption kinetic parameters are summarised
in Table 8-2. The R2 values imply that the adsorption kinetics data fit better with the pseudosecond-order model. The rapid adsorption kinetics irrespective of solution type, is indicative
of physical adsorption that does not require activation energy.
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Table 8-2. Summary of the adsorption kinetics model parameters
Pseudo-first-order Model

Pseudo-second-order model

Intra-particle diffusion model

k1 (min-1)

qe, cal
(mg/g)

R2

k2 (g mg-1
min-1)

qe, cal
(mg/g)

R2

kp

C

R2

0.2021

0.22

0.9775

2.57

0.966

0.9999

0.003

0.94

0.6569

Adsorption isotherm data were fitted with the Langmuir and Freundlich isotherm models. The
maximum gold adsorption capacity derived from the Langmuir equation was 42.11, 41.22 and
33.85 mg/g at temperatures of 25, 35 and 50 °C, respectively, as presented in Table 8-3. The
adsorption mechanism was verified using a thermodynamic approach.
Table 8-3. Summary of the adsorption isotherm model parameters
Isotherm model

Langmuir isotherm

Freundlich isotherm

Parameter (units)

25 °C

35 °C

50 °C

qm (mg/g)

42.11

41.22

33.85

KL (L/mg)

0.00418

0.00411

0.00373

R2

0.9959

0.9973

0.9959

Kf (mg/g)(L/mg)1/n

0.499

0.458

0.338

n

1.47

1.46

1.43

R2

0.9930

0.9873

0.9834

Thermodynamic studies confirmed the adsorption process to be exothermic and spontaneous.
The results are shown in Table 8-4. Moreover, the value of the enthalpy change (-11.99 kJ/mol)
in conjunction with fast kinetics and simple gold elution all are indicators of physical
adsorption. According to the characterisation of the particles using an APT, the multilayer
adsorption of gold was apparent. XPS analysis results revealed that gold exists in Au(I) state
without reducing to metallic state. Therefore, it can be concluded that gold adsorption onto
PEI-MNPs from thiosulfate leaching solutions is a physical adsorption process where anionic
gold thiosulfate complexes are adsorbed onto PEI-MNPs by electrostatic attraction.
Table 8-4. Summary of thermodynamic parameters of gold adsorption
Temperature (°C)

25 °C

35 °C

50 °C

ΔG° (kJ/mol)

-26.58

-27.39

-27.84

ΔH° (kJ/mol)

-11.99

ΔS° (J/mol.K)

49.33
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8.5

Metal Elution and Reuse of PEI-MNPs

Gold and copper elution was conducted in two elution steps. Due to the unavoidable adsorption
of copper on PEI-MNPs and to ensure the purity of the final gold product, copper pre-elution
was conducted using 0.02 M EDTA solutions. This was followed with gold elution using 0.01
M NaOH solutions. Almost 100% metal elution was achieved over durations as short as 15
minutes, with considerably low eluent concentrations. This is deemed superior when
comparing the complexity and higher reagent concentrations required for gold and copper
elution from IX resins. Both gold and copper elution efficiencies were independent of the solid
to liquid ratio in the elution solutions for the tested range (2.5- 10 g/L) which confirms the
possibility of using lower eluant volumes.
The metal-eluted PEI-MNPs were reused for adsorption, after being washed with DI water.
These adsorption-elution cycles were continued for up to six cycles to evaluate the reusability
of the adsorbent, which is vital for reducing the costs of the process. Some loss of adsorption
efficiency was noticed at each cycle where the total loss was 12-15% after six cycles. The
causes for this drop could be the accumulation of sulfur species onto the adsorbent and possibly
the agglomeration of PEI-MNPs during the process. Sulfur species elution was not considered
in this study. Uneluted sulfur species can occupy the adsorption sites, disturbing gold
adsorption in subsequent cycles. Frequent magnetic separation could have an effect on particle
agglomeration, hence a drop in specific surface area. However, intermediate particle
agglomeration could have been restored by occasional ultrasonic dispersion. Nevertheless, the
exploration of all these options was not possible within the time frame of this study, but is
suggested for future research.
The same eluants and comparable conditions were used for gold and copper elution from PEIMNPs used for gold adsorption in gold ore leachates. In contrast to the PEI-MNPs used in
synthetic leaching solutions, gold elution efficiency was dependent on S/L ratio. Copper
elution was identical in both instances, probably due to the high stability constant of the CuEDTA complex. Competitively adsorbed calcium (100% elution) and sulfur (68% elution)
could be effectively eluted at the copper pre-elution stage with 0.02 M EDTA at a pH of 6 and
at 25 ℃.

8.6

Schematic representation of the process

The schematic representation of the process is given in Figure 8-1. Firstly, the adsorption of
gold and copper onto PEI-MNPs is conducted after leaching. The metal adsorbed PEI-MNPs
are then separated from the solution by magnetic separation and are forwarded on to the elution
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process. At this stage, the adsorbent undergoes copper elution followed by gold elution. The
eluant solution is then forwarded on for elemental gold recovery using a suitable process like
electrowinning, and metal- eluted PEI-MNPs are redirected for metal adsorption again.
Competitive adsorption of other species (except Cu) has not been considered here.

Figure 8-1. Schematic representation of the adsorption-elution-reuse cycle

In conclusion, the research shows excellent gold adsorption from pure gold thiosulfate
solutions, fast kinetics and comparable adsorption capacity in simulated leaching solutions, a
simple surface functionalisation process and most prominently, uncomplicated and selective
metal elution characteristics. However, further improvements are still possible and essential.
It should be understood that this process, in its current state, is by no means a replacement for
the existing RIL process. However, compared to the IX resins, the advantages with PEI-MNPs
are:


the lower adsorption of competitive ions such as copper and sulfur species



a simple and rapid metal elution process



easy solid-liquid separation with the aid of an external magnetic field.
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The above points are the motivation for considering this technology for gold recovery in the
future. Any potential improvements that could be made to this particular adsorption system
are listed in the following section.

8.7

Recommendations for Future Investigations

As far as is known, this is the first time that research has provided a basis for, as well as a
preliminary understanding of, the use of functionalised magnetic nanaoadsorbents to recover
gold from non-ammoniacal thiosulfate leaching solutions. However, this is by no means an
exhaustive study and many improvements could be made by refining the process. The
following section includes some suggestions for the advancement of the adsorbent and
improvements for the overall process.


Optimisation of the functionalisation process - further adjustment of the surface
functionalisation process conditions and/or use of different ligands appropriate for
alkaline pH conditions could result in a better product. The use of quaternised PEI is
one recommendation.



Selectivity towards gold adsorption – Although almost 100% gold adsorption was
achieved in pure gold thiosulfate solution using a low adsorbent dosage, the adsorption
efficiency dropped in simulated leaching solutions in the presence of free thiosulfate
and copper. Modification of the adsorbent and adsorption conditions to enhance
selective gold adsorption is suggested.



Regeneration of the adsorbent – it is foreseen that adsorption efficiency in subsequent
cycles would have improved if the adsorbed sulfur species could have been eluted.
Therefore, consideration of some means of sulfur species elution would be
worthwhile.



Expanding the range of use of the adsorbent - Some preliminary studies were
conducted on using PEI-MNPs to recover gold from other thiosulfate leaching systems
such as Cu-ammonia, Fe-EDTA, Fe-oxalate, Ni-ammonia. However, more
comprehensive studies are suggested.



Scaling up to pilot scale – This study considered gold adsorption from both synthetic
and actual leach solutions on a laboratory scale. Magnetic separation was conducted
with a handheld neodymium magnet. The use of HGMS, for instance using a steel
wool matrix on a laboratory scale or pilot scale, would be an important part of a future
study.
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Pulp application- the adsorption studies were conducted in clear solutions and the
feasibility of the application in pulp would be an important area to consider. Few
preliminary studies have been conducted using silica flour with PEI-MNPs, which
also guarantee the recovery of MNPs without any nanoparticle loss. Further
investigation in this area is required.

Some of the limitations associated with PEI-MNPs could have been overcome by some
changes in the process, but only at the expense of affecting the claimed advantages. For
instance, it is foreseen that, the use of quaternary PEI may improve adsorption capacity as well
as a wide range of operating pH values but pay off with difficulty in metal elution process.
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Appendices
Appendix A

Other Adsorbents Attempted

A few different nanomagnetic adsorbents were tested in attempts to adsorb anionic gold
thiosulfate from simulated leaching solutions and from pure gold thiosulfate solutions (on
some occasions only). Adsorption experiments were conducted with conditions kept consistent
(pH, temperature, solution volume, stirring speed, adsorbent dosage) and these were followed
by magnetic separation and solution analysis for gold. A constant adsorbent dosage (5 g/L)
value was used for comparison and the effect of the adsorbent dosage was not taken under
consideration. The adsorbent(s) which showed high relative adsorption efficiency was selected
and others were discontinued. No comprehensive particle characterisation was conducted for
those adsorbents. However all the adsorbents tested are briefly detailed in the following
sections, and listed in Table App A.1.
The competence of bare MNPs to adsorb gold from alkaline pH solutions was evaluated,
although it was anticipated that the adsorption efficiency would be almost zero or very low as
a result of the negative surface charge of particle surfaces in alkaline solutions. The purpose
therefore, was to compare the MNPs with the surface coated nanoparticles. The surface coating
was carried out as mentioned in Section 3.3. The specifications of the sourced nanoparticles,
surface coatings and corresponding gold adsorption efficiencies are given in Table App A.1.
below.
As expected, bare MNPs were unable to adsorb gold from thiosulfate leaching solutions under
the tested conditions. Therefore, to see if a change could be effected, a surface coating was
carried out using trisodium citrate and PEI. It is apparent that adsorption efficiency increased
when the nanoparticle size was decreased. MNP 5 evidenced very low adsorption efficiency
although this improved substantially when smaller particles were used (MNP 1). Similar
behaviour was displayed in MNP 4 vs MNP 2 and MNP 3.
According to gold adsorption efficiency values, MNP 1, MNP 2 and MNP 3 demonstrated
high gold adsorption amongst the tested adsorbents. Of these three candidates, MNP 1 (PEI
coated magnetite, 15-20 nm) was chosen as the other two adsorbents were less efficient in
magnetic separation. It is well known that the saturation magnetisation of magnetite is higher
than maghemite. It was later identified that MNP 1 (known as PEI-MNPs) is also a mixture of
magnetite and maghemite. However, the magnetic separation was faster than with pure
maghemite alone.
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Table App A.1. Different magnetic nanoparticles attempted in the study
Reference

MNP 1

Magnetic core
(description as
per
manufacturer)

Size and
morphology
(based on
SEM)

Surface coating

Magnetite 15-20
nm

13-84 nm,
spherical/
cubodial

Uncoated (Bare MNPs)

Au adsorption
efficiency
pure
AuTS
solution

synthetic
leach
solution
0%

Citrate and PEI25K coated
(PEI-MNPs)

100%

33%

Citrate and PEI800 coated

-

10%

96%

31%

MNP 2

Maghemite (20
nm)

spherical

Citrate and PEI coated

MNP 3

Maghemite
(Reade), 20-40
nm

15-60 nm,
spherical

Citrate and PEI coated

MNP 4

Maghemite, <50
nm (SA)

11-88 nm,
spherical

Citrate and PEI coated

-

24%

MNP 5

Magnetite
(black), 50-100
nm

50-300 nm,
cubodial

Citrate and PEI coated

92%

8%

32%

At a 5 g/L NP dosage, 50 ℃ and pH 8

After considering the adsorption efficiency and ease of magnetic separation, MNP 1 was
chosen as the only adsorbent to be considered for gold adsorption studies. A comprehensive
particle characterisation before and after coating, as well as after metal adsorption was
conducted, as discussed in Section 4.3. MNP1 was first coated with trisodium citrate followed
by polyethylenimine, as discussed in Sections 4.2.1 and 4.2.2. and designated as PEI-MNPs
throughout the thesis.
An images of MNPs use are listed in Table below.
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Name

Nanopowder Image

SEM image

MNP 1

MNP 2

No SEM image available

MNP 3

MNP 4

MNP 5
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Appendix B

B.1

Detailed Methods and
Specifications of the
Instruments used for
Characterisation

XPS

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Axis
Ultra DLD spectrometer using a monochromatic Al Kα (1486.6 eV) irradiation source
operated at 225 W. The electron binding energy scale was calibrated for each sample by setting
the main line of the C 1s spectrum to 284.8 eV. XPS spectra were collected with a pass energy
of 160 eV for the survey spectra and 40 eV for the high-resolution spectra. Data files were
processed using CasaXPS software and interpreted using relative sensitivity factors provided
by the instrument manufacturer (Kratos) as a guide. Background subtractions using a Shirley
background were applied to all high-resolution spectra. Each high-resolution spectra was fitted
with a Gaussian-Lorentzian (70%-30%) line shape with the full-width half maximum
(FWHM) constrained to values considered reasonable for each element.

B.2

XRD and QXRD

XRD analysis of the crystalline phase of nanopowder samples was performed with a Bruker
D8 Advance Powder Diffractometer (Bruker AXS, Germany) with a Co Kα radiation source
(λ=1.79Å) run at 35kV voltage and 40 mA current with a LynxEye detector. The scanning
parameters were in the 5-120 degree range (2 theta), with a 0.0008 step size used for 3s each
and the sample was run for 12 hours. The nanoparticles were suspended in few drops of
absolute ethanol and the suspension was pipetted onto low background sample holders and
allowed to air dry before the XRD measurements were taken. Crystalline phases were
identified by using the Search/Match algorithm, DIFFRAC. EVA. 3.2 (Bruker-AXS,
Germany) to search for the Powder Diffraction File (PDF).
The QXRD analyses were performed in a PANalytical X’Pert Pro PW3040 diffractometer at
40 kW of voltage and with a 40 mA current under Co Kα radiation (λ=1.79Å). The 2θ values
ranged from 5° to 80° at a step size of 0.0167°. Mineral identification was undertaken using
the X’Pert HighScore Plus search/match software.
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B.3

HPLC

To analyse thiosulfate and polythionates, a Waters 2695 HPLC separation module was used
with the separation being effected using a Thermo Scientific™ Dionex™ IonPac AS16 (4 mm)
ion exchange column equipped with a Thermo Scientific™ Dionex™ IonPac AG16 (4 mm)
guard column. All the analytes were detected using UV with a Waters 2998 Photodiode Array
Detector. A pump flow rate of 1 mL/min was used (0.35 M NaClO4.H2O), at room temperature.
The Empower™ software package (Waters Corporation) was used to control the HPLC and
calculate peak areas. Thiosulfate, tetra- to hexa-thionate was integrated at 214 nm and
trithionate was integrated at 192 nm.
For the analysis of the non-UV active sulfate, a Waters 2695 HPLC separation module was
used, by suppressed conductivity detection (Dionex AMMS 300 suppressor and Water 432
conductivity detector). The separation was effected using a Thermo Scientific™ Dionex™
IonPac AS17 (4 mm) anion exchange column equipped with Thermo Scientific™ Dionex™
IonPac AG20 and AG17 (both 4 mm) guard columns. A step change gradient elution method
using a sodium hydroxide/acetonitrile mixture (with increasing percentage of hydroxide) was
chosen as the mobile phase with this column as it facilitated the separation of sulfate and sulfite
ions (low percentage hydroxide) as well as providing a rapid exchange of the strongly
adsorbing oxy-sulfur anion species.
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Appendix C

Hydrodynamic Size Data by
DLS

Table App C.1. DLS size measurements
Sample
description

Intensity
weigted ZAve (nm)

average size
(nm)

PEI-MNPs,
surfactant, 300S

PEI-MNPs,
surfactant, 600S

PEI-MNPs, DI
water, 30S

PEI-MNPs, DI
water, 300S

PEI-MNPs, DI
water, 600S

Bare MNPs,
citrate solution,
600S sonication

PEI-MNPs

Metal adsorbed
MNPs

Pk 2
Mean Int

Pk 3
Mean Int

d (nm)

554.8
PEI-MNPs,
surfactant, 30S

PdI

Pk 1
Mean Int

0.813

1194

234.7

5150

0.569

247.6

714.5

4879

613.2

0.679

495.8

161.3

5385

263.1

0.409

254.4

2956

0

0.432

180.9

706.4

4597

370.1

0.688

536

170.6

4829

209.7

0.335

290.1

4904

0

0.364

271.6

4235

36.26

204.3

0.396

188.5

1007

0

334.3

0.404

455.6

4885

0

0.432

356.4

4586

0

305.3

0.397

379.8

4589

51.05

300.2

0.464

547.9

4016

0

0.473

319.8

3004

0

219.2

0.385

359.8

3949

0

203.7

0.361

406.5

4515

0

0.36

231.1

4316

0

218.1

0.412

272.1

71.66

4432

120.6

0.368

168.5

4640

0

0.367

153.1

4733

0

112.3

0.389

164.7

4463

0

181.2

0.231

195.9

4937

0

0.254

192.9

4534

36.61

171.7

0.237

202.8

4901

0

221.1

0.272

275.1

4735

0

0.264

231.3

4301

0

0.272

235.7

2732

0

385.3

250.2

209.9

325.5

295.5

200.1

112.1

174.3

208.5
206

517.7667

294.4667

207.9667

321.7

271.6333

207.3

115

175.7333

211.8667
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Appendix D

Different Metal Elution Systems

Different eluants were used on trial and error basis to find the most promising eluant(s) for
this particular system. Few eluants were selected based on the literature review and some
eluants which have been used for metal elution from IX resins were used for comparison
purposes. The optimum eluant should demonstrate higher elution efficiency, should be
selective, should non-damaging and preserve the adsorption capacity of the adsorbent, and
cost effective. In this study, a two-step elution process comprised of a copper pre-elution step
followed by gold elution was the most promising technique and disussed in Chapter 6. Other
eluant systems used are briefly discussed in the following sections.

D.1

NaOH

Gold and copper loaded PEI-MNPs were mixed with NaOH solutions at pH 12 separately at
25 ℃ and 50 ℃ solution temperatures. Sample aliquots were collected at predetermined time
intervals for gold and copper analysis of up to six hours. Non selective metal elution was
observed while gold elution efficiency was higher than that of copper at both 25 C and 50 C
temperatures. The possible mechanism behind this method is the loss of electrostatic attraction
due to the pH change in the solution above pHPZC (pH 11), which reverses the adsorption
process. According to isotherm and thermodynamic studies, the gold adsorption mechanism
was physical adsorption and the adsorption process was exothermic. The copper adsorption
mechanism was not determined. In this study, 100% gold elution was achieved at 50 ℃
temperature in 5 minutes while it was only 36% at 25 ℃. However, a drop in the gold elution
efficiency was observed at 50 ℃. As the gold adsorption mechanism was determined as
physisorption, 100% gold elution was achieved at 50 C while copper elution was around 40%
at the same temperature. The adsorption mechanism for copper may be a combination of
chemisorption and physisorption while only physically adsorbed copper is desorbed at this
occasion. This method was discontinued due to non-selective metal elution.
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Figure App D.1 Gold elution efficiency at different temperatures by NaOH at pH 12
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Figure App D.2 Copper elution efficiency at different temperatures by NaOH at pH 12

D.2

HCl

Diluted HCl has been reported as a promising eluant for copper desorption from magnetic
nano adsorbents, as discussed in Section 2.9.3. Therefore, HCl solutions at three different
concentrations were used for metal elution from PEI-MNPs at a temperature of 25 C for up
to four hours in this study. As shown in Table App D.1., at a pH of 2 (0.01M HCl) and pH 2.5
both gold and copper were eluted to some extent while no metal elution was observed at pH 3
(0.001M) HCl solution. A slight dissolution of adsorbent was noticed in pH 2 and pH 2.5
solutions, leaching Fe back into the eluant solution. In addition, non-selective metal elution
and potential osmotic shock on MNPs due to sudden change in pH at subsequent gold elution
step make this method undesirable.
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Table App D.1. Metal elution with HCl as the eluant
Elution efficiency (%)
Time

pH 2

pH 2.5

pH 3

Au

Cu

Au

Cu

Au

Cu

30 min

14%

55%

8%

10%

0%

0%

4 hours

34%

70%

13%

20%

0%

0.5%

D.3

Glycine

Glycine solutions (0.1M) at different pH values (6, 9 and 11) and temperatures (25 and 50 C)
were investigated for metal elution. Sample aliquots were collected at 15 min, 30 min, 1 hour
and 3 hours for analysis and the results are listed in Table App D.2. and Table App D.3. The
ability to form strong complexes with copper is the main reason for trying glycine solutions
as an eluant in this study. The stability constant of different copper-glycine complexes range
from 8.15 to 15.6 (Martell and Smith 1974, Aksu and Doyle 2001). It is obvious that the elution
efficiencies of both metals are negligible for the tested conditions, except approximately 40%
and 50% of gold elution in a solution at pH 11 at 27 C and 50 C temperatures respectively,
after 3 hours. These noticeable elution efficiencies at pH 11 may due to the natural desorption
of adsorbed metal as a result of loss of electrostatic attraction in between adsorbates and
adsorbent as the PEI-MNPs surface charge is almost zero at this pH value (pHpzc is 11). The
insignificant copper elution, even at higher pH values, is questionable, possibly due to the
insufficient amount of glycine in the solution. However, further investigations were not carried
out on the use of glycine as the eluant for nanoparticles did not seem to be very promising.
Table App D.2. Gold elution efficiencies with 0.1 M glycine solutions
Temperature

27°C

50°C

Time

pH 6

pH 9

pH 11

pH 6

pH 9

pH 11

15 min

2%

4%

36%

1%

3%

52%

30 min

2%

4%

38%

1%

3%

52%

1 hour

2%

4%

39%

1%

3%

55%

3 hours

2%

4%

41%

2%

3%

50%
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Table App D.3. Copper elution efficiencies with 0.1 M glycine solutions
Temperature

27°C

50°C

Time, hours

pH 6

pH 9

pH 11

pH 6

pH 9

pH 11

15 min

1%

1%

1%

1%

2%

2%

30 min

1%

1%

1%

1%

2%

3%

1 hour

1%

1%

2%

2%

2%

4%

3 hours

2%

1%

3%

5%

4%

8%

D.4

Thiosulfate, Sulfite and Chloride

Copper pre elution with ammonium thiosulfate and gold elution with a mixture of sodium
sulfite and sodium chloride combinations are promising eluants for gold and copper elution
from IX resins (Jeffrey et al. 2010). Although the adsorption mechanisms could be different
in IX resins and MNPs, this method was tested for comparison purposes. Firstly, metal loaded
PEI-MNPs were mixed with 0.5 M ammonium thiosulfate solutions for six hours at pH 9.5 at
25 C. Samples were collected for analysis and then the particles were washed with DI water
before mixing with 0.1M sodium sulfite and 1M sodium chloride at pH 9.5 and 60 C.
An average of 84% gold elution and an average of 28% copper elution was achieved in 0.5M
ammonium thiosulfate solution as the eluant at pH 9.5 and 25 C temperature. At the next
stage, with 0.1M sodium sulfite and 1M sodium chloride, at a pH of 9.5 and at a temperature
of 60 C, no gold elution was observed, while an average of 26% copper elution efficiency
was achieved. The results were not as expected such that gold elution was higher with copper
eluant (ammonium thiosulfate) and vice versa. Besides this, non-selective metal elution was
observed, which potentially hinders the purity of final gold product. Due to these limitations,
this eluant combination was considered as undesirable and no further experiments were
conducted.
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