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Abstract 

 

As is well-known, arsenic is a notorious toxic element, posing a severe threat to both 

human health and nature. Meanwhile, arsenic is also a vexing issue in gold industry, 

leading to a number of undesirable outcomes during gold cyanidation, such as 

retardation or prevention of gold dissolution, influence on gold adsorption onto 

activated carbon, etc. Although a great variety of techniques have been proposed for 

removing arsenic from aqueous solutions in the past few decades, none of them is 

completely competent under all conditions. Adsorption in particular, is a promising 

approach, but nearly all relevant methods have concentrated on water purification 

under neutral or acidic conditions. In alkaline process waters of gold cyanide 

leaching system, these adsorbents tend to be less effective. Inspired by previous 

researches, in this study, three types of functionalised magnetic adsorbents with 

different core-shell structures, namely Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and 

Fe3O4@CeO2/Ce(OH)4, were successfully synthesised via uncomplicated synthetic 

processes and creatively used to extract arsenic species from alkaline gold 

cyanidation process waters. 

  

In the first place, a series of analytical methods were employed to comprehensively 

characterise the synthesised adsorbents, including SEM-EDS for microstructure, 

morphology and elemental composition, XRD for phase composition, SQUID for 

magnetic properties, BET for specific surface area, etc. The analysis results showed 

that these adsorbents were microparticles with diameters ranging from 20 to 400 nm, 

and consisted of crystalline magnetite/maghemite and mostly amorphous 

titanium/zirconium/cerium oxide. All three ferromagnetic materials exhibited 

saturation magnetization in excess of 40 emu/g, readily allowing magnetic separation 

by an external magnetic field after adsorption. The specific surface areas of 

Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and Fe3O4@CeO2/Ce(OH)4 were determined to 

be 86.65, 140.03 and 91.38 m
2
/g, respectively, which were sufficiently large to 

provide abundant active sites for arsenic adsorption. 

 

Next, systematic adsorption tests were carried out to determine their adsorption 

behaviours towards both As(III) and As(V) under alkaline conditions, including 
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effect of pH on adsorption, adsorption kinetics, adsorption isotherms and competitive 

adsorption. Within the studied pH range of 7–11, generally speaking, good 

adsorption results were achieved but the adsorbed amounts of both As(III) and As(V) 

onto all three adsorbents decreased with increasing pH. Adsorption kinetics and 

isotherms were both performed at pH 9, which is typical of process water samples 

from a few gold mines located in Western Australia. For all three adsorbents, 

adsorption equilibrium could be achieved in approximately 4 h and the kinetic data 

were satisfactorily fitted by the pseudo-second-order kinetic model, indicating 

chemisorption was most likely involved. According to the experimental results from 

adsorption isotherms, all three adsorbents showed great adsorption performances, 

with the Langmuir maximum adsorption capacities of 31.4–79.1 mg/g for As(III) and 

10.2–25.5 mg/g for As(V) in arsenic-only solutions. In competitive adsorption tests 

conducted in simulated process waters from gold cyanidation, the simultaneous 

arsenic adsorption capacities of Ti-based, Zr-based and Ce-based adsorbents were 

found to be 15.6, 42.3 and 51.2 mg/g, respectively, showing huge potential in the 

future industrial applications. 

 

Last but not least, the possibility and feasibility of the synthesised adsorbents for 

regeneration and reuse were evaluated through multiple consecutive adsorption-

desorption cycles with 1.0 mol/L NaOH solution as a regenerant. Over 60% of the 

initial adsorption capacities of all three materials were retained after four or five 

cycles of adsorption and desorption, revealing that a highly alkaline solution could 

liberate a certain amount of active adsorption sites for arsenic species to be reloaded 

again, which is highly conducive to cost reduction in consideration of the industrial 

practicability. 

 

All in all, this thesis provides an entirely new way of thinking for removing arsenic 

species from alkaline process waters of gold cyanidation and establishes the solid 

foundation for future industrialisation.  
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CHAPTER 1  INTRODUCTION 

 

1.1. Background 

 

It is widely known that arsenic is a carcinogenic, teratogenic, clastogenic poison 

posing a severe threat to human health. Arsenic constitutes approximately 0.00015% 

of the Earth’s crust in the form of more than 300 minerals, making it the 53
rd

 most 

abundant element (John Emsley, 2011). In general, the most common arsenic 

minerals in association with gold are sulfides, such as realgar (As4S4), orpiment 

(As2S3) and arsenopyrite (FeAsS). 

  

During gold processing by cyanidation, arsenic is inevitably released into process 

waters and is able to adversely affect the gold extraction in various ways. In the 

strongly alkaline solutions used for gold leaching by cyanidation, arsenic sulfides can 

be oxidised to arsenite (AsO3
3-

) and arsenate (AsO4
3-

) with oxygen present, and the 

proportion of each is dependent on the solution composition, oxidation potential and 

pH (Kyle et al., 2012a). Oxidised and partially oxidised arsenic species influence 

cyanidation by consuming oxygen and retarding or preventing gold dissolution 

(Marsden and House, 2006). Arsenic may also affect gold recovery by competitive 

adsorption onto activated carbon (Lorenzen et al., 1995). Although limited 

information is available on the behaviour of arsenic in tailings dams, there is little 

doubt that arseniferous tailings are difficult to treat and seriously threatening human 

health and the environment (Liu et al., 2015). In addition, it is common knowledge 

that water is a valuable and expensive resource. The process water for gold 

cyanidation is recycled with adjustments. If not removed from the process water, the 

arsenic species could accumulate and the negative impact mentioned above could be 

exacerbated. Therefore, it is necessary to remove arsenic from the process waters. 

  

In order to tackle arsenic contamination problems, numerous approaches have been 

proposed. Basically, these approaches can be broadly divided into three categories, 

i.e., precipitation/encapsulation, membrane technologies and adsorption. 
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It is known that in aqueous solutions, the arsenic species prevalently exist in the form 

of oxyanions arsenite (As(III)) and arsenate (As(V)) (Molinari and Argurio, 2017). 

According to a survey carried out on the gold cyanidation process waters from 

several Western Australian gold mines, it is found that the pH values of the process 

waters are basically within the range of 7.0–10.0. Under this condition, the most 

thermodynamically stable species for As(III) are H3AsO3 (pH<9.2 approximately) 

and H2AsO3
-
 (9.2<pH<10), and HAsO4

2-
 for As(V). With the restrictions of arsenic 

species in combination with the presence of other substances, particularly cyanide, 

precipitation is generally inappropriate (Nishimura and Robins, 2000; Tahija and 

Huang, 2000). Membrane technologies seem to be an efficient way for arsenic 

removal with no toxic solid wastes produced, however, the treatment processes 

usually require high cost in capital, operating and maintenances and potentially long 

treatment time (Mohan and Pittman Jr, 2007; Nicomel et al., 2016). Adsorption, with 

the advantages of low-cost, easy handling, low energy requirement and satisfactory 

arsenic removal rate (Mohan and Pittman Jr, 2007), is considered to be a more 

suitable approach for As removal from the gold cyanidation process waters. 

  

Various kinds of arsenic adsorbents were proposed and investigated for the 

remediation of drinking water or ground water systems, which had pH values near 7. 

Among them, the oxides/hydroxides of titanium, zirconium and cerium have 

attracted extensive attentions due to their high arsenic adsorption capacities, wide 

application pH ranges and easy regeneration/reuse abilities. In addition, the 

mechanisms of the arsenic adsorption on these adsorbents have been established by a 

number of research groups from macro and micro perspective of views (Cui et al., 

2012; Guan et al., 2012; Sun et al., 2012). It was demonstrated that the surface 

hydroxyl groups of the metal oxides/hydroxides adsorbents were involved in the 

arsenic adsorption and inner-sphere complexes were formed between arsenic and the 

sorbents. Furthermore, via comparative studies of various arsenic adsorbents, Li et al. 

(2014) found that the ionic potential of a material could be used as a guidance for the 

selection of suitable arsenic adsorbents. They suggested that if the ionic potential of a 

material is within the range of (approximately) 4–7, it could be a suitable candidate 

for arsenic adsorption. Interestingly, the ionic potentials of Ti
4+

, Zr
4+

 and Ce
4+

 are 

located right in the so-called criteria range.  
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Although numerous studies have been carried out regarding the arsenic adsorption 

performance of titannium, zirconium and cerium based adsorbents, there are no 

records for the treatment of gold cyanidation process waters under alkaline 

conditions.  

Moreover, for the enhanced arsenic adsorption capacity, nano-sized adsorbents are 

pursued mainly because of the increased specific surface area. However, 

nanoparticles are too small to control confidently. They are very likely to be released 

into the natural environment especially water systems, posing a threat to the human 

health (Tang and Lo, 2013). Moreover, the preparation of nanoparticles tends to be 

more energy consuming and relatively expensive. Consequently, it is not always the 

best option to use nanoparticles to improve the adsorption capacities of the 

adsorbents. 

   

In addition, considering the practical application of these adsorbents, separation of 

the spent sorbents from the water body is important. Conventionally, filtration or 

centrifugation was employed (Clifford et al., 1983). However, problems would arise 

if the filters became blocked or adsorbents lost (Reddy and Yun, 2016). More 

recently, the use of magnetic separation has attracted a lot of interests (Mehta et al., 

2015). A large number of publications have reported the combination of arsenic 

adsorbents with magnetic materials such as magnetite (Fe3O4), maghemite (γ-Fe2O3) 

and zero valent iron to facilitate the rapid and efficient separation of the exhausted 

adsorbents from the aqueous medium. 

  

On the basis of the above observations from various previous work, in this study, 

magnetic titanium, zirconium and cerium based adsorbents were synthesised and 

innovatively introduced to the gold cyanidation process waters for arsenic removal. 

Since the arsenic adsorption mechanisms have already been established by other 

researchers, the focus of this study is to investigate the performance of the Ti, Zr and 

Ce based adsorbents under alkaline conditions and to explore the application 

potential of the synthesised magnetic adsorbents in gold cyanidation process waters. 
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1.2. Objectives 

 

The waters associated with the gold cyanidation process circuits are complicated 

owing to diverse water sources, various types of gold ores and different process 

flows, etc. Consequently, the actual process waters can be composed of a wide 

variety of chemical species. Moreover, since water is a valuable resource, it is 

generally recycled and reused. In this way, the ions present in the process waters can 

be accumulated, leading to high ionic concentrations and strength. In general, during 

the gold leaching by cyanidation, lime or sodium hydroxide are added to the leaching 

solution to prevent the unexpected consumption of cyanide species and the release of 

toxic HCN gas. Therefore, the pH of the process water is generally kept between 10–

12. This alkaline condition renders most of the adsorbents dedicated for arsenic 

removal inefficient. However, after gold recovery with active carbon or resins, for 

instance, in the tailings dams, excessive free cyanides in the process water are 

destructed and the pH of the water is adjusted to around 7–9 for recycling. In order to 

prevent the arsenic species from accumulating in the cycled process water, this study 

aims to provide a potential adsorption method to remove arsenic species from 

alkaline process water of gold cyanidation by using functionalised magnetic 

adsorbents and lay the foundation for practical industrial application in the near 

future. The main targeted solutions were process waters after cyanide destruction 

with milder alkaline conditions. Specifically, the objectives of this study are achieved 

by following steps. 

 Design and synthesise several types of functionalised magnetic particles for 

effectively adsorbing arsenic species from alkaline aqueous solutions. 

 Determine their surface properties and structural characteristics by a series of 

analytical methods. 

 Examine their adsorption capacities towards arsenic species in both arsenic-only 

solutions and simulated process waters from gold cyanidation. 

 Explore the feasibility of regenerating and reusing the synthesised adsorbents. 
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1.3. Structure of thesis  

 

This thesis consists of seven chapters, as outlined below. 

 

CHAPTER 1 introduces the background and objectives of this study. 

 

CHAPTER 2 firstly reviews the mineralogy and aqueous chemistry of arsenic and 

problems caused by its presence in gold cyanidation processes, followed by various 

techniques used to remove arsenic from aqueous medium. Adsorption method is 

highlighted through comparisons of different arsenic removal approaches and the 

properties of various adsorbents are compared. A number of factors relating to the 

application of the adsorbents are also reviewed, including pH, properties of the 

adsorbent materials, co-existing anions, separation and regeneration of the As-loaded 

adsorbents as well as the potential of reusing the regenerated adsorbents. Three types 

of arsenic adsorbents stand out, i.e. oxides/hydroxides of titanium, zirconium and 

cerium. Most of the literature focused on the remediation of drinking water or ground 

water with near neutral pH. Very few papers have investigated the arsenic adsorption 

in alkaline waters and none is found for the treatment of gold cyanidation process 

waters.   

 

CHAPTER 3 provides the materials and methods used for the following three 

experimental chapters. 

 

CHAPTER 4, CHAPTER 5 and CHAPTER 6 detail the synthesis, characterisation, 

adsorption tests and desorption tests of the titanium-based magnetic adsorbent 

(Fe3O4@SiO2@TiO2), the zirconium-based magnetic adsorbent (γ-Fe2O3@ZrO2) and 

the cerium-based magnetic adsorbent (Fe3O4@CeO2/(OH)x), respectively. 

 

CHAPTER 7 highlights the key findings for achieving the objectives of this thesis 

and makes reasonable suggestions for future work. 
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CHAPTER 2  LITERATURE REVIEW 

 

2.1. Arsenic in gold processing by cyanidation  

 

2.1.1. Impact of arsenic on environment and humans 

 

Arsenic is widely distributed in the environment such as natural waters, soil, plants 

and air. Investigations (Brammer and Ravenscroft, 2009; Heikens et al., 2007) 

revealed that As can gradually build up in soil via irrigating with As rich water, 

which could adversely affect the sustainability of agriculture by degradation of soil 

and lowering of crop yield. Moreover, the accumulated arsenic could enter the food 

chain, imposing great threats to human health. Mining and metallurgical activities 

were found to be responsible for the arsenic contamination of river water, ground 

water and soil (Ashley and Lottermoser, 1999; Bissen and Frimmel, 2003). High 

concentrations of arsenic in groundwater and drinking water have been found in 

many countries, including Australia, Bangladesh, Chile, China, India, Mexico and 

USA, etc. (Singh et al., 2015; Argos et al., 2010).  

 

It is commonly known that arsenic is toxic. However, the toxicity of arsenic depends 

on its binding form. In general, organic arsenic is less toxic than inorganic arsenic 

species and arsenite is more toxic than arsenate (Singh et al., 2015). The acute and 

chronic poisoning of arsenic on humans include respiratory, gastro-intestinal, cardio-

vascular, nervous, and haematopoietic systems. Moreover, arsenic has been 

identified to be carcinogenic, inducing skin, lung and bladder cancers, etc. (Bissen 

and Frimmel, 2003; Bretzler et al., 2017).  

        

2.1.2. Arsenic mineralogy 

 

Arsenic is ubiquitous in the environment and over 300 different types of arsenic-

bearing minerals have been found to occur in nature (Drahota and Filippi, 2009). 

Usually, these minerals can be classified into six primary categories, namely, 
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elemental arsenic, arsenides, arsenic sulfides, arsenic oxides, arsenites and arsenates. 

Examples of common arsenic-bearing minerals that fall under the above primary 

categories are listed in Table 2-1 (O'Day, 2006). 

 

Among them, it is reported that around 60% are arsenates, around 20% are arsenic 

sulphides, 10% are arsenic oxides and the rest are elemental arsenic, arsenides and 

arsenites. Arsenopyrite (FeAsS), with 46% arsenic content, is one of the most 

common arsenic sulfide minerals. Arsenic also generally occurs in the structure of 

pyrite (FeS2) as a coupled substitution (Arehart et al., 1993). Both arsenopyrite and 

pyrite can be associated with significant amounts of gold. Besides, arsenic is often 

found in copper sulfosalts as well, such as enargite (Cu3AsS4) and tennantite 

((Cu,Fe)12As4S13), which normally serve as an indicator of Cu-Au deposits (Asselin 

and Shaw, 2016). In a word, arsenic, the notorious toxic element, is closely bound up 

with gold-bearing minerals and ore bodies. It is unfortunate that, therefore, arsenic 

management becomes part and parcel of the entire gold industry including mining, 

metallurgy, etc. Regulations regarding the operations of mining and metallurgical 

industries are increasingly strict.  The presence of arsenic in the processing circuits 

not only causes considerable increase in the production costs and decrease in the 

quality of products, but also potentially imposes great hazard on the environment. 

Therefore, removing arsenic from the processing circuits becomes utterly important.
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Table 2-1. Classification of arsenic-bearing minerals and examples. 

Category Mineral Formula 

Elemental arsenic 

Native arsenic As 

Arsenolamprite As 

Pararsenolamprite As 

Arsenides 

Domeykite Cu3As 

Löllingite FeAs2 

Nickeline (aka Niccolite) NiAs 

Rammelsbergite NiAs2 

Safflorite CoAs2 

Sperrylite PtAs2 

Arsenic sulfides 

Arsenopyrite FeAsS 

Enargite Cu3AsS4 

Cobaltite CoAsS 

Gersdorffite NiAsS 

Orpiment As2S3 

Realgar As4S4/AsS 

Arsenic oxides 
Arsenolite As2O3 

Claudetite As2O3 

Arsenites 

Leiteite ZnAs2O4 

Reinerite Zn3(AsO3)2 

Gebhardite Pb8(As2O5)2OCl6 

Arsenates 

Johnbaumite Ca5(AsO4)3(OH) 

Austinite CaZn(AsO4)(OH) 

Scorodite FeAsO4·2H2O 

Hörnesite Mg3(AsO4)2·8H2O 

Barium-pharmacosiderite BaFe4(AsO4)3(OH)5·5H2O 

Mixite BiCu6(AsO4)3(OH)6·3H2O 

Sarmientite Fe2(AsO4)(SO4)(OH)·5H2O 

Arsenuranylite Ca(UO2)4(AsO4)2(OH)4·6H2O 
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2.1.3. Aqueous chemistry of arsenic 

 

It is well known that arsenic is present in aqueous solutions prevalently in the form 

of oxyanions arsenite (As(III)) and arsenate (As(V)) (Molinari and Argurio, 2017). 

Due to the slow kinetics of redox transformations, both arsenite and arsenate can 

coexist irrespective of the redox conditions (Masscheleyn et al., 1991). While arsenic 

speciation and proportion of each species highly rely on specific solution conditions, 

especially redox potential and pH. The Pourbaix diagram (also known as Eh-pH 

diagram) presenting the thermodynamically stable regions for inorganic arsenic 

species is shown in Figure 2-1. 

 

 

Figure 2-1. Pourbaix diagram for inorganic arsenic species. 

 

According to our surveys, the pH values of the process water samples from several 

gold mines in Western Australia were basically within the alkaline range of 7.0–10.0. 

In combination with the acid dissociation constants of arsenious acid (pKa1,2,3=9.2, 

12.1, 13.4) and arsenic acid (pKa1,2,3=2.2, 6.9, 11.5) (Palmer et al., 2006), it is 

apparent that the most thermodynamically stable species are H3AsO3 and H2AsO3
-
 

for As(III) and HAsO4
2-

 for As(V), respectively. In other words, these aqueous 
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arsenic species can be theoretically regarded as the main target adsorbates in this 

study. 

 

Furthermore, arsenite has been confirmed to be much more toxic (Ferguson and 

Gavis, 1972; Singh et al., 2015), soluble and mobile (Deuel and Swoboda, 1972) 

than arsenate in water. Obviously, more attention should be paid to developing and 

enhancing the management of As(III) species. 

 

2.1.4. Behaviours of arsenic in gold processing by cyanidation 

 

Figure 2-2 shows a simplified gold cyanidation process flow chart, which was drawn 

according to the reviews by Kyle et al. (2012b) and Adams (2016). On the basis of 

this flow diagram, the possible influences of arsenic behaviours on the gold 

cyanidation circuits will be discussed. 

 

 

Figure 2-2. Simplified gold cyanidation process flow diagram. 

 

To begin with, the As-bearing gold ores are crushed and milled to the specified 

particle size. If the ores are refractory in nature, which is often the case for arsenical 

gold ores, a preoxidation process is required to make the gold ores more amenable to 

cyanide leaching. Conventionally, roasting is carried out for this purpose. During 
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roasting, arsenic is converted to a volatile As2O3 which can be scrubbed in lime 

(Kyle et al., 2012b). Alternative approaches including high/low pressure acid and 

alkaline oxidation and bio-oxidation are also used (Adam, 2016; Robins and 

Jayaweera, 1992). The arsenic species remaining in solution could reach an extent of 

hundreds of mg/L in an acid oxidation process (Robins and Jayaweera, 1992). In the 

case of bacterial oxidation, mixed arsenite and arsenate were found in solution with a 

total concentration of 1 mg/L (Ehrlich, 1964). 

 

During the cyanidation process, because of the alkaline conditions and the presence 

of oxygen, arsenic sulphides can be oxidised to arsenite (AsO3
3-

) and arsenate 

(AsO4
3-

), or partially oxidised to thioarsenites (AsS3
3−

) and thioarsenates (AsS4
3−

). 

Depending on the solution composition, oxidation potential and pH, the proportion of 

the oxidised arsenic species can vary (Kyle et al., 2012b). This oxidation process 

adversely affects the gold cyanidation process by consuming the oxygen that needed 

by the dissolution of gold (Marsden and House, 2006). Meanwhile, free cyanide is 

likely to be involved in the further oxidation of thioarsenites and thioarsenates to 

form thiocyanates (SCN
-
), causing a loss of lixiviant (Hedley and Tabachnick, 1950). 

In addition, it is reported that the formed oxides could attach to the gold surface, 

which in part prevents the interaction of cyanide ions and oxygen with the gold (Kyle 

et al., 2012b). In the gold recovery stage, carbon-in-pulp (CIP) and carbon-in-leach 

(CIL) recoveries have been used widely (Staunton, 2016). While the gold-bearing 

species attaching to the activated carbon, arsenite and arsenate can also be weakly 

adsorbed, partially reducing the efficiency of the gold recovery (Kyle et al., 2012b).  

 

In tailing dams, arsenic can be present at high concentrations in alkaline solutions 

(Kyle et al., 2012b). According to the literature (Haffert and Craw, 2008), the more 

toxic As(III) species is much more soluble than the As(V) species in tailings waters. 

McCreadie (1998) analysed the composition of the pore water of tailings from gold 

processing. It was indicated that the solution pH was in the range of 7–9 and the 

dissolved arsenic (mainly As(III)) concentration increased over a period of one year. 
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2.1.5. Technologies for removing arsenic from aqueous solutions 

 

In order to prevent or reduce the adverse effects of arsenic species on the gold 

cyanidation processes and the health and safety threat of arsenic species to humans, 

arsenic must be removed from the aqueous systems. On the basis of literature survey, 

a variety of approaches have been proposed for arsenic removal, mostly targeting the 

treatment of drinking water or groundwater at a neutral or near neutral pH. Basically, 

these approaches can be divided into three categories, i.e., 

precipitation/encapsulation, membrane technologies and adsorption. 

 

Precipitation/encapsulation   

 

Precipitation is the most commonly used method for arsenic management in mining 

industry (Adam, 2016). The idea is to transform the soluble arsenic species into 

insoluble solids, subsequently separating the arsenic-containing solids from the water 

body by sedimentation and/or filtration. According to the arsenic chemistry in most 

water systems, the predominant form of As(III) is non-charged at pH below 9.2, 

making it difficult to precipitate. Therefore, an initial oxidation of arsenite to 

arsenate is usually necessary. In practice, atmospheric oxygen, chlorine, hydrogen 

peroxide, hypochlorite and so on are commonly used arsenic oxidants. The 

precipitants reported in literature and the corresponding chemical reactions for 

arsenic removal are presented in Table 2-2.  

 

Table 2-2. Precipitants commonly used for arsenical removal and associated 

reactions. 

Precipitant Possible reaction Reference 

Ferric salts Fe
3+

 + AsO3
4−

 → FeAsO4 (s) (Jadhav et al., 2015) 

Aluminium 

sulphate 

Al
3+

 + H2O → Al(OH)3 + H
+
 

H2AsO4
−
 + Al(OH)3 → Al–As complex (s) 

(Baskan and Pala, 

2010) 

Lime Ca(OH)2 + AsO4
3−

 → Ca3(AsO4)2 (s) (Nazari et al., 2016) 

Sulphides AsO2
−
 + HS

−
 + H

+
 → As2S3 (s)  (Opio, 2013) 

 

The use of ferric ions to remove arsenic from hydrometallurgical process solutions 

and waste waters has been widely investigated. Under suitable conditions, the 
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positively charged Fe
3+

 and Al
3+ 

in solution could form colloidal hydrolysed metal 

species, thereby interacting with the soluble arsenic by forming surface complexes. 

Through inclusion, occlusion or adsorption, these colloidal particles get larger, 

followed by bridging between the larger particles, leading to the formation of flocs. 

Afterwards, the arsenic-bearing flocs can be further precipitated and removed from 

the solution (Nicomel et al., 2015; Wang et al., 2014). Robins et al. (2001) reported 

that at low pH values, ferric arsenate could be formed at relatively high 

concentrations of Fe(III) and As(V), while the co-precipitation of ferrioxihydroxide 

occurred at lower concentrations of As(V). In the case of lime treatment, at high pH 

values, a number of calcium arsenate precipitates could be formed in the As(V)-

bearing solutions (Nazari et al., 2016; Nishimura and Robins, 1998) and the arsenic 

concentration of the treated solution could be reduced to less than 0.01 mg/L with 

excess lime additions (Robins et al., 2001). However, the precipitates mentioned 

above are shown to be unstable under certain conditions, which could result in the 

release of arsenic species to the environment again. For example, the arsenical 

sulphides As2S3 can be easily oxidised and increasingly soluble when pH>4; calcium 

arsenates precipitating when pH>8 tend to be converted to calcium carbonate when 

exposed to CO2 in the atmosphere. 

 

To further immobilize the formed As-bearing precipitates, encapsulation is employed. 

Encapsulation is a method to isolate the As-bearing precipitates within an inert 

material which has a high structural integrity that minimises the possible exposure 

area of the pollutants to the environment. This technique usually involves three steps, 

i.e., chemical precipitation (lime-based, cement-based and phosphate-based), 

physical encapsulation and vitrification or thermoplastic polymer encapsulation 

(Conner and Hoeffner, 1998). Recently, Lalancette et al., (2015) proposed a new 

method for the arsenic sequestration. Firstly, As(III) was oxidised to As(V), followed 

by adding lime to the solution to form non-volatile (at the melting temperature of 

glass) calcium arsenate. Afterwards, recycled glass or glass forming components 

were introduced to the calcium arsenate residues. Finally, the mixture was vitrified at 

a temperature between 1000 °C to 1200 °C. It is claimed that the final products are 

very stable and insoluble. 
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Membrane technology 

 

Recently, membrane technology has gained much attention in the field of water 

treatment due to its outstanding performance and high reliability (Jadhav et al., 2015). 

In principle, the membrane acts as a very specific filter that will let water flow 

through, while it catches the unwanted substances. The driving force of the water 

flow could be pressure, concentration gradient or an electric potential. There are 

various types of membrane-based approaches that have been applied for arsenic 

removal, such as nanofiltration (Figoli et al., 2010; Harisha et al., 2010; Košutić et al., 

2005; Nguyen et al., 2009; Saitúa et al., 2005; Wang et al., 2016; Yoon et al., 2009), 

microfiltration (Pagana et al., 2008), ultrafiltration (Lohokare et al., 2008), hybrid 

filtration (Nguyen et al., 2009; Sen et al., 2010), reverse osmosis (Abejón et al., 2015; 

Akin et al., 2011; Chan and Dudeney, 2008; Chang et al., 2014; Gholami et al., 2006; 

Kang et al., 2000; Kang et al., 2001; Ning, 2002; Schmidt et al., 2016), forward 

osmosis (Mondal et al., 2014), distillation (Criscuoli et al., 2013; Dao et al., 2016; 

Manna et al., 2010; Pal and Manna, 2010; Qu et al., 2009) and electrodialysis (Litter 

et al., 2010; Ravenscroft et al., 2009), etc. Several examples of the arsenic removal 

performance by use of membrane based techniques are given in Table 2-3. 

 

It can be seen that efficient removal of arsenic can be obtained at near-neutral pH 

values. Most of the studies were targeted at arsenate species rather than arsenite 

species, which could be attributed to the fact that at the typically used pH, arsenite 

exists as a neutral molecule in aqueous solutions, complicating its rejection by the 

membranes (Abejón et al., 2015). Consequently, when it comes to the issue with 

decontamination of As(III)-containing waters, a preoxidation process is often 

required. Nevertheless, the use of oxidants is not an easy task and it may cause 

damage to the membranes (Abejón et al., 2015). Although certain methods such as 

the one proposed by Dao et al. (2016) could avoid the oxidation step, its capital and 

energy costs should not be overlooked.  
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Table 2-3. Examples of arsenic retention by membrane based techniques. 

Membrane Technique pH As species  
Initial As 

concentration 

Type of 

water 
Rejected Reference 

DK/DL 

(GE Osmonics) 
Nanofiltration 8.0 As(V)  1–50 μg/L NaCl solution ≥80% 

(Fang and Deng, 

2014) 

NF270 

(Filmtec DOW) 
Nanofiltration 7.85 As(V) 100 μg/L 

Drinking 

water 
98% (Košutić et al., 2005) 

BE (Woongjin 

Chemical) / UTC 

80B (Toray) 

Reverse osmosis neutral As(V) 100 μg/L 
Drinking 

water 
98% (Abejón et al., 2015) 

FO membrane 

(Hydration 

Technology 

Innovation) 

Forward osmosis neutral As(V) 500 μg/L 
MgSO4 

solution 
>98% (Mondal et al., 2014) 

PTFE 

(Millipore 

Corporation) 

Distillation 6.8 As(III) 0.3–2 mg/L  Ground water >98% (Dao et al., 2016) 
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Adsorption  

 

Adsorption is amongst the best and time-honored technologies for As removal from 

aqueous systems. As long ago as 1500 B.C., the Egyptians had used carbonized 

wood as a medical adsorbent and purifying agent (Mohan and Pittman, 2007). The 

arsenic species in aqueous systems could interact with the suitable adsorbents either 

physically or chemically. Physical adsorption is usually driven by van der Waals 

forces between the adsorbates and the adsorbents. This kind of force is relatively 

weak and easy to break simply by solvent exchange, calcination or sonication. By 

contrast, for chemisorption, there is true chemical bonds formed between the 

adsorbates and adsorbents. As a result, the regeneration of the spent adsorbents 

usually involves chemical treatment (Nicomel et al., 2015).  

 

Various adsorbents have been reported for removing arsenic species from waters, 

such as activated carbon, ion-exchange resins, metal oxides, industrial by-

products/wastes and biosorbents, etc. More detailed review on the arsenic adsorbents 

and their performance will be illustrated in section 2.2. 

 

Comparison of main arsenic removal technologies  

 

All the aforementioned arsenic removal technologies have advantages and 

disadvantages. For the precipitation methods, their superiorities lie in the operational 

simplicity, applicability in a wide range of pH and low-cost (Mondal et al, 2013) but 

they also suffer from some drawbacks, such as the need of preoxidation of arsenite to 

arsenate and the production of high amount of toxic sludge (Ungureanu et al., 2015a). 

With regard to the membrane technologies (Mohan and Pittman, 2007), very high 

costs in capital, operation and maintenance are required and the interferences of the 

co-existing ions are also problematic. Nevertheless, membrane technologies are 

usually found to be quite efficient in arsenic removal, as can be seen from Table 2-3. 

Compared to the precipitation and membrane technologies, adsorption approaches 

share the merits (Mohan et al., 2007) of low-cost, easy handling, low energy 

requirement and high arsenic removal rate. Meanwhile, the application of adsorption 

methods for arsenic removal can also be limited by their disadvantages (Mondal et 

al., 2013), e.g. production of toxic solid wastes, subjection to the interferences of co-
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existing ions and dependence on solution pH. However, these disadvantages can be 

overcome by selecting suitable arsenic adsorbents. Section 2.2 will systematically 

review the adsorption methods for arsenic removal. 

 

2.2. Arsenic removal by adsorption 

 

Adsorption is considered to be superior to other techniques for decontamination in 

regards to its comparatively low cost, a wide range of applications, simplicity of 

design, easy operation, low harmful secondary products and simple regeneration of 

the adsorbents (Khan, et al., 2013; Gu et al., 2005; Rahaman et al., 2008). The 

following sections will discuss the theories for adsorption processes, various kinds of 

adsorbents found in literatures and their potential application in the treatment of gold 

cyanidation process waters. 

  

2.2.1. Adsorption theories 

 

The arsenic adsorption mechanisms for different adsorbents may vary from case to 

case, but in theory, each adsorption process can be fitted to certain kinetic and 

equilibrium isotherm models. A number of kinetic and isotherm models have been 

used by researchers to characterise the adsorption processes, as shown in Table 2-4 

and Table 2-5. Among the various models, the most widely used in literature are 

pseudo-first-order and pseudo-second-order models for kinetics and Langmuir and 

Freundlich models for equilibrium isotherms. Since the Langmuir model estimates 

the maximum adsorption capacity, most of the literatures describe the adsorption 

performance of their adsorbents by fitting experimental data to the Langmuir model 

and report the 𝑄𝑚 values.   
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Table 2-4. Adsorption reaction kinetic models used for arsenic removal. 

Kinetic model Differential equation Integrated equation Assumptions Reference 

Pseudo-first-order 𝑑𝑞𝑡
𝑑𝑡

= 𝑘𝑝1(𝑞𝑒 − 𝑞𝑡) 

𝑞𝑡(mg/g): Adsorption 

capacity at time t;  

𝑞𝑒(mg/g): Adsorption 

capacity at equilibrium; 

𝑡 (min): Time; 

𝑘𝑝1(min
-1

): Rate constant; 

ln (
𝑞𝑒

𝑞𝑒 − 𝑞𝑡
) = 𝑘𝑝1𝑡 

1. Sorption only occurs on localized 

sites and involves no interaction 

between the sorbed ions. 

2. The energy of adsorption is not 

dependent on surface coverage. 

3. Maximum adsorption corresponds 

to a saturated monolayer of 

adsorbates on the adsorbent surface. 

4. The concentration of adsorbate is 

considered to be constant. 

5. The adsorbate uptake on the 

adsorbents is governed by a first-

order rate equation. 

(Ho and McKay, 

1998; Lagergren, 

1898; Largitte and 

Pasquier, 2016) 

Pseudo-second-order 𝑑𝑞𝑡
𝑑𝑡

= 𝑘𝑝2(𝑞𝑒 − 𝑞𝑡)
2 

𝑡

𝑞𝑡
=

1

𝑘𝑝2𝑞𝑒
2
+
1

𝑞𝑒
𝑡 

Same as above except that the 

adsorbate uptake on the adsorbents is 

governed by a second-order rate 

equation. 

(Ho and McKay, 

1998; Largitte and 

Pasquier, 2016; 

Qiu et al., 2009) 

Elovich’s equation 𝑑𝑞

𝑑𝑡
= 𝑎𝑒−𝛼𝑞 

𝑞: Amount of adsorbates 

uptake on the adsorbents at 

time t; 

𝑎: Desorption constant; 

𝛼: Initial adsorption rate. 

𝑞 = 𝛼 ln(𝑎𝛼) + 𝛼𝑙𝑛𝑡 

𝑎𝛼𝑡 ≫ 1 

1. Sorption only occurs on localized 

sites and involves interaction 

between the sorbed ions. 

2. The energy of adsorption increases 

linearly with the surface coverage. 

3. The adsorbate concentration is 

considered to be constant. 

4. Adsorbate uptake is governed by a 

zero-order rate equation. 

(Asmel et al., 

2017; Largitte and 

Pasquier, 2016; 

Qiu et al., 2009) 
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Table 2-5. Adsorption isotherms models used for arsenic removal. 

Isotherm Non-linear form equation Linear form equation Remarks Reference 

Langmuir  
𝑄𝑒 = 𝑄𝑚(

𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

) 

𝑄𝑒 (mg/g): Amount of adsorbates 

on the surface of adsorbents at 

equilibrium; 

𝑄𝑚 (mg/g): Maximum adsorption 

capacity; 

𝐶𝑒 (mg/L): Adsorbate concentration 

at equilibrium; 

𝐾𝐿 (L/mg): Adsorption constant. 

𝐶𝑒
𝑄𝑒

=
𝐶𝑒
𝑄𝑚

+
1

𝐾𝐿𝑄𝑚
 

This isotherm model assumes: 

1. Monolayer adsorption which 

can only occur at a finite (fixed) 

number of definite localized 

sites. 

2. Homogeneous adsorption, 

i.e., all sites possess equal 

affinity for the adsorbate, with 

no transmigration of the 

adsorbate in the plane of the 

surface. 

(Kundu and Gupta, 2006; 

Pérez-Marín et al., 2007; 

Vijayaraghavan et al., 2006) 

Freundlich 
𝑄𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 

𝐾𝐹: Freundlich constant, 

representing adsorption capacity at 

unit concentration of adsorbate; 

𝑛: Constant, representing 

adsorption intensity. 

𝑙𝑜𝑔𝑄𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒 

The Freundlich isotherm 

describes both monolayer and 

multilayer adsorptions onto both 

homogeneous as well as 

heterogeneous surfaces. 

(Foo and Hameed, 2010) 

Dubinin–

Radushkevich 
𝑄𝑒 = 𝑄𝑠𝑒

−𝑘𝑎𝑑𝜀
2
 

𝑄𝑠 (mg/g): Theoretical monolayer 

saturation adsorption capacity; 

𝑘𝑎𝑑 (mol
2
/J

2
): Constant, relating to 

the mean free energy of adsorption; 

𝜀: Polanyi potential, relating to the 

equilibrium concentration.  

𝑙𝑛𝑄𝑒 = 𝑙𝑛𝑄𝑠 − 𝑘𝑎𝑑𝜀
2 It does not assume a 

homogeneous surface or 

constant adsorption potential, 

making it more general than 

Langmuir model. This isotherm 

has been extensively used to 

distinguish the physical and 

chemical adsorption. 

(Chaudhry et al., 2017) 
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Table 2-5. Continued. 

Isotherm Non-linear form equation Linear form equation Remarks Reference 

Tempkin 
𝑄𝑒 =

𝑅𝑇

𝑏𝑇
𝑙𝑛𝐴𝑇𝐶𝑒 

𝑅: 8.314 J/K/mol, universal 

gas constant; 

T (K): Temperature; 

𝐴𝑇 (L/g): Constant, relating 

to maximum binding energy; 

𝑏𝑇 (kJ/mol): Constant, 

referring to the heat of 

adsorption. 

𝑄𝑒 =
𝑅𝑇

𝑏𝑇
𝑙𝑛𝐴𝑇 +

𝑅𝑇

𝑏𝑇
𝑙𝑛𝐶𝑒 

This model assumes that the 

heat of adsorption decreases 

linearly with the surface 

coverage of the adsorbent 

due to the interaction 

between adsorbates and 

adsorbents.  

(Tempkin and Pyzhev, 

1940) 

Flory–Huggins 𝜃

𝐶𝑜
= 𝐾𝐹𝐻(1 − 𝜃)𝑛𝐹𝐻 

𝜃: The degree of surface 

coverage; 

𝐾𝐹𝐻 and 𝑛𝐹𝐻 are the 

equilibrium constant and 

model exponent; 

log (
𝜃

𝐶𝑜
) = 𝑙𝑜𝑔𝐾𝐹𝐻 + 𝑛𝐹𝐻log(1 − 𝜃) 

It can indicate the feasibility 

and spontaneous nature of an 

adsorption process. 

(Foo and Hameed, 2010) 

Redlich-Peterson 
𝑄𝑒 =

𝐾𝑅𝐶𝑒

1 + 𝑎𝑅𝐶𝑒
𝛽

 

𝐾𝑅, 𝛽 and 𝑎𝑅 are constants. 

ln (𝐾𝑅
𝐶𝑒
𝑄𝑒

− 1) = 𝛽𝑙𝑛(𝐶𝑒) + ln(𝑎𝑅) 
It is a hybrid isotherm 

featuring both Langmuir and 

Freundlich isotherms. 

(Redlich and Peterson, 

1959) 

Sips 
𝑄𝑒 =

𝐾𝑠𝐶𝑒
𝛽𝑆

1 + 𝑎𝑆𝐶𝑒
𝛽𝑆

 𝛽𝑆𝑙𝑛𝐶𝑒 = − ln (
𝐾𝑆
𝑄𝑒
) + 𝑙𝑛𝑎𝑆 

Combined form of Langmuir 

and Freundlich isotherms for 

predicting the heterogeneous 

adsorption systems. 

(Foo and Hameed, 2010) 
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2.2.2. Arsenic adsorbents 

 

A wide variety of arsenic adsorbents have been studied. In this review, arsenic 

adsorbents are broadly divided into four classes: activated carbon, metal-based 

adsorbents, biosorbents and other sorbents. 

 

Activated carbon 

 

Activated carbon is a material with highly porous structure and large surface area, 

which are commonly prepared from wood, coal, lignite, coconut shell and peat 

(Mohan and Pittman Jr, 2007). The adsorption capacity of the activated carbon 

depends on its own properties, chemical properties of adsorbates, temperature, pH 

and ionic strength. Table 2-6 presents the adsorption capacities of some activated 

carbons used for arsenic removal from water in literature of recent five years. 

 

Most of the studies listed in Table 2-6 were aimed at the decontamination of 

drinking/ground water at near neutral pH values. The adsorption tests were carried 

out with different initial arsenic concentrations ranging from 0.01–10 mg/L to 1–100 

mg/L. A variety of activated carbons, either commercial or laboratory synthesised, 

were used for arsenic removal. Basically, nude activated carbons showed very low 

arsenic adsorption capacities especially in the presence of competitive ions in natural 

or simulated mineral water samples. Iron impregnation is the most frequently used 

approach for activated carbon modification thereby improving the arsenic removal 

rate. Other modification methods such as CeO2, Mn, La and alumina doping were 

also investigated. Arcibar-Orozco et al. (2014) studied the As(V) removal by a set of 

activated carbons with and without modification. They found that the surface charge 

and iron content on the surface of the activated carbons played the most significant 

roles in As(V) uptake. In addition, the high porous volumes and large specific 

surface area also contributed to the elevated arsenate adsorption capacities, as 

reported by Lodeiro et al. (2013). It is also noted that in some cases, the arsenic 

uptake is mainly attributed to the metal oxides/hydroxides deposited on the surface 

of the activated carbons, although those oxides/hydroxides may benefit from the 

structural properties of the activated carbon to achieve the satisfactory adsorption 
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results. It seems that the activated carbons were mainly used as support materials to 

facilitate the separation of the As-loaded adsorbents from the treated water.  
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Table 2-6. Adsorption capacities of some activated carbons used for arsenic removal. 

Adsorbent Remarks Adsorbate pH 
Adsorption 

capacity 
Reference 

PyrC350
®
 Developed from pyrolytic-tire 

char. 

As(III) 4–8.5 31.0 mg/g (Mouzourakis et al., 2017) 

Filtrasorb 400 (Calgon 

Carbon Corporation) 

A commercial granular activated 

carbon; CeO2 modified. 

As(III) 5 36.8 mg/g (Yu et al., 2017) 

As(V) 5 43.6 mg/g 

PSAC (Bravo Green Sdn 

Bhd, Kuching, Malaysia) 

Palm shell-based activated 

carbon; Magnetized and coated 

with La. 

As(V) 6 228 mg/g (Jais et al., 2016) 

GAC (Sinopharm 

Chemical Reagent, 

Shanghai, China) 

Coal-based granular activated 

carbon impregnated with iron 

hydroxide.   

As(V) 5 108-141 mg/g(Fe) (Xu et al., 2016) 

Viscose rayon carbon 

cloth (“Vinča” Institute 

of Nuclear Sciences, 

Serbia) 

Mechanochemically activated. As(V) 7 5.50 mg/g (Matović et al., 2016) 

ACAL11 Waste tire rubber derived 

activated carbon–alumina 

composites. 

As(III) 9 14.3 mg/g (Karmacharya et al., 2016) 

As(V) 3 23.8 mg/g 
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Table 2-6. Continued. 

Adsorbent Remarks Adsorbate pH 
Adsorption 

capacity 
Reference 

CAC Chemical activated carbon, 

prepared from jute stick particles. 

As(III) 7 0.0550 mg/g (Asadullah et al., 2014) 

FCAC Iron-modified chemical activated 

carbon. 

0.0970 mg/g 

Charcoal activated 

(Merck Millipore) 

The activated charcoal was only 

used as support for iron oxide 

nanoparticles. 

As(V) 6–8  27.8 mg/g (Yürüm et al., 2014) 

Coal-based mesoporous 

activated carbon 

Adsorption tests were conducted at 

7 °C. 

As(III) 6 1.49 mg/g (Li et al., 2014) 

As(V) 1.76 mg/g 

Aquacarb 207EA
™

 Originated from bituminous coals. As(V) 7 0.100 mg/g (Natale et al., 2013) 

Activated carbon fibre 

(ACF, Nantong Senyou 

Carbon Fiber Co., Ltd., 

Nantong, China) 

As received ACF As(V) 7 <2.00 mg/g (Sun et al., 2013) 

Mn-modified ACF 23.8 mg/g 

F400  Bituminous filtrasorb-400 from 

Calgon 

As(V) 7 1.01 mg/g (Rodriguez and Mendez, 

2013) 

CAZ From Agave salmiana bagasse and 

chemically modified with ZnCl2. 

As(V) 7 0.250 mg/g 

CAP From Agave salmiana bagasse and 

chemically modified with H3PO4. 

As(V) 7 0.167 mg/g 
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Metal-based adsorbents 

 

The metal-based adsorbents mainly include metal oxides/hydroxides adsorbents and 

zero valent iron.  

 

Efficient metal oxides/hydroxides arsenic adsorbents reported in literature include 

manganese oxides, activated alumina, iron oxides/hydroxides, titanium dioxide, 

zirconium oxide and cerium oxide/hydroxide as well as their binary mixtures. In 

general, high affinity between arsenic species and the unique hydroxyl groups 

formed on the oxides surface in aqueous solutions is the key to arsenic removal 

(Chen et al., 2014; Tang et al., 2011; Dutta et al., 2004; Luo et al., 2013). It has been 

demonstrated that arsenic could interact with the metallic-OH group to form an 

inner-sphere complex (Manning et al., 1998; Zhang et al., 2009). Additionally, it is 

believed that larger surface area of the metal oxides can provide more adsorption 

sites for arsenic species (Lata and Samadder, 2016). The metal oxides/hydroxides 

adsorbents have showed excellent arsenic removal performance in many studies, 

especially those associated with titanium, zirconium and cerium, as indicated by 

Table 2-7.  
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Table 2-7. Removal of arsenic by metal oxides/hydroxides-based adsorbents.  

Adsorbent pH Adsorbate 
Adsorption 

capacity 
Reference 

Manganese oxide 6 As(III)/As(V) 

mixture 

7.27  mg/g (Hou et al., 2017) 

MnO2-loaded resin 6.0 As(III) 53.0 mg/g (Lenoble et al., 

2004) 
As(V) 22.0 mg/g 

Mesoporous 

alumina 

6.6 As(V) 36.6 mg/g (Han et al., 2013) 

Fe3O4 

nanoparticles 

6 As(III) 5.68 mg/g (Luther et al., 2012) 

As(V) 4.78 mg/g 

Fe2O3 

nanoparticles 

As(III) 20.0 mg/g 

As(V) 4.90 mg/g 

Iron hydroxide 8 As(V) 11.2 mg/g (Mahmood et al., 

2014) 

TiO2 7 As(III) 32.4 mg/g (Bang et al., 2005) 

As(V) 41.4 mg/g 

Hydrous 

zirconium oxide 

7 As(V) 88.7 mg/g (Pan et al., 2014) 

Hydrous cerium 

oxide 

7 As(III) 172 mg/g (Li et al., 2012) 

As(V) 107 mg/g 

Hybrid iron oxide 

silicates 

7 As(III)/As(V) 

mixture 

300 mg/g (El-Moselhy et al., 

2017) 

Fe-Mn bimetal 

oxides 

3 As(III) 67.9 mg/g (Wen et al., 2014) 

As(V) 93.5 mg/g 

Ce-Mn bimetal 

oxide 

7 As(V) 18.7 mg/g (Gupta et al., 2011) 

Fe(III)-Ti(IV) 

binary mixed 

oxide 

7 As(III) 85.0 mg/g (Gupta and Ghosh, 

2009) 
As(V) 14.0 mg/g 

Iron-Zirconium 

Binary Oxide-

Coated Sand 

7 As(V) 45.1 mg/g (Chaudhry et al., 

2017) 

Cerium 

incorporated 

manganese oxide 

7 As(III) 34.9 mg/g (Gupta et al., 2012) 
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Zero valent iron was also considered to be an effective arsenic adsorbent (Bhowmick 

et al., 2014; Liu et al., 2016; Sun et al., 2017; Tanboonchuy et al., 2012). On the 

surface of the Fe
0
, there is usually a thin layer of oxides/hydroxides in the presence 

of oxygen. According to the recent research by Ling and Zhang (2014), As(V) is 

firstly attracted to the adsorbent surface via electrostatic interactions and then 

chemically reduced to elemental arsenic As
0
 by the Fe

0
 core. As a result, arsenic can 

be trapped between the Fe
0
 core and its oxidised shell. Similar mechanism also 

applies to the adsorption of As(III) onto the zero valent iron adsorbents (Yan et al., 

2012).  

 

Alijani and Shariatinia (2017) synthesised nanoscale zero valent iron doped 

multiwall carbon nanotubes using natural α-Fe2O3 as precursor and studied the 

arsenic adsorption behaviour of this material. They claimed that the synthesised 

particles had a maximum arsenic adsorption capacity of 200 mg/g for As(III) and 250 

mg/g for As(V) by fitting a Langmuir isotherm model at a near neutral pH. Wang et 

al. (2017) investigated the adsorptive removal of arsenate by biochar supported zero 

valent iron. Batch adsorption tests showed that, at pH 4.1, the arsenate adsorption 

equilibrium could be reached within an hour and the Langmuir maximum adsorption 

capacity was 124.5 mg/g. 

  

Biosorbents 

 

Biosorbents have attracted a lot of attention because they are inexpensive and eco-

friendly (Podder and Majumder, 2015). Table 2-8 lists some of the biosorbents used 

for arsenic removal in literature.  
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Table 2-8. Biosorbents for arsenic removal from aqueous solutions. 

Adsorbent pH Adsorbate Capacity Reference 

Thiol-functionalised 

chitin nanofibers 

7 As(III) 149 mg/g (Yang et al., 2015) 

Functionalized 

nanocrystalline 

cellulose 

7.5 As(III) 10.6 mg/g (Singh et al., 2015) 

2.5 As(V) 12.1 mg/g 

Chitosan goethite 

bionanocomposite 

beads 

5 As(III) 8.46 mg/g (He et al., 2016) 

As(V) 11.3 mg/g 

Stem of Tecomella 

undulata 

7 As(III) 0.108 mg/g (Brahman et al., 2016) 

As(V) 0.159 mg/g 

Functionalised 

saccharum 

officinarum bagasse 

7 As(III) 28.6 mg/g (Gupta et al., 2015) 

As(V) 34.5 mg/g 

Chitosan-coated 

ceramic alumina 

4 As(III) 56.5 mg/g (Boddu et al., 2008) 

As(V) 96.5 mg/g 

 

Chitin, chitosan and cellulose are natural biopolymers with similar molecular 

structures (Figure 2-3). The abundant amine and hydroxyl groups provide potential 

opportunities for further modifications in order to facilitate the adsorption of aqueous 

arsenic species. For instance, Kwok et al., (2014) reported that the amine groups in 

chitosan molecules can be protonated in aqueous medium thus interacting with 

anionic arsenic species via electrostatic attraction. Yang et al. (2015) prepared chitin 

nanofibers with positively charged amine groups through a combination of acid, base 

and mechanical treatments. The protonated amine groups were able to interact with 

the oppositely charged arsenic species through electrostatic attraction and with 

neutral arsenic species via van der Waals forces. Further modification of the amine 

groups by cysteine grafting promoted the arsenic adsorption capacity of the chitin 

nanofiber due to the formation of As-thiolate complex. In the investigation of 

cellulose as efficient arsenic adsorbent, Singh et al. (2015) firstly prepared 

dialdehyde nanocrystalline cellulose by sodium periodate oxidation, followed by 

diethylene triamine grafting to yield amine derivatives. The functionalised 

nanocrystalline cellulose biosorbents showed satisfactory arsenic uptake capacities.  
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Figure 2-3. Structures of chitin, chitosan and cellulose. 

 

Another interesting way for arsenic removal is the combination of biosorption and 

bioaccumulation through microorganisms. Podder and Majumder (2016) 

immobilized the Corynebacterium glutamicum MTCC 2745 biofilm onto granular 

activated carbon/MnFe2O4 composite and used it as arsenic adsorbent. They 

proposed that the presence of functional groups such as –OH on the cell wall surface 

of the biomass were responsible for arsenic removal proved by FT–IR analysis. 

 

Other sorbents 

 

Other arsenic adsorbents include: 

 Agricultural products/by-products such as rice husks (Amin et al., 2006; Khalid 

et al., 1998);  

 Industrial wastes/by-products like biochar from fast wood and bark pyrolysis 

during bio-oil production (Mohan et al., 2007; Vithanage et al., 2017), red mud 

formed during alumina production (Akin et al., 2012), blast furnace slags from 
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steel plants (Ahn et al., 2003) and fly ash from coal combustion (Diamadopoulos 

et al., 1993; Rodella et al., 2014);  

 Sand (Smith et al., 2017; Trois and Cibati, 2015) and clay minerals (Bentahar et 

al., 2016; Doušová et al., 2011), etc.  

 Anion exchange resins (Barakat and Ismat-Shah, 2013; Donia et al., 2011; Lin et 

al., 2006).  

 

According to Amin et al. (2006), the rice husks removed 96% of As from the 

contaminated groundwater of Bangladesh. The adsorption of arsenic species could be 

attributed to the hydroxyl groups present on the carbon surface which exchanged for 

As(V) anions in the solution and the van der Waals forces between neutral As(III) 

species and the rice husks.  

 

The adsorption of arsenic on biochars is due to the presence of various functional 

groups such as amine and carboxyl, etc. (Mohan et al., 2007). Similar to the chitin, 

chitosan and cellulose biosorbents, the protonated amine groups are capable of 

interacting with the oppositely charged arsenic species through electrostatic 

attraction and with the neutral arsenic species via van der Waals forces.  

 

Diamadopoulos et al. (1993) examined the possible use of fly ash as a means of 

removing As(V) from aqueous solutions. The fly ash obtained from Kardia thermal 

power plant contained mainly CaO, SiO2, Al2O3, Fe2O3 and MgO. It was suggested 

that the strong adsorption of As(V) at pH 4 was due to ferric and aluminum oxides 

while adsoption at pH 10 was because of calcium and magnesium oxides.  

 

The anion exchange resin are usually supplied in chloride form with 

trimethylbenylammonium group as exchange sites for arsenic species (Lin et al., 

2006). When treated with arsenic contaminated water, anionic arsenic species could 

replace the Cl
-
 and attach to the trimethylbenylammonium group of the resin by 

electrostaic attractions. However, it is because of this physical adsorption mechanism, 

the resins are found to be inefficient for As(III) removal since the predominant form 

of As(III) in solutions with pH<9.2 is non-charged H3AsO3. 
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Comparison of various adsorbents 

 

Although most of the adsorbents exhibited satisfactory arsenic uptake capacities as 

presented in Table 2-6, Table 2-7 and Table 2-8, it is still difficult to make direct 

comparisons of the various kinds of adsorbents due to the lack of consistency of 

experimental conditions in literature. Nevertheless, from the adsorption mechanism 

analyses in those literatures, it is found that, for the majority of the adsorbent types, 

electrostatic attractions and van der Waals forces between arsenic species and the 

effective constituents (e.g. amine groups) of the adsorbents were the dominant 

driving forces for arsenic adsorption. In contrast, the arsenic adsorptions onto the 

metal oxides/hydroxides adsorbents were resulted from the formation of an inner-

sphere complex in addition to the physical attractions. 

  

2.2.3. Titanium, zirconium and cerium based arsenic adsorbents 

 

As discussed before, the metal oxides/hydroxides adsorbents have showed high 

affinity to arsenic (formation of inner-sphere complex) and excellent arsenic 

adsorption performance. However, problems still exist for some adsorbents of this 

kind, such as the need for preoxidation of As(III), low optimum pH and potential 

dissolution of the adsorbents in the treated water bodies. Considering the alkline 

condition of the targeted process water and its complex chemical composition, 

titanium, zirconium and cerium based adsorbents stand out compared to the other 

same-type arsenic scavengers, owing to their chemical inertness, negligible toxicity, 

insolubility in water, abundant resource and wide applicable pH range. Besides, they 

are inexpensive and easy to prepare (Cui et al., 2012; Li et al., 2012; Andjelkovic et 

al., 2015).  

 

Titanium, zirconium and cerium based materials have been widely investigated for 

arsenic removal. Recently, a review by Yan et al. (2016) indicated that over the past 

20 years, the number of publications on arsenic removal by TiO2-based adsobents 

had increased dramatically especially in the recent five years. Furthermore, over 700 

papers in this regard were cited in the year of 2015 alone. Similarly, more and more 

attentions have been paid to the zirconium (Bortun et al., 2010; Chaudhry et al., 2017; 
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Cui et al., 2012; Kwon et al., 2016; Luo et al., 2013; Ma et al., 2011; Pan et al., 2014) 

and cerium (Li et al., 2012; Sun et al., 2012; Yu et al., 2017; Zhang et al., 2016) 

based adsorbents for removing arsenic from water systems.  

 

The mechanisms of arsenic adsorption on the Ti, Zr and Ce based oxides/hydroxides 

adsorbents were studied by various research groups (Pena et al., 2006; Cui et al., 

2012; Li et al., 2012) through both macroscopic and microscopic analytical methods. 

All the analyses came to an agreement that the formation of an inner-sphere complex 

in addition to the physical attractions between the arsenic species and the adsorbents 

should be accounted for the exceptional arsenic adsorption performance of the 

titanium, zirconium and cerium based adsorbents. 

 

The mechanism of arsenic adsorption on Ti-based adsorbents has been well 

established over a decade ago. Pena et al. (2006) used electrophoretic mobility 

measurements, extended X-ray absorption fine structure spectroscopy and Fourier 

transform infrared spectroscopy to explore the As(III)/As(V) interactions at the solid-

water interface of TiO2. The point of zero charge of TiO2 decreased from 5.8 to 5.2 

after arsenic adsorption, indicating negatively charged inner-sphere surface 

complexes were formed during adsorption for both As(III) and As(V). According to 

the extended X-ray absorption fine structure analyses, an average Ti-As(III) bond 

distance of 3.35 Å and Ti-As(V) bond distance of 3.30 Å confirmed the formation of 

bidentate binuclear surface complexes for both As(III) and As(V). Additionally, the 

Fourier transform infrared spectroscopy bands caused by vibrations of the adsorbed 

arsenic species remained at the identical energy levels at various pH values. As a 

result, the unchanged nonprotonated complexes were maintained on the surface of 

TiO2 at pH 5-10, and the main arsenic species were (TiO)2AsO
−
 and (TiO)2AsO2

−
 for 

As(III) and As(V), respectively. 

 

The adsorption mechanism of ZrO2 in removing arsenic species from water was 

deeply investigated by Cui et al. (2012), via both the macroscopic techniques, 

including the ionic strength effect on the adsorption behavior and the electrophoretic 

mobility measurements on ZrO2, and the microscopic technique, i.e. Fourier 

transform infrared spectroscopy. During the study on the ionic strength effect on 

arsenic adsorption,  the adsorption amounts of both As(III) and As(V) were found to 
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increase with the increasing ionic strength, demonstrating that the arsenic adsorption 

onto ZrO2 follows the inner-sphere complex mechanism at pH 7. Based on the 

electrophoretic mobility study, the isoelectric point of ZrO2 was determined at pH 

5.9, but decreased to 5.4 and 5.0 with the adsorption of As(III) and As(V), 

respectively, evidencing that the inner-sphere As(III) or As(V) anionic charged 

surface complexes were formed on the surface of ZrO2. The mechanism was further 

researched with Fourier transform infrared spectroscopy before and after arsenic 

adsorption. The formation of As-OZr bond manifested that the As(III)/As(V) 

adsorption onto ZrO2 is in line with the inner-sphere complex mechanism and the 

analytical results also showed that the substitution of Zr-OH groups by arsenic 

species plays a crucial part. 

 

Li et al. (2012) employed similar technical methods to investigate the arsenic 

adsorption mechanism onto CeO2. Through examining the effects of ionic strength 

on arsenic adsorption, it could be inferred that the arsenic adsorption on CeO2 

follows the inner-sphere complex mechanism at near-neutral pH. The futher 

investigation of Fourier transform infrared spectroscopy confirmed the formation of 

the As-OCe bond which is similar to the As-OZr bond mentioned above, proving 

again that the adsorption of both As(III) and As(V) onto CeO2 follows the inner-

sphere complex mechanism.  

 

Furthermore, a few Ti/Zr/Ce-based polynary oxide adsorbents have been studied and 

nearly the same arsenic adsorption mechnisms were reported in the literature. For 

example, Li et al. (2010) studied the adsorption mechanism of As(V) and As(III) on 

Ce-Ti bimetal oxide. Through measuring the point of zero charge of the adsorbent 

before and after arsenic uptake, it was found that the pHpzc decreased after arsenic 

was loaded on the adsorbents, indicating the formation of inner-sphere complexes. 

Furthermore, the Fourier transform infrared spectroscopy indicated that the hydroxyl 

groups on the adsorbent surface were involved in arsenic adsorption, while X-ray 

photoelectron spectroscopy provided further evidence for the involvement of 

hydroxyl groups in the adsorption and the formation of monodentate and bidentate 

complexes on the adsorbent surface.  
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Recently, the intrinsic property of a material – ionic potential (IP) – was proposed as 

a general criterion for the selection of highly efficient arsenic adsorbents by a 

research group in China (Li et al., 2014). Through the arsenic adsorption mechanism 

studies on various arsenic adsorbents, they suggested that if the ionic potential of a 

material was in the range of approximately 4–7, the metal-O bond was optimal in 

terms of the relative balance between the requirements for the desorption of surface 

hydorxyl groups and the adsorption of arsenic species. Interestingly, most of the 

arsenic adsorbents with good adsorption performance shown in Table 2-7 are located 

in the region where IP values are between 4 and 7, including oxides/hydroxides of 

cerium, zirconium and titanium.  

 

On account of the above observations, titanium, zirconium and cerium based 

adsorbents were selected as the candidate arsenic adsorbents for the treatment of gold 

cyanidation process waters in this study. 

  

2.2.4. Factors relating to the application of arsenic adsorbents 

 

The diverse adsorption performance of various arsenic adsorbents can be attributed 

to a number of factors, such as pH, properties of the adsorbents including 

crystallinity, size/specific area and porosity and co-existing anions. According to the 

purpose of the studies, different researchers carried out their adsorption tests with 

different conditions. 

  

pH 

 

In all the literatures presented in the Tables 2-6, 2-7 and 2-8, the adsorption 

capacities were reported with certain pH values. Most of the tests were conducted at 

neutral or near neutral pH values because the target was drinking water and/or 

groundwater. In a few cases, acidic pH values were used as it was believed to be 

optimal for arsenic to be adsorbed onto the adsorbents. The effects of pH on the 

arsenic uptake efficiency are embodied in two aspects, i.e. adsorbate and adsorbent.  
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On one hand, the aqueous arsenic species vary with pH. As discussed in section 2.1.3, 

arsenic exists in aqueous solutions in the form of oxyanions arsenite (As(III)) and 

arsenate (As(V)). According to the Eh-pH diagram (Figure 2-1), for As(III), when the 

solution pH is less than 9.2, the dominant form is uncharged H3AsO3 while H2AsO3
−
 

becomes predominant when 9.2<pH<12. As to As(V), in extreme acidic solution 

(pH<2), the dominant species is uncharged H3AsO4; when the pH ranges between 2 

and 7, H2AsO4
−
 will predominate; if the pH value is higher than 7, H2AsO4

2−
 

becomes predominate. Additionally, AsO4
3−

 may be present in extremely high 

alkaline solutions (approximately pH>12), which is usually not the case in natural 

waters. On the other hand, the variation of pH affects the surface charge of the 

adsorbents (Li et al., 2012; Cui et al., 2012; Pena et al., 2006). When the pH value is 

below the point of zero charge (pzc) of the adsorbents, the adsorbents will be 

positively charged, making them more attractive to anions. On the contrary, when the 

pH value is above the pzc of the adsorbents, the surface of the adsorbents will be 

negatively charged. As a result, the anions will be repelled from the adsorbents. 

Naturally, the arsenic adsorption process is affected by the variation of pH.  

 

For example, Wang et al. (2014) investigated the effect of pH on the adsorption of 

arsenic on the synthesised adsorbent Fe3O4@Zr(OH)4-impregnated chitosan beads. 

The results showed that when the solution pH value was above 9 (higher than the zpc 

of the adorbents), the As(III) uptake decreased. Because the negatively charged 

H2AsO3
−
 increased and so did the negatively charged surface sites of the adsorbents, 

the repulsive effect between the adsorbates and adsorbents was enhanced. Similar 

effects were observed for the adsorption of As(V) which was present in the solution 

with predominant forms of H2AsO4
−
 and HAsO4

2− 
when pH was above 7. In addition, 

since the number negatively charged As(V) species was more than that of As(III) 

species, the adsorption performance for As(V) was more strongly affected by the 

increase of pH values. By contrast, when pH value was within the range of 5–7, the 

surface of the adsorbents was positively charged and the As(V) adsorption was 

facilitated by the electrostatic attractions. 
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Co-existing anions 

 

In the real-world waters, such as groundwater and industrial waters, there are many 

other anions co-existing with the arsenic contaminants. Most of the studies have 

taken this into consideration when evaluating the adsorption performance of the 

arsenic adsorbents. Some of the co-existing anionic species were reported to have 

adverse effects on the arsenic adsorptioin on metal oxides/hydroxides sorbents.  

 

Ramos et al. (2016) studied the effect of co-existing anions Cl
−
, SO4

2−
 and NO3

−
 on 

the As(V) adsorption capacity of TiO2 reinforced chitin hydrogel. The results 

demonstrated that SO4
2−

 significantly reduced the As(V) uptake while the presence 

of Cl
−
 and NO3

−
 had little influences on the As(V) adsorption provided their 

concentrations were kept below the EPA drinking water standards (i.e. 250 mg/L for 

Cl
−
 and 10 mg/L for NO3

−
). The interference of these co-existing anions could be 

overcome by increasing the dosage of sorbents. Investigations carried out by Babu et 

al. (2016) suggested that the chloride, sulfate and nitrate anions with a concentration 

of 30 mg/L had no significant interference for As(V) and As(III) adsorption on 

mesoporous Fe2O3/TiO2 nanoparticles supported by reduced graphene oxide, while 

the presence of 20 mg/L phosphate would significantly reduce the As(III) adsorption. 

Similar observations were made by Uppal et al. (2016) with graphene oxide-

zirconium (GO-Zr) nanocomposite as arsenic adsorbent. High level of carbonate (1-

200 ppm) or sulfite did not influence the As adsorption strongly either. In addition, 

the As(V) uptake on a zirconium based nanosorbent can be hindered by the presence 

of silicate (SiO3
2−

) (Ma et al., 2011). 

 

Separation of the exausted adsorbents from water 

 

No matter what types of adsorbents are used for arsenic removal, the exhausted As-

loaded adsorbents have to be separated from the aqueous solutions and regenerated. 

Conventionally, this is resolved by filtration or centrifugation (Clifford et al., 1983). 

However, problems would arise if the filters became blocked or adsorbents lost 

(Reddy and Yun, 2016). In recent years, the use of magnetic adsorbents has attracted 

extensive attention (Mehta et al., 2015). With the help of an external magnetic field, 

the magnetic adsorbents can be easily and rapidly separated from the aqueous 
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medium. This is especially useful for the nano-sized and micro-sized adsorbents 

which are usually suspended in the solution and difficult to separate from the water. 

A summary of the applications of magnetic arsenic adsorbents in water treatment 

reported in literature over the past five years has been presented in Table 2-9. 
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Table 2-9. Arsenic adsorption performance of magnetic adsorbents. 

Adsorbent Size Adsorbate pH Adsorption Reference 

Magnetic iron 

oxide/ 

CNT 

composites 

11 nm As(III) 7.5 8.13 mg/g (Ma et al., 2013) 

As(V) 4 9.74 mg/g 

MnFe2O4 8-12 nm As(III) 6.9 27.3 mg/g (Xu et al., 2013b) 

CuFe2O4 60 nm As(III) 4.2 41.2 mg/g (Tu et al., 2013) 

Mg0.27Fe2.50O4 3.7 nm As(III) 7 127 mg/g (Tang et al., 

2013) 
As(V)  83.2 mg/g 

Magnetic 

nanoparticles 

modified with 

Fe-Mn binary 

oxide 

20-50 nm As(III) 7 47.8 mg/g (Shan and Tong, 

2013) 

γ-Fe2O3 <10 nm As(V) 7 45.0 mg/g (Kilianová et al., 

2013) 

γ-Fe2O3-TiO2 25-35 nm As(III) 7 33.0 mg/g (Yu et al., 2013) 

Magnetic 

biochar 

50-1000 

nm 

As(V) - 3.15 mg/g (Zhang et al., 

2013) 

Phosphonium-

silane 

modified 

magnetic 

nanoparticles 

8-15 nm As(V) 3 50.5 mg/g (Badruddoza et 

al., 2013) 

Fe
2+

 loaded 

activated 

carbon 

0.15-0.5 

mm 

As(V) 3 2.02 mg/g (Tuna et al., 

2013) 

Fe
3+

 loaded 

activated 

carbon 

 As(V)  3.01 mg/g 

MnFe2O4 11 nm As(III) 6.5 97.0 mg/g (Kumar et al., 

2014) 
As(V) 4 136 mg/g 

Graphene 

oxide-

MnFe2O4 

- As(III) 6.5 146 mg/g 

As(V) 4 207 mg/g 
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Table 2-9. Continued. 

Adsorbent Size Adsorbate pH Adsorption Reference 

MnFe2O4 11 nm As(III) 6.5 97.0 mg/g (Kumar et al., 

2014) 
As(V) 4 136 mg/g 

Graphene oxide-

MnFe2O4 

- As(III) 6.5 146 mg/g 

As(V) 4 207 mg/g 

Zero-valent iron 

impregnated 

chitosan-

caboxymethyl-β-

cyclodextrin 

composite beads 

 As(III) 6 18.5 mg/g (Sikder et al., 

2014) 

As(V) 13.5 mg/g 

Fe3O4 

nanoparticles 

from tea waste 

5-25 nm As(III) 7 189 mg/g (Lunge et al., 

2014) 
As(V) 154 mg/g 

Arginine 

modified Fe3O4 

10 nm As(V) 6 29.1 mg/g (Zhang et al., 

2014) 

Lysine modified 

Fe3O4 

10 nm As(V) 6 23.9 mg/g 

Magnetic Kans 

grass biochar 

- As(III) 7 2.00 mg/g (Baig et al., 2014) 

As(V)  3.10 mg/g 

Magnetic 

Fe3O4@Zr(OH)4 

impregnated 

chitosan beads 

2.5 mm As(III) 6.8 35.3 mg/g (Wang et al., 

2014) 

As(V)  35.7 mg/g 

Fe-Mn biochar 

composites 

- As(V) 7.5 3.44 mg/g (Wang et al., 

2015) 

Magnetic 

biochar prepared 

from pinewood 

and natural 

hematite 

38-75 

μm 

As(V) 7 0.400 mg/g (Wang et al., 

2015) 

NiFe2O4 <10 nm As(III) 7 169 mg/g (Liu et al., 2015) 

As(V) 90.1 mg/g 
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Table 2-9. Continued. 

Adsorbent Size Adsorbate pH Adsorption Reference 

Magnetic 

nanoparticle 

activated 

microfibrillated 

cellulose 

<10 nm As(V) 2 184 mg/g (Hokkanen et 

al., 2015) 

Nanocomposite 

of α-Fe2O3 and γ-

Fe2O3 

15-25 nm As(III) 7 46.5 mg/g (Cheng et al., 

2015) 

Magnetite 

nanoparticles 

34 nm As(III) 5 16.6 mg/g (Liu et al., 

2015) 
As(V) 16.0 mg/g 

Graphene oxide-

MnFe2O4 

12-15 nm As(V) 1-2 240 mg/g (Huong et al., 

2016) 

Magnetite-

graphene oxide 

- As(III) 7 42.9 mg/g (Yoon et al., 

2016) 
As(V) 18.8 mg/g 

Magnetite-

reduced 

graphene oxide 

- As(III) 29.8 mg/g 

As(V) 8.42 mg/g 

Fe3O4@Cu(OH)2 250 nm As(V) 5 35.7 mg/g (Peng et al., 

2016) 

Europium doped 

magnetic 

graphene 

oxide-MWCNT 

nanohybrid 

- As(III) 7 320 mg/g (Roy et al., 

2016) 

As(V) 298 mg/g 

Mag-FMBO in 

clay-reinforced 

KGM aerogels 

- As(III) 7 16.0 mg/g (Ye et al., 

2016) 

Magnetic gelatin-

modified biochar 

- As(V) 4 45.8 mg/g (Zhou et al., 

2017) 

Magnetic CuO-

Fe3O4 

nanoparticles 

30 nm As(III) 7 118. mg/g (Sun et al., 

2017) 

 

It can be seen that most of the magnetic adsorbents were prepared or synthesised as 

nanoparticles or microparticles and showed excellent arsenic adsorption performance. 

In addition, magnetite (Fe3O4) was the most frequently used magnetic constituent of 

the adsorbents, followed by maghemite (γ-Fe2O3) and zero valent iron. After 
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adsorption, the As-loaded adsorbents could be easily and efficiently separated from 

the liquid phase with the help of a hand-held magnet, as depicted in Figure 2-4. 

 

 

Figure 2-4. Illustration of magnetic separation of solid adsorbents from liquid. 

 

Properties of the adsorbents 

 

Guan et al. (2012) reviewed the arsenic adsorption on various crystal forms of TiO2 

based adsorbents, e.g. crystalline anatase, rutile and amorphous TiO2. It was revealed 

that, in general, the adsorption capacity of TiO2-based adsorbents increased with 

increasing the specific surface area and decreasing the degree of crystallinity. 

 

With the increase of the specific area, the active reaction sites on the surface of the 

adsorbents for arsenic species tend to be increased, leading to the enhanced 

adsorption capacity (Tang and Lo, 2013). For example, Feng et al. (2012) and Zhang 

et al. (2007) investigated the arsenic adsorption capacities of two different adsorbents, 

namely ascorbic acid-coated Fe3O4 nanoparticles with BET surface area of 179 m
2
/g 

and amorphous Fe–Mn binary oxide with BET surface area of 265 m
2
/g, respectively. 

Under similar test conditions (i.e. pH=5.0 and initial arsenic concentration range was 

0–50 mg/L), the Fe–Mn binary oxide showed a much higher adsorption capacity 

(132.8 mg/g) than the ascorbic acid-coated Fe3O4 nanoparticles (46.5 mg/g).  

 

In order to increase the specific surface area, reducing the adsorbent particle size to 

nanoscale is commonly used. Nano-sized adsorbents were reported to have large 

removal capacities, fast kinetics and high reactivity for contaminant removal due to 
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their extremely small particle sizes and high surface-area-to-volume ratios (Lata and 

Samadder, 2016). However, nanoparticles are too small to control confidently. They 

are very likely to be released into the natural environment especially water systems, 

posing a threat to the human health (Tang and Lo, 2013). Moreover, the preparation 

of nanoparticles tends to be more energy consuming and relatively expensive. 

Therefore, it is not always the best option to use nanoparticles to improve the 

adsorption capacities of the adsorbents (Ungureanu et al., 2015; Lata and Samadder, 

2016).      

 

Jegadeesan et al. (2010) investigated the crystallinity effects of TiO2 particles on the 

arsenic adsorption and suggested that the amorphous TiO2 could be useful in 

improving the arsenic adsorption due to the large surface area, disordered structure 

and possible altered chemical and physical properties compared to crystalline TiO2. 

  

Regeneration and reuse of the adsorbents 

 

The regeneration and reuse abilities of an adsorbent are critical considerations and 

contributors from the cost perspective of view. Generally, the regeneration of the 

spent arsenic adsorbents can be easily achieved by alkali or acid wash (Mohan and 

Pittman Jr., 2007). Most of the titanium, zirconium and cerium based adsorbents can 

be regenerated and reused for a number of adsorption-desorption cycles with 

considerable arsenic adsorption capacities retained. For example, in a typical study 

using granular TiO2 to remediate wastewater with a high concentration of As(III), the 

As-loaded TiO2 particles were washed with 5 M NaOH solution in triplicate. The 

total desorption rate of As(III) was in the range of 76%−93% in ten treatment cycles, 

and the regenerated TiO2 adsorbent restored its full As(V) adsorption capacity, which 

was 162±20 mg/g. Luo et al. (2013) used 2 M HNO3 for the regeneration of a Zr-

based arsenic adsorbent. After five treatment cycles, the adsorption capacity 

remained stable. He et al. (2012) reported a 97% of As(V) desorption rate from the 

Ce-loaded resin by use of 0.5 M NaOH solution. 
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2.3. Summary 

 

Several key points can be summarised from the above literature review:   

 The process waters associated with gold cyanidation are usually characterised 

with alkaline pH conditions, complex chemical compositions and various 

concentrations of ions. Arsenic contained in the gold ores can be released to the 

process waters and form arsenites and arsenates, causing detrimental effects on 

the gold cyanidation and recovery processes.  

 A number of techniques have been proposed for arsenic removal from aqueous 

systems. In gold processing circuits, precipitation of arsenic with ferric ions and 

lime are most widely employed. However, preoxidation of arsenite to arsenate is 

usually required and a large number of toxic residues are produced from this 

practice. By contrast, adsorption methods show outstanding prospect in terms of 

high efficiency, low cost and minimum sludge production in addition to a wide 

applicable pH range.   

 Titanium, zirconium and cerium based adsorbents exhibited excellent arsenic 

adsorption performance and wide application foreground. The adsorption of 

arsenic onto these adsorbents was attributed to the hydroxyl groups present on 

the surface of the adsorbents and followed the inner-sphere complex mechanism 

in addition to electrostatic attractions. The particle size, surface morphology and 

specific surface area of the adsorbents are important factors influencing their 

arsenic adsorption capacities. These properties of the adsorbents can be 

characterised using scanning electron microscopy (SEM) and Brunauer–Emmett–

Teller (BET) method. 

 The combination of magnetic cores with the Ti, Zr and Ce based adsorbents 

could facilitate easy separation of the As-loaded adsorbents from aqueous 

solutions. The magnetism of the synthesised adsorbents could be evaluated by 

superconducting quantum interference device (SQUID). 

 It is possible to desorb the arsenic species from the adsorbents by using NaOH 

solution with extremely high pH values, providing a possible way to regenerate 

and reuse the adsorbents.    
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The management of arsenic is an ongoing challenge for gold industry. With the 

decline in resources, the gold mining industry is likely to work with more arsenical 

ores and higher arsenic levels. Additional research into the handling of arsenic 

containing solutions is in need. Extensive investigations have been carried out 

regarding the adsorptive removal of arsenic by titanium, zirconium and cerium based 

adsorbents from drinking water or ground water at near-neutral pH with highly 

promising results. Nevertheless, fewer studies were found using the Ti, Zr and Ce 

based magnetic adsorbents and clearly none was related to the treatment of the 

alkaline waters of gold cyanide leaching process. Therefore, it is worthwhile to 

explore: 

1. Is it possible to coat the Ti, Zr and Ce based adsorbents onto magnetic cores? 

2. Can the synthesised adsorbents still be effective towards As(III) and As(V) under 

alkaline conditions (pH = 7–11)? 

3. How fast the adsorption equilibrium can be reached? 

4. Will the adsorption capacities of these adsorbents vary with the pH of the 

solutions? 

5. What are their maximum arsenic adsorption capacities? 

6. Will the complex ions present in the gold processing liquors affect their arsenic 

adsorption performance? 

7. Can the adsorbents be regenerated and reused? If so, how will their performance 

vary after repeated regeneration cycles? 

 

The following sections of the thesis will discuss all these questions in detail with 

experimental data.  
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CHAPTER 3  MATERIALS AND METHODS 

 

3.1. Materials 

 

All the chemicals were purchased from Sigma-Aldrich Co. LLC. (Australia) and 

used without further treatment, unless otherwise stated. All the solutions were 

prepared with deionised water (resistivity>18 MΩ⋅cm at 25 C).  

 

Commercial grade magnetite (Fe3O4) and maghemite (γ-Fe2O3) nanoparticles were 

selected as magnetic core materials. According to the official specification sheets, the 

magnetite nanoparticles have a diameter of 50–100 nm and the maghemite 

nanoparticles are no larger than 50 nm in diameter based on SEM and BET tests, 

respectively. 

 

Tetraethyl orthosilicate (i.e. TEOS, Si(OC2H5)4), titanium(IV) butoxide (i.e. TBT, 

Ti(OCH2CH2CH2CH3)4), ammonium hydroxide (NH4OH) and ethanol (C2H5OH) 

were used to synthesise Fe3O4@SiO2@TiO2 microparticles. Zirconyl chloride 

octahydrate (ZrOCl2·8H2O), ammonium hydroxide (NH4OH) and ethanol (C2H5OH) 

were the main raw materials for the preparation of γ-Fe2O3@ZrO2 microparticles. As 

for Fe3O4@CeO2/(OH)x microparticles, the cerium-based shells on the surface of 

magnetite nanoparticles were achieved by the chemical reaction between cerium(III) 

nitrate hexahydrate (Ce(NO3)3·6H2O) and sodium hydroxide (NaOH).   

 

Stock solutions of As(III) and As(V) were prepared from sodium (meta)arsenite 

(NaAsO2) and sodium arsenate dibasic heptahydrate (Na2HAsO4·7H2O), respectively, 

at a concentration of 1 g/L. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) 

solutions (both 0.1 mol/L) were used for pH adjustment. 
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3.2. Synthesis of the functionalised magnetic microparticles 

 

3.2.1. Fe3O4@SiO2@TiO2 microparticles 

 

The Fe3O4@SiO2@TiO2 microparticles were prepared via a conventional sol-gel 

technique (Kang et al., 2014; Ng et al., 2014) with a few modifications, as depicted 

in Figure 3-1. 

  

 

Figure 3-1. Schematic of Fe3O4@SiO2@TiO2 preparation. 

  

As a first step, Fe3O4@SiO2@TiO2 microparticles were synthesised by introducing a 

layer of SiO2 onto the surface of Fe3O4 nanoparticles based on the Stöber method 

(Stöber et al., 1968), as follows. 65 mL of ethanol (100%) and 35 mL of deionised 

water were injected into a 250 mL beaker, after which 5 g of Fe3O4 nanoparticles 

were added. The suspension was treated by a handheld ultrasonic homogeniser for 2 

min. Following this, 15 mL of ammonium hydroxide (28%) and 5 mL of TEOS were 

added dropwise. The suspension was mechanically mixed at 600 rpm for 3 h, 

followed by solid-liquid separation with a neodymium magnet. After rinsing the 

particles several times with ethanol and deionised water alternately, the resultant 

product, Fe3O4@SiO2, was dried at 60 ℃ overnight.  
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Next, the dried Fe3O4@SiO2 particles (approximately 6.5 g) were redispersed in 200 

mL of ethanol (99%) by ultrasound, and 10 mL of TBT was added dropwise. The 

suspension was stirred at 600 rpm for 3 h. After a similar rinsing and drying 

procedure as mentioned above, approximately 8.5 g of Fe3O4@SiO2@TiO2 

microparticles were obtained as the final product. Therefore, it is clear that the molar 

ratio of Fe:Si:Ti was around 2.6:1:1 in the synthesised Fe3O4@SiO2@TiO2 

microparticles.  

  

3.2.2. γ-Fe2O3@ZrO2 microparticles 

 

With regard to the preparation of γ-Fe2O3@ZrO2 microparticles, ZrO2 was directly 

coated onto the surface of γ-Fe2O3 nanoparticles by the hydrolysis of ZrOCl2·8H2O 

based on a previous study with a few modifications (Peng et al., 2015). Figure 3-2 

shows the preparation process schematically.  

 

 

Figure 3-2. Schematic diagram for the synthetic process of γ-Fe2O3@ZrO2. 

 

Specifically, 1 g of γ-Fe2O3 nanoparticles were ultrasonically dispersed in a solution 

containing 400 mL deionised water, 300 mL ethanol and 10 mL ammonia water 

(28%) to form a homogeneous suspension. Next, an aqueous solution of 

ZrOCl2·8H2O (1.5 g dissolved in 10 ml of deionised water) was added dropwise for 

10 min and then the mixture was stirred mechanically at 800 rpm for 6 h. After that, 

the product was collected by a hand-held magnet and rinsed repeatedly with ethanol 

and deionised water. The resultant particles were dried in an oven at 60 C overnight. 

The final weight of γ-Fe2O3@ZrO2 microparticles was approximately 1.7 g, making 

the molar ratio of Fe to Zr around 2.2:1. 
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3.2.3. Fe3O4@CeO2/(OH)x microparticles 

 

Fe3O4@CeO2/(OH)x microparticles were synthesised via a simple chemical 

precipitation method at room temperature, as shown in Figure 3-3.  

 

 

Figure 3-3. Schematic diagram for the synthetic process of Fe3O4@CeO2/(OH)x. 

  

First of all, 1 g of Fe3O4 nanoparticles were ultrasonically dispersed in a 200 mL 

aqueous solution of 0.025 mol/L Ce(NO3)3·6H2O, followed by adding a 100 mL 

aqueous solution of 0.25 mol/L NaOH dropwise under mechanical stirring (800 rpm) 

for 2 h. After that, the resultant particles were separated magnetically and rinsed 

repeatedly with deionised water. Eventually, the final product of approximately 2 g, 

Fe3O4@CeO2/(OH)x microparticles, was dried in an oven at 60 C overnight. In other 

words, the synthesised microparticles had a 1:1 mass ratio between the magnetic 

magnetite cores and the nonmagnetic cerium species shells.  

 

It should be noted that the final form of the cerium species could not be completely 

determined by the analytical methods adopted in this study. It could be a mixture of 

ceria and its hydrated forms. Therefore, the final adsorbent is denoted as 

Fe3O4@CeO2/(OH)x. Detailed explanation can be found in CHAPTER 6.   

 

3.3. Analytical characterisation of the functionalised 

magnetic microparticles 

 

3.3.1. Microstructure, morphology and elemental composition 

 

A scanning electron microscope - energy dispersive spectrometer (SEM-EDS, Zeiss 

Neon 40ESB) was employed to visualise the microstructure, morphology and 
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elemental composition of the synthesised microparticles, which provided the most 

basic information about the three functionalised magnetic adsorbents. 

 

To be specific, a small number of dried particles were firstly dispersed in a small 

quantity of deionised water by ultrasonication, and then one drop of the suspension 

was dripped on an aluminium stub and air dried, prior to the sputter coating with 3 

nm of platinum. Afterwards, the prepared samples were analysed by SEM at an 

acceleration voltage of 5 or 15 kV at various magnifications and eventually the EDS 

analysis was conducted at an acceleration voltage of 30 kV. 

 

3.3.2. Phase composition 

 

X-ray diffraction technique (XRD, Panalytical Empyrean) was used to analyse the 

phase composition of the microparticles qualitatively and quantitatively. It is of great 

significance to reveal the information about the structure of crystalline materials, 

contributing to a comprehensive understanding of the synthesised adsorbents. The 

powder samples were scanned by an applied current of 40 mA and a voltage of 45 

kV with scattering angles of 5 - 90 2θ by means of Co Kα radiation. 

 

3.3.3. Magnetic properties  

 

The magnetic properties of the microparticles were studied on a superconducting 

quantum interference device (SQUID, Quantum Design MPMS 3) without any 

sample pretreatment at room temperature, which played a decisive role in the 

magnetic separability of the synthesised adsorbents. The entire instrument is shown 

in Figure 3-4.  

 

3.3.4. Specific surface area 

 

Given that surface area measures how much exposed area there is on the synthesised 

particles, surface area can be considered as a key to a quality adsorbent. The 

Brunauer-Emmett-Teller method (BET, Micromeritics TriStar 3000) was employed 
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to study the specific surface areas of the microparticles with N2 as the adsorbate, at -

195.85 C.  

 

3.3.5. Zeta potential  

 

Point of zero charge describes the condition when the electrical charge density on a 

surface is zero, which is often associated with the adsorption mechanism thus is very 

meaningful in the area of adsorption. Zetasizer Nano ZS (Malvern Instruments) was 

used to measure the surface zeta potentials of the microparticles for approximate 

determination of the points of zero charge.  

 

 

Figure 3-4. Quantum Design MPMS 3 SQUID magnetometer. 
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3.4. Adsorption tests 

 

Generally speaking, all the adsorption tests throughout the study were carried out 

based on much the same experimental procedures. To put it simply, under room 

temperature, 0.05 g of microparticles were agitated with 50 mL of an arsenic-

containing aqueous solution in a sealed 125 mL Erlenmeyer flask which was fixed in 

a shaking bath, as shown in Figure 3-5. After adsorption tests, the adsorbents were 

separated magnetically from the suspension, and the arsenic concentrations before 

and after adsorption in the supernatant were determined by use of an inductively 

coupled plasma - optical emission spectrometer (ICP-OES, Agilent 735-ES). Each 

test was performed in duplicate and average values were recorded. Additionally, a 

supplementary material which serves as a foil to the advantages of the synthesised 

adsorbents, is provided in the Appendix, showing roughly the adsorption 

performances of the magnetic core materials, i.e. Fe3O4 and γ-Fe2O3, as well as 

commercial TiO2, ZrO2 and CeO2 particles. 

 

 

Figure 3-5. The experimental setup for adsorption tests. 
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3.4.1. Effect of pH 

 

As(III)-only (100 mg/L) and As(V)-only (100 mg/L) solutions with pH values 

ranging from 7 to 11 were used to investigate the effect of pH on the adsorption 

behaviours of the synthesised microparticles. The contact time was set as 24 h.  

 

3.4.2. Adsorption kinetics 

 

In the study of adsorption kinetics, the solutions containing 100 mg/L either As(III) 

or As(V) were treated with the synthesised microparticles for 0.5 h, 1 h, 2 h, 4 h, 6 h, 

12 h and 24 h, respectively, at pH 9. 

 

After tests, the data were fitted by a pseudo-second-order kinetic model using 

OriginPro 2015. The pseudo-second-order kinetic model is based on the assumption 

that the rate-limiting step might be chemisorption involving sharing or exchange of 

electrons between adsorbent and adsorbate (Azizian, 2004). It is expressed as 

equation (3-1), 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
 (3-1) 

where 𝑞𝑡  (mg/g) is the adsorption capacity at time t (min), 𝑞𝑒  (mg/g) is the 

equilibrium adsorption capacity, and 𝑘2  (g/mg·min) is the rate constant. The 

goodness of fit of the experimental data to the pseudo-second-order kinetic model is 

quantified via squared correlation coefficient (R
2
).  

 

3.4.3. Adsorption isotherms 

 

For the adsorption isotherms, the adsorption tests were conducted for 24 h in the 

As(III)-only and As(V)-only solutions with different initial arsenic concentrations. 

As the target of this study is to apply the adsorbents to treat the arsenic-containing 

process water associated with gold cyanidation circuits, of which the pH is 9, the 

experiments on arsenic adsorption isotherms were performed at room temperature 

and pH 9.  
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Both Langmuir (Equation (3-2)) and Freundlich (Equation (3-3)) models were used 

to fit the test data,  

𝑄𝑒 = 𝑄𝑚 (
𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
) (3-2) 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (3-3) 

where 𝐶𝑒 (mg/L) is the equilibrium arsenic concentration, and 𝑄𝑒 (mg/g) represents 

the arsenic concentration on the surface of the adsorbent. The Langmuir parameter 

𝑄𝑚 (mg/g) estimates the maximum adsorption capacity at equilibrium, 𝐾𝐿 (L/mg) is 

the Langmuir constant proportional to the energy of adsorption, and 𝑛 and 𝐾𝐹 (mg
1-

1/n
L

1/n
g

-1
) are parameters of the Freundlich model. 

 

These models could estimate the relationships between the amounts of As(III)/As(V) 

adsorbed onto the synthetic adsorbents and their equilibrium concentrations. Similar 

to the kinetic studies, the fitting was implemented using OriginPro 2015 software and 

the goodness of fit was quantified by squared correlation coefficient (R
2
). 

  

3.4.4. Competitive adsorption 

 

In order to investigate the potential influence of coexisting ions present in process 

waters from gold cyanidation on arsenic adsorption by the synthesised microparticles, 

a simulated solution was firstly prepared with the recipe given in Table 3-1. This 

recipe was based on the chemical composition analysis of a process water sample 

from a Western Australian gold mine. Afterwards, this solution was spiked with 

arsenite and arsenate in a 1:1 molar ratio of As(III) to As(V). The total arsenic 

concentration in the final solution was determined to be approximately 90 mg/L by 

ICP-OES. The pH of the synthetic process water sample was found to be 8.8, which 

is very close to that of the original process water sample (pH=9).   

 

Table 3-1. The chemical composition of a process water sample from a gold 

mine in Western Australia. 

Analyte Mg
2+

 Ca
2+

 K
+
 Na

+
 Cl

-
 SO4

2-
 NO3

-
 SCN

-
 Fe(CN)6

4-
 

Concentration 

(mg/L) 
45 1700 250 11000 18000 2600 70 140 36 
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The competitive adsorption tests were performed using the synthetic solution 

abovementioned under the identical experimental setup used in all the other 

adsorption tests. The adsorption time was 24 h. 

 

3.5. Regeneration and reuse 

 

Multiple consecutive adsorption-desorption cycles were performed in duplicate to 

evaluate the possibility and feasibility of the synthesised microparticles for 

regeneration and reuse. The adsorption tests were conducted in arsenic-only solutions 

or synthetic process waters of gold cyanidation containing both As(III) and As(V) 

until equilibrium was achieved. Thereafter, the magnetically separated microparticles 

were gently rinsed with deionised water repeatedly, followed by redispersion in 50 

mL of the regenerant, i.e. 1.0 mol/L NaOH solution (pH≈13), and shaken for another 

2 h. Prior to the next adsorption cycle, the treated microparticles were washed with 

deionised water thoroughly until the solution reached a pH of 7. The adsorption-

desorption cycles were repeated for several times with the arsenic adsorption 

capacities analysed and recorded. 
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CHAPTER 4  TITANIUM-BASED MAGNETIC 

ADSORBENT 

 

4.1. Introduction 

 

It is well-known that TiO2 is a promising material for arsenic removal from aqueous 

solutions, owing to its physical and chemical stability, negligible toxicity, corrosion 

resistance (Nabi et al., 2009), as well as easy preparation and high affinity for arsenic 

(Balaji and Matsunaga, 2002). Most previous studies regarding TiO2-based materials 

have focused on the photocatalytic oxidation of arsenite to arsenate and adsorption of 

arsenate (Guan et al., 2012), since the dominant form of arsenite under neutral or 

acidic conditions is uncharged H3AsO3 that exhibits poorer affinity for most TiO2-

based removal methods (Ungureanu et al., 2015a). However, few studies have 

considered the removal of arsenic by use of TiO2 adsorbents under alkaline 

conditions.  

 

As a consequence, the use of a magnetic TiO2 adsorbent, Fe3O4@SiO2@TiO2 

microparticles, for the removal of arsenic from gold cyanidation process waters is 

considered in this investigation. Given that the aqueous environment in gold 

cyanidation is alkaline (Díaz and Caizaguano, 1999), the preoxidation process causes 

adverse effects instead, owing to the change in electrostatic interactions between 

TiO2 and arsenic species, i.e. arsenite is adsorbed more readily by TiO2 than arsenate 

under alkaline conditions. Therefore, in this study, all experiments with As(III) were 

done in the dark to prevent the photocatalytic oxidation of As(III) to As(V), given 

that the adsorption capacity of titania for the latter is lower than for the former.  

 

The magnetic core of the composite adsorbent allows it to be readily separated by an 

external magnetic field after adsorption (Tang and Lo, 2013). The intermediate layer 

of SiO2 reduces interaction between the inner Fe3O4 and the outer TiO2, and also 

stabilises the magnetic core (Liu et al., 2011). The Fe3O4@SiO2@TiO2 adsorbent 
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was characterised by a series of analytical methods, systematic adsorption tests were 

conducted, and its reusability was studied. 

 

4.2. Results and discussion 

 

4.2.1. Characterisation of Fe3O4@SiO2@TiO2 

 

SEM-EDS 

 

Figure 4-1 shows the SEM image of the Fe3O4@SiO2@TiO2 microparticles. It can be 

clearly seen that the well-dispersed particles were spheroidal, with diameters ranging 

from 200 to 400 nm. This is evidently larger compared with other Ti-based 

adsorbents (Guan et al., 2012), because the diameter of the magnetic core Fe3O4 

nanoparticles is large.    

 

 

Figure 4-1. SEM image of Fe3O4@SiO2@TiO2. 

 

Figure 4-2 shows the EDS spectra of Fe3O4@SiO2 and Fe3O4@SiO2@TiO2 particles. 

Al originating from the aluminium substrate was detected, as well as Fe and O from 
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both the Fe3O4@SiO2 and Fe3O4@SiO2@TiO2 particles, while Ti was also found in 

the latter. This indicates that the synthesis of the Fe3O4@SiO2@TiO2 microparticles 

via a two-step hydrolysis method was achieved. 

 

 

Figure 4-2. EDS spectra of Fe3O4@SiO2 (yellow) and Fe3O4@SiO2@TiO2 (red). 

 

XRD 

 

It was reported that calcination crystallised the surface TiO2 of the 

Fe3O4@SiO2@TiO2 particles (Ng et al., 2014). Table 4-1 shows the semi-

quantitative XRD results of untreated and calcined (400 °C for 1 h) 

Fe3O4@SiO2@TiO2 microparticles. The diffraction portion of the untreated 

Fe3O4@SiO2@TiO2 microparticles was almost exclusively magnetite with a trace of 

anatase present. Some of the magnetite appeared to contain substitution. There was a 

broad peak around the main peak position for anatase, suggesting that a significant 

amount of amorphous titanium oxide was likely present. The diffraction portion of 

the calcined Fe3O4@SiO2@TiO2 microparticles contained predominantly maghemite, 

which appeared to contain some substitution by Ti.  
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Table 4-1. Semi-quantitative XRD results of Fe3O4@SiO2@TiO2. 

Mineral 
Mass% 

Fe3O4@SiO2@TiO2 Calcined Fe3O4@SiO2@TiO2 

Hematite (+ Ti) 0 1 

Maghemite (+ Ti) 0 88 

Magnetite (+ Ti) 99 0 

Anatase 1 9 

Ti3-xFexO5 0 2 

 

The TiO2 present was still partially amorphous and in part nanocrystalline, with five 

to six distinct types of anatase present, each showing some distortion of the lattice. A 

mixed oxidation state of titanium oxide was identified, with the approximate 

composition of Ti3O5 with only a trace of Fe. Part of the maghemite had started to 

recrystallise and some hematite was present, most likely containing some titanium as 

well. 

 

From this, it can be concluded that the TiO2 on the surface of the untreated 

Fe3O4@SiO2@TiO2 microparticles was mostly amorphous and could be partially 

transformed into anatase by calcination under the above conditions. The innermost 

magnetite core could be oxidised to maghemite almost completely, with negligible 

loss in magnetism of the material.  

 

Based on some preliminary adsorption tests (Table 4-2), the calcined 

Fe3O4@SiO2@TiO2 microparticles were less efficient than the untreated ones, which 

supported the point of view that amorphous TiO2 might be beneficial for increased 

arsenic adsorption (Jegadeesan et al., 2010). Therefore, the Fe3O4@SiO2@TiO2 

microparticles employed in this study were not calcined. 
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Table 4-2. Preliminary adsorption results calcined and untreated 

Fe3O4@SiO2@TiO2 particles for As(III) and As(V) (Experimental conditions: 

0.05 g adsorbent; As concentration=100 pm; T=25 °C; pH=9; 24 h). 

 As (III) adsorbed (mg/g) As (V) adsorbed (mg/g) 

Untreated 

Fe3O4@SiO2

@TiO2 

Calcined 

Fe3O4@SiO2

@TiO2 

Untreated 

Fe3O4@SiO2

@TiO2 

Calcined 

Fe3O4@SiO2

@TiO2 

Test  31.3 12.8 5.7 3.0 

Repeat 28.7 10.9 7.9 2.5 

 

SQUID 

 

The magnetic properties of the raw and functionalised Fe3O4 particles were 

determined with a SQUID magnetometer. The magnetic field dependent 

magnetization plots of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@TiO2 particles exhibit 

ferromagnetic behaviour, as shown in Figure 4-3. The maximum magnetization of 

Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@TiO2 particles were found to be 

approximately 80, 60 and 40 emu/g, respectively. As can be seen in Figure 4-4, 

despite a certain loss, the Fe3O4@SiO2@TiO2 microparticles still have strong 

magnetic responsiveness and could be separated easily from solutions with the help 

of an external magnetic force. 



60 
 

 

 

Figure 4-3. Magnetization curves of Fe3O4, Fe3O4@SiO2 and 

Fe3O4@SiO2@TiO2. 

 

 

Figure 4-4. Fe3O4@SiO2@TiO2 microparticles dispersed in an aqueous solution 

(left), and magnetic separation of Fe3O4@SiO2@TiO2 microparticles (right) in 

the presence of a magnetic field. 

 

BET 

 

The specific surface area of the Fe3O4@SiO2@TiO2 microparticles determined by 

BET was 86.65 m
2
/g, which was limited by the core material of Fe3O4 (100–200 nm). 

Theoretically, increasing the specific surface area by decreasing the particle size 

would enhance the adsorption capacity of adsorbents. However, other factors, such 
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as cost, the separability of the loaded particles, etc., would also have to be accounted 

for. 

 

4.2.2. Adsorption tests 

 

Effect of pH 

 

Figure 4-5 shows the experimental conditions and the calculated results derived from 

ICP-OES analysis of adsorption tests. The differences between the designed As 

concentration and the ICP-OES measured values were within ± 2 mg/L. Overall, the 

Fe3O4@SiO2@TiO2 adsorbent showed good adsorption of both As(III) and As(V) 

under neutral and alkaline conditions. However, the adsorbed amount of As(III) on 

the Fe3O4@SiO2@TiO2 adsorbent decreased sharply with an increase of pH, and the 

highest specific adsorption of 30.6 mg/g was achieved at a pH of 8. By contrast, the 

Fe3O4@SiO2@TiO2 adsorbent had a lower adsorption capacity for As(V), which 

decreased only marginally over the entire pH range studied. 
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Figure 4-5. Effect of pH on arsenic adsorption (As concentration: 100 mg/L; 

contact time: 24 h). Average values from two parallel adsorption tests are 

presented. Bars indicate standard deviations. 

 

Adsorption kinetics 

 

The experimental conditions and the processed experimental data of adsorption 

kinetics tests are summarised in Figure 4-6. The kinetic data of the 

Fe3O4@SiO2@TiO2 adsorbent was fitted to a pseudo-second-order rate kinetic model: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2
+

𝑡

𝑞𝑒
 (1) 

where 𝑞𝑡 (mg/g) is the adsorption capacity at time t (min), 𝑞𝑒 (mg/g) is the amount of 

solute adsorbed at equilibrium, and 𝑘2  (g·mg
-1

·min
-1

) is the rate constant. The 

suitability of the pseudo-second-order rate kinetic model is quantified by the squared 

correlation coefficient (R
2
).  

 

As shown in Figure 4-6, the kinetic behaviour of arsenic adsorption onto the 

Fe3O4@SiO2@TiO2 adsorbent was represented satisfactorily by the abovementioned 

model, with 𝑞𝑒=29.5 mg/g, 𝑘2=0.001 min
-1

 and R
2
=0.97 for As(III) and 𝑞𝑒=7.3 mg/g, 
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𝑘2=0.005 min
-1

 and R
2
=0.98 for As(V). It can be seen clearly that the adsorption 

equilibrium could be achieved within around 4 h for both As(III) and As(V). 

 

 

Figure 4-6. Adsorption kinetics data fitted by eq. (1) (As concentration: 100 

mg/L; pH: 9). Average values from two parallel adsorption tests are presented. 

Bars indicate standard deviations. 

 

Adsorption isotherms 

 

Adsorption isotherm tests of arsenic on the Fe3O4@SiO2@TiO2 adsorbent were 

performed at 25 °C, and the results were fitted by the Langmuir isotherm model: 

𝑄𝑒 = 𝑄𝑚 (
𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
) (2) 

where 𝐶𝑒  (mg/L) is the equilibrium arsenic concentration, 𝑄𝑒  (mg/g) is the 

adsorption capacity, the parameter 𝑄𝑚  (mg/g) estimates the maximum adsorption 

capacity at equilibrium when the adsorbent is saturated, and the constant 𝐾𝐿 (L/mg) 

is proportional to the energy of adsorption (Artioli, 2008).  
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The Langmuir isotherms for both As(III) and As(V) under the above conditions are 

given in Figure 4-7. The Langmuir model satisfactorily explained the adsorption of 

arsenic onto the Fe3O4@SiO2@TiO2 adsorbent with model parameters 𝑄𝑚=31.4 

mg/g, 𝐾𝐿=0.25 L/mg and R
2
=0.99 for As(III), and 𝑄𝑚=10.2 mg/g, 𝐾𝐿=0.02 L/mg and 

R
2
=0.99 for As(V).  

 

 

Figure 4-7. Adsorption isotherm data fitted by eq. (2) (pH: 9; contact time: 24 h). 

Average values from two parallel adsorption tests are presented. Bars indicate 

standard deviations. 

 

In recent studies, a resin coated with nickel and nickel boride nanoparticles exhibited 

maximum adsorption capacities of 23.4 mg/g and 17.8 mg/g for As(III) and As(V), 

respectively, at pH 6 (Çiftçi and Henden, 2015), a mixed ferrite and hausmannite 

nanomaterial was reported to have maximum adsorption capacities of 41.5 mg/g and 

13.9 mg/g for As(III) and As(V), respectively, at pH 3 (Garcia et al., 2014), while 

leonardite char achieved maximum adsorption capacities of 4.46 mg/g and 8.4 mg/g 

for As(III) and As(V), respectively, at pH 7 (Chammui et al., 2014). Zhang et al. 

(2013) reported maximum adsorption capacities of 122.3 mg/g and 82.7 mg/g for 
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As(III) and As(V), respectively, at pH 7 by use of a Fe-Cu binary oxide sorbent. The 

performance of Fe3O4@SiO2@TiO2 adsorbent in this study should be compared 

bearing in mind that the above studies were for drinking water, underground water, 

etc., which are closer to neutral rather than alkaline pH.  

 

It is generally known that H3AsO3 and H2AsO3
-
 are the dominant As(III) species and 

the main form of As(V) is HAsO4
2-

 in the pH range of 7–11 (Mohan & Pittman Jr, 

2007). Moreover, the point of zero charge (PZC) of the Fe3O4@SiO2@TiO2 

adsorbent was determined to be at a pH value of approximately 4.0. This is similar to 

the value of 4.5 reported for amorphous TiO2 by Yan et al. (2016), and indicates that 

the surface of the adsorbent is negatively charged in the alkaline pH range studied 

here. Therefore, from the point of view of surface interactions driving the adsorption 

process, electrostatic attraction hardly exists in the studied adsorption system.  

 

At a pH ranging from 7 to 9, the electrostatic repulsion between the neutral H3AsO3 

and the negatively charged adsorbent is significantly less than that between 

negatively charged HAsO4
2-

 and adsorbent, which may explain the significant 

difference in the adsorption capacity for As(III) and As(V).  

 

However, when the pH value exceeds 9.2, i.e. the acid dissociation constant of 

arsenous acid (pKa1), the adsorption capacity of the Fe3O4@SiO2@TiO2 adsorbent 

for As(III) decreased significantly and was close to the value for As(V) at pH 11 (8.9 

and 6.2 mg/g, respectively), as shown in Figure 4-5. This can be explained by the 

increase in the electrostatic repulsion between the dominant As(III) species (H2AsO3
-
 

and even HAsO3
2-

) and the negatively charged adsorbent, which inhibited the 

adsorption.  

 

Thus, there must be a strong chemical bonding present between arsenic and the 

Fe3O4@SiO2@TiO2 adsorbent, in spite of the electrostatic repulsion. According to 

the literature (Jegadeesan et al., 2010; Jegadeesan et al., 2006; Jing et al., 2009; Niu 

et al., 2009; Pena et al., 2006), a general consensus has been reached on the 

adsorption mechanisms of arsenic species on TiO2-based adsorbents.  
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In brief, both As(III) and As(V) can form negatively charged inner-sphere surface 

complexes with the involvement of the hydroxyl groups on the surface of TiO2, 

which are mainly bidentate binuclear (TiO)2AsO
−
 and (TiO)2AsO2

−
 for As(III) and 

As(V), respectively. It is worth mentioning that the adsorption of As(III) and As(V) 

slightly decreased the point of zero charge of the Fe3O4@SiO2@TiO2 adsorbent from 

4.0 to 3.5 in our study, which reconfirms the formation of negatively charged inner-

sphere surface complexes for both arsenic species. 

 

Competitive adsorption 

 

In order to test the adsorption capacity of the Fe3O4@SiO2@TiO2 adsorbent in the 

real environment of gold cyanidation, a simulated solution, consisting of 90 mg/L 

As(III)/As(V), 45 mg/L Mg
2+

, 1700 mg/L Ca
2+

, 250 mg/L K
+
, 11000 mg/L Na

+
,  

18000 mg/L Cl
-
, 2600 mg/L SO4

2-
, 70 mg/L NO3

-
, 140 mg/L SCN

-
 and 36 mg/L 

Fe(CN)6
4-

, was prepared and used for competitive adsorption tests under the same 

conditions described above. Note that the initial pH of the simulated solution was 

approximately 9 and no further pH adjustment was conducted in the adsorption tests. 

 

Under such conditions, an average 15.6 mg/g combined adsorption performance for 

As(III) and As(V) was obtained. Hence it can be concluded that high ionic strength 

and the complex chemical environment of the simulated solution do not appreciably 

affect arsenic adsorption onto the Fe3O4@SiO2@TiO2 adsorbent, making this 

application promising.  

 

4.2.3. Regeneration and reuse 

 

Considering the industrial practicability of the Fe3O4@SiO2@TiO2 adsorbent, 

another important performance criterion is its reusability, which is highly beneficial 

for cost reduction. On the basis of Figure 4-5, it could be extrapolated that a strong 

alkaline solution would be favourable for arsenic desorption, and indeed the 

increased concentration of OH
-
 could compete greatly with the already adsorbed 

arsenic species on TiO2-based adsorbents (Arumugam et al., 2013). Consequently, a 

regenerant of 1.0 mol/L NaOH solution was tentatively employed to elute arsenic 
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from the arsenic loaded microparticles. Four consecutive adsorption-regeneration 

cycles were conducted and positive results were obtained, as shown in Figure 4-8.   

As can be seen, the Fe3O4@SiO2@TiO2 adsorbent still retained over 60% of its 

initial adsorption capacity for both As(III) and As(V) after four cycles of adsorption 

and regeneration. Coupled with some mass loss in particles during regeneration, it 

can be concluded that part of the adsorbed arsenic on the surface could be desorbed 

by highly alkaline solution (pH>13) and the adsorbent could be employed for 

repeated use without significant performance loss. 

 

 

Figure 4-8. Regeneration and reuse of Fe3O4@SiO2@TiO2 (As concentration: 

100 mg/L; pH: 9). Average values from two parallel adsorption tests are 

presented. Bars indicate standard deviations. 
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4.3. Summary 

  

 A magnetic TiO2-based adsorbent was successfully synthesised by a two-step 

process, i.e. synthesis of Fe3O4@SiO2 based on the Stöber method, followed by 

synthesis of Fe3O4@SiO2@TiO2 through a sol-gel method. Characterisation of 

the particles showed that the diameter of the Fe3O4@SiO2@TiO2 adsorbent 

ranged from 200 to 400 nm and the surface layer of TiO2 was mostly amorphous.  

 Magnetic measurements indicated that the microparticles were ferromagnetic and 

the maximum magnetization was in excess of 40 emu/g, readily allowing 

magnetic separation. In addition, the BET surface area of the adsorbent was 

approximately 86.7 m
2
/g.  

 Based on the experimental results for arsenic adsorption, the Fe3O4@SiO2@TiO2 

adsorbent was identified as a promising arsenic adsorbent. It showed good 

removal capacity and favourable adsorption kinetics and could potentially be 

used in the alkaline waters of gold cyanidation processes. 

 The reusability of Fe3O4@SiO2@TiO2 was confirmed by four consecutive 

adsorption-regeneration cycles with a strong base as regenerating agent. 
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CHAPTER 5  ZIRCONIUM-BASED MAGNETIC 

ADSORBENT 

 

5.1. Introduction 

 

Zirconia (ZrO2) is a known adsorbent of arsenic in water (Cui et al., 2012; Xu et al., 

2013a; Zheng et al., 2012; Zheng et al., 2012). In this chapter, the use of composite 

microparticles consisting of magnetite cores functionalised with zirconia to remove 

arsenic from simulated mining process waters is considered. Zirconium dioxide, is an 

inexpensive, nontoxic, chemically unreactive and water-insoluble inorganic material, 

and is widely recognized as a strong adsorbent for arsenic species, particularly As(III) 

species (Cui et al., 2012; Luo et al., 2013).  

 

The adsorption mechanism of arsenic species onto zirconium oxide follows the 

inner-sphere complex mechanism, where both As(III) and As(V) can form negatively 

charged inner-sphere complexes with the involvement of hydroxyl groups on the 

surface of ZrO2 during adsorption (Cui et al., 2012). To extend these previous studies, 

a functionalised magnetic adsorbent (γ-Fe2O3@ZrO2) was synthesised and its use in 

the removal of arsenic from process waters of gold cyanidation was evaluated.  

 

Owing to the alkaline environment of process water from gold cyanide leaching, the 

adsorption tests on the effect of pH in this study were conducted within a pH range 

of 7 to 11, while adsorption kinetics and isotherms were carried out at pH 9, which is 

typical of process water samples from local gold mines in Western Australia. 

Moreover, a simulated solution with high ionic strength and complex chemistry was 

used to validate the adsorption performance of γ-Fe2O3@ZrO2. 
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5.2. Results and discussion 

 

5.2.1. Characterisation of γ-Fe2O3@ZrO2 

 

SEM-EDS 

 

Figure 5-1 shows the SEM image of γ-Fe2O3@ZrO2. The zirconia coated maghemite 

microparticles were near-spherical, with diameters ranging from 20 to 200 nm and 

partly aggregated, which greatly depends on the morphology of the maghemite 

microparticles purchased from Sigma-Aldrich.  The surface coating of zirconium 

species was confirmed by the EDS spectrum of that area, as shown in Figure 5-2. It 

should be noted that element Al was also detected according to the spectrum, which 

originated from the substrate used for electron microscopy analysis.  

 

 

Figure 5-1. SEM image of γ-Fe2O3@ZrO2.
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Figure 5-2. EDS spectrum of γ-Fe2O3@ZrO2. 

 

XRD 

 

Figure 5-3 shows the XRD pattern of γ-Fe2O3@ZrO2. The major crystalline phase 

detected was maghemite, i.e. the core material appears to be mostly crystalline γ-

Fe2O3. Hematite and baddeleyite (ZrO2) were also identified, but the peaks 

corresponding to these phases were fairly small. Given that peak area is correlated 

with concentration, the small peak area assigned to baddeleyite indicates that the 

concentration of crystalline ZrO2 is small relative to the maghemite. In addition, the 

diffraction pattern displays a broad hump between 25 and 45 °2θ.  This feature most 

likely corresponds to poorly ordered or amorphous material. 

 

As a consequence, the surface coating of zirconium species can be further identified 

as ZrO2, confirming the synthesis mechanism mentioned above. Moreover, the ZrO2 

on the surface of the maghemite cores was mainly amorphous, which is similar to the 

TiO2 on the surface of the Fe3O4@SiO2@TiO2 microsized adsorbent in our previous 

study. It should be noted that the qualitative XRD pattern can only indicate that the 

crystalline ZrO2 is less than the amorphous phases, but there is no way to estimate 

their exact fractions under current investigations. 
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Figure 5-3. XRD pattern of γ-Fe2O3@ZrO2. 

 

Additionally, a set of adsorption tests was carried out with roasted γ-Fe2O3@ZrO2 

microparticles in both As(III)-only (100 mg/L) and As(V)-only (100 mg/L) solutions 

at pH 9. For roasting, a Muffle furnace was preheated to 400 °C in air before the 

samples were introduced. Then the temperature was held at 400 °C for 1 h, followed 

by cooling down naturally. The preliminary adsorption results with roasted and 

unroasted γ-Fe2O3@ZrO2 microparticles are compared in Table 5-1.  

 

Table 5-1. Preliminary adsorption results with roasted and unroasted γ-

Fe2O3@ZrO2 microparticles for As(III) and As(V) 

 As (III) adsorbed (mg/g) As (V) adsorbed (mg/g) 

Unroasted 

γ-Fe2O3@ZrO2 

Roasted 

γ-Fe2O3@ZrO2 

Unroasted 

γ-Fe2O3@ZrO2 

Roasted 

γ-Fe2O3@ZrO2 

Test  69 47.2 20.6 12.8 

Repeat 66.2 46 20.1 13.5 

 

Clearly, after roasting, the γ-Fe2O3@ZrO2 had poorer adsorption performance for 

both As(III) and As(V). According to previous work on TiO2 adsorbents (Ng et al., 

2014) and our investigations (see CHAPTER 4), roasting may increase the 

crystallinity of the particles thus reducing the amorphous phases.  Therefore, it is 
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inferred that the nature of the amorphous state of zirconia could benefit the arsenic 

adsorption. As a consequence, further experiments were all carried out using 

unroasted γ-Fe2O3@ZrO2.  

 

SQUID 

 

The magnetization curves shown in Figure 5-4(a) confirm both γ-Fe2O3 and γ-

Fe2O3@ZrO2 were typically ferromagnetic, and furthermore the saturation 

magnetization of the magnetic material reduced from approximately 70 emu/g to 40 

emu/g after the surface coating of zirconium species onto the naked maghemite. 

Despite losing some of the magnetism, γ-Fe2O3@ZrO2 still could be separated 

quickly and thoroughly with a handy magnet, as can be seen in Figure 5-4(b).  
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Figure 5-4. Magnetic properties: (a) magnetization curves of γ-Fe2O3 and γ-

Fe2O3@ZrO2; (b) magnetic separation of γ-Fe2O3@ZrO2. 

 

BET 

 

The specific surface area of γ-Fe2O3 determined by BET was 33.29 m
2
/g and this 

increased to 140.03 m
2
/g after coating with ZrO2. However, the pore volume and 

pore size did not change very much, as shown in Table 5-2. The surface area of the 

(a) 

(b) 
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synthesized γ-Fe2O3@ZrO2 particles was sufficiently large to provide abundant 

active sites for arsenic adsorption, as was verified by the adsorption tests described in 

the following section.  

 

Table 5-2. Characterisation of the γ-Fe2O3 and γ-Fe2O3@ZrO2 particles 

determined by BET. 

Particles BET surface 

area, m
2
/g 

Pore volume, 

cm
3
/g 

Pore size,  

nm 

γ-Fe2O3 33.29 0.12 14.07 

γ-Fe2O3@ZrO2 140.03 0.37 10.63 

 

5.2.2. Adsorption tests 

 

Effect of pH 

 

In order to evaluate the effect of pH on arsenic adsorption, batch adsorption tests 

were conducted over a period of 24 h, at initial pH values ranging from 7 to 11. The 

experimental results shown in Figure 5-5 shows the adsorption of As(V) decreasing 

monotonically from more than 30 mg/g to approximately 11 mg/g over this pH range. 

By contrast, the adsorption of As(III) remains constant over a pH range of 7 to 9, 

before starting a rapid decrease with an increase in pH between 9 and 11. Moreover, 

it is evident that considerably more As(III) is adsorbed by γ-Fe2O3@ZrO2 than As(V) 

over the entire pH range studied. 

 

The different adsorption behaviours of As(III) and As(V) can be explained by the 

influence of pH on the surface charges of the adsorbents and adsorbates. To begin 

with, the point of zero charge of γ-Fe2O3@ZrO2 was determined to be at a pH value 

of approximately 5, indicating that the surface of the adsorbent was negatively 

charged over the entire pH range studied. According to the arsenic speciation 

diagram (Lehmann et al., 2013), H3AsO3 (pH<9.2) and H2AsO3
-
 (9.2<pH<12.1) were 

the dominant As(III) species and the main form of As(V) was HAsO4
2-

 

(6.9<pH<11.5) in the pH range of 7 to 11. 
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Therefore, it is likely that there was hardly any electrostatic attraction present in the 

studied adsorption system. The electrostatic repulsion between HAsO4
2-

 and 

negatively charged γ-Fe2O3@ZrO2 is always stronger than that between 

H3AsO3/H2AsO3
-
 and negatively charged γ-Fe2O3@ZrO2, which accounts for the 

marked difference in the adsorption capacities for As(III) and As(V). Moreover, 

since negatively charged arsenic species increase with increasing pH for As(V), the 

electrostatic repulsion increases, leading to the decrease in arsenic adsorption. In 

comparison, in the pH range of 7 to 9.2, the dominant As(III) species H3AsO3 barely 

interacts electrostatically with γ-Fe2O3@ZrO2, thus pH values have little effect on the 

arsenic adsorption. However, in the pH range from 9.2 to 11, the decrease in 

adsorption of As(III) can be attributed to the increasing electrostatic repulsion 

between the dominant As(III) species H2AsO3
-
 and negatively charged γ-

Fe2O3@ZrO2.   
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Figure 5-5. Effect of pH on arsenic adsorption in independent As (III) and As (V) 

solutions (As (III) or As (V): 100 mg/L; contact time: 24 h). Bars indicate 

standard deviations. 
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Adsorption kinetics 

 

Figure 5-6 shows that arsenic adsorption takes place rapidly and over 90% of arsenic 

species are removed in the first hour. In addition, for all practical purposes, 

adsorption equilibrium can be achieved within 4 h for both As(III) and As(V).  

 

 

Figure 5-6. Adsorption kinetics data fitted by the pseudo-second-order equation 

(Test solution: independent As (III) and As (V) solutions with initial 

concentration of 100 mg/L in each; pH: 9). Bars indicate standard deviations. 

 

To further investigate the adsorption kinetics, a pseudo-second-order kinetic model 

was used to represent the arsenic adsorption onto γ-Fe2O3@ZrO2. This model can be 

expressed as: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2
+

𝑡

𝑞𝑒
 (1) 

where 𝑞𝑡  (mg/g) is the adsorption capacity at time t (min), 𝑞𝑒  (mg/g) is the 

equilibrium adsorption capacity, and 𝑘2  (g/mg·min) is the rate constant. The 

applicability of the pseudo-second-order kinetic model is quantified by the squared 

correlation coefficient (R
2
). The pseudo-second-order kinetic model is based on the 

assumption that the rate-limiting step might be chemisorption involving sharing or 

exchange of electrons between adsorbent and adsorbate (Azizian, 2004).  
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The kinetic parameters obtained are summarised in Table 5-3. It can be seen that the 

kinetic data for arsenic adsorption onto γ-Fe2O3@ZrO2 could be satisfactorily fitted 

by the pseudo-second-order model, with 𝑞𝑒=63.2 mg/g, 𝑘2=0.00175 g/mg·min and 

R
2
=0.976 for As(III) and 𝑞𝑒=19.8 mg/g, 𝑘2=0.00212 g.mg

-1
·min

-1
 and R

2
=0.979 for 

As(V). This indicates the adsorption of As(III)/As(V) to γ-Fe2O3@ZrO2 involves 

chemisorption. Similar observations have been reported by Cui et al. (2012) on the 

study of amorphous ZrO2 nanoparticles, Gupta et al. (2008) on iron(III)-

zirconium(IV) binary mixed oxide nanoparticles and Pena et al. (2006) on 

nanocrystalline TiO2. In fact, as mentioned in the Introduction, the adsorption 

mechanism has been established by Cui et al. (2012), who found that both As(III) 

and As(V) can form negatively charged inner-sphere complexes with the 

involvement of hydroxyl groups on the surface of ZrO2 during adsorption. 

 

Table 5-3. Kinetic parameters for arsenic adsorption onto γ-Fe2O3@ZrO2. 

Arsenic species qe, mg/g k2, g/mg·min R
2
 

As(III) 63.2 0.00175 0.976 

As(V) 19.8 0.00212 0.979 

 

Adsorption isotherms 

 

As the focus of this paper is to apply the adsorbents to treat the arsenic-containing 

gold cyanidation process waters, of which the pH is 9, the experimental study on 

arsenic adsorption isotherms was performed at room temperature and pH 9. Both 

Langmuir and Freundlich models were used to describe the relationships between the 

amounts of As(III)/As(V) adsorbed onto γ-Fe2O3@ZrO2 and their equilibrium 

concentrations, which are represented, respectively, by 

𝑄𝑒 = 𝑄𝑚 (
𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
) (2) 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (3) 

where 𝐶𝑒 (mg/L) is the equilibrium arsenic concentration, and 𝑄𝑒 (mg/g) represents 

the arsenic concentration on the surface of the adsorbent. The Langmuir parameter 

𝑄𝑚 (mg/g) estimates the maximum adsorption capacity at equilibrium, 𝐾𝐿 (L/mg) is 

the Langmuir constant proportional to the energy of adsorption, and 𝑛 and 𝐾𝐹 (mg
1-
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1/n
L

1/n
g

-1
) are parameters of the Freundlich model. The values of these parameters are 

summarised in Table 5-4.  

 

Table 5-4. Isotherms parameters for arsenic adsorption onto γ-Fe2O3@ZrO2. 

 
Langmuir isotherm Freundlich isotherm 

𝑸𝒎, mg/g 𝑲𝑳, L/mg R
2
 𝒏 𝑲𝑭, mg

1-1/n
L

1/n
g

-1
 R

2
 

As(III) 62.2 0.259 0.977 3.38 19.7 0.987 

As(V) 18.3 2.11 0.891 7.16 10.8 0.954 

 

As shown in Figure 5-7, the adsorption data could be fitted satisfactorily with both 

Langmuir and Freundlich isotherms. As to the big difference between the Langmuir 

constants 𝐾𝐿 for As(III) and As(V) shown in Table 5-3, it might suggest that As(V) is 

more strongly adsorbed onto the γ-Fe2O3@ZrO2 adsorbents than As(III). 

Nevertheless, the fitting correlation coefficient of Langmuir model for As(V) was 

only 0.891. Therefore, the 𝐾𝐿 value may not be accurately estimated. 

 

Nevertheless, since the maximum adsorption capacity 𝑄𝑚  in the Langmuir model 

facilitates the direct comparison of the adsorption capacity among various arsenic 

adsorbents, it was decided to use this parameter to compare with other arsenic 

adsorbents reported in the literature under similar conditions. Some examples are 

shown in Table 5-5. As can be seen, this synthesised adsorbent γ-Fe2O3@ZrO2 has a 

higher or at least comparable capacity to other arsenic adsorbents in alkaline 

conditions. 
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Table 5-5. Maximum adsorption capacities (𝑸𝒎 ) reported in the literature for 

arsenic removal. 

Adsorbate Adsorbent pH 𝑸𝒎 (mg/g) Reference 

As (III) Biochar (derived 

from rice husk) 

8 26.9 (Samsuri, Sadegh-

Zadeh, & Seh-Bardan, 

2013) As (V) 22.6 

As (III) Iron(III)-loaded 

chelating resin 

9 62.9 (Matsunaga, 

Yokoyama, Eldridge, 

& Bolto, 1996) 

As (V) MnO2-loaded resin  7-8.5 22 (Lenoble et al., 2004) 
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Figure 5-7. Adsorption isotherms data fitted by Langmuir and Freundlich 

isotherms (Test solution: Independent As (III) and As (V) solutions with initial 

concentration of 100 mg/L in each; pH: 9; contact time: 24 h). Bars indicate 

standard deviations. 

 

Competitive adsorption 

 

In order to investigate the potential influence of coexisting ions present in gold 

cyanidation solutions on arsenic adsorption by γ-Fe2O3@ZrO2, a simulated solution 

was prepared with composition as shown in Table 5-6. This composition was based 
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on analysis of a sample of process water from a gold mine in Western Australia. This 

solution was spiked with arsenite and arsenate in a 1:1 molar ratio of As(III) to 

As(V). In the final synthetic solution, the total arsenic was determined to be 

approximately 90 ppm, while the pH was approximately 9, i.e. similar to that of the 

original process water sample. 

 

Table 5-6. The chemical composition of a process water sample from a gold 

mine in Western Australia. 

Analyte Mg
2+

 Ca
2+

 K
+
 Na

+
 Cl

-
 SO4

2-
 NO3

-
 SCN

-
 Fe(CN)6

4-
 

Concentration 

(mg/L) 
45 1700 250 11000 18000 2600 70 140 36 

 

The competitive adsorption tests were conducted the abovementioned solution under 

the same experimental conditions as those used for all the other adsorption tests. A 

simultaneous adsorption of 42.3 mg/g for As(III) and As(V) was achieved, hence it 

can be concluded that the competing effects of the components in process water from 

gold cyanide leaching on arsenic adsorption onto γ-Fe2O3@ZrO2 were negligible. 

This suggests that these magnetic microparticles could form the basis for promising 

industrial applications. 

 

5.2.3. Regeneration and reuse 

 

As far as the industrial practicability of γ-Fe2O3@ZrO2 is concerned, the study on the 

reusability becomes necessary, which is highly beneficial for cost reduction. Inspired 

by the effect of pH on arsenic adsorption, as shown in Figure 5-5, it could be inferred 

that a strong alkaline solution would possibly facilitate the arsenic desorption. On 

this basis, a regenerant of 1.0 mol/L NaOH solution (pH≈13) was used to elute 

arsenic from the spent γ-Fe2O3@ZrO2 after adsorption tests in the simulated process 

waters of gold cyanidation. Five consecutive adsorption-desorption cycles were 

carried out and acceptable results were obtained, as shown in Figure 5-8. 
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Figure 5-8. Regeneration and reuse of γ-Fe2O3@ZrO2 (As concentration: 90 

mg/L; pH≈9; contact time: 24 h). Bars indicate standard deviations. 

 

It is clear that γ-Fe2O3@ZrO2 still retained approximately 80% of its original 

adsorption capacity after 5 cycles of adsorption and desorption, indicating that part of 

the adsorbed arsenic on the surface can be desorbed with the help of a highly alkaline 

aqueous solution hence this adsorbent can be used repeatedly without significant 

performance loss. 
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5.3. Summary 

 

 The magnetic ZrO2-based microsized adsorbent could be synthesised 

successfully by use of a two-step process, i.e. via hydrolysis of ZrOCl2·8H2O in a 

suspension of magnetite nanoparticles, followed by drying of the coated particles. 

This yielded near-spherical, partly aggregated zirconia coated maghemite 

particles with diameters ranging from 20 to 200 nm. 

 The ferromagnetic microparticles exhibited maximum magnetization in excess of 

40 emu/g, readily allowing magnetic separation. In addition, the BET surface 

area of the adsorbent was approximately 128.4 m
2
/g.  

 Experimental results showed that the Fe3O4@ZrO2 adsorbent had a Langmuir 

adsorption capacity for As(III) and As(V) at pH 9 of approximately 62.2 mg/g 

and 18.3 mg/g, respectively. 

  Finally, the reusability of Fe3O4@ZrO2 adsorbent was confirmed by five 

consecutive adsorption-regeneration cycles at a pH of approximately 13. This 

makes it a potentially useful adsorbent of arsenic in the alkaline process waters of 

gold cyanidation. 
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CHAPTER 6  CERIUM-BASED MAGNETIC 

ADSORBENT 

 

6.1. Introduction 

 

Adsorption is one of the most commonly used methods for removing arsenic species 

from aqueous solutions, but the vast majority of related studies only aimed at 

drinking water under near neutral pH other than the alkaline conditions applied in 

gold cyanidation. It was reported that cerium oxide is an efficient arsenic adsorbent 

over a wide pH range from 3 to 11 (Li et al., 2012), showing an outstanding 

adsorption performance particularly towards As(III) under alkaline conditions. As for 

the adsorption mechanism, both As(III) and As(V) can be adsorbed onto the surface 

of cerium oxide by the formation of negatively charged inner-sphere complexes with 

the surface hydroxyl groups.  

 

To facilitate the separability, in this chapter, cerium oxide was innovatively coated 

on the surface of magnetic magnetite nanoparticles via a simple chemical 

precipitation method. The synthesised cerium-based magnetic microparticles 

(Fe3O4@CeO2/(OH)x) were used for studying on removing arsenic species from both 

arsenic-only solutions and simulated process waters of gold cyanidation. Moreover, 

the desorption tests were also conducted to evaluate the reusability of 

Fe3O4@CeO2/(OH)x.  
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6.2. Results and discussion 

 

6.2.1. Characterisation of Fe3O4@CeO2/(OH)x 

 

SEM-EDS 

 

Figure 6-1 shows the SEM image of Fe3O4@CeO2/(OH)x, which demonstrates that 

these synthesised particles have an average particle size of approximately 300 nm in 

diameter. They have a cubic inverse spinel structure determined by the morphology 

of the core material, i.e. magnetite. It can be seen clearly that these particles were 

still aggregated to some extent despite some efforts made to disperse them during the 

preparation process, such as ultrasonication and strong agitation.  

 

The EDS spectrum of the area in Figure 6-1 is shown in Figure 6-2. As expected, 

elements Fe, Ce and O were observed, indicating that the cerium species were coated 

onto the magnetite nanoparticles successfully. Additionally, element Al was also 

found in the spectrum, owing to the aluminium substrate used for analysis. 

 

 

Figure 6-1. SEM image of Fe3O4@CeO2/(OH)x. 
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Figure 6-2. EDS spectrum of Fe3O4@CeO2/(OH)x. 

 

XRD 

 

Figure 6-3 shows the XRD pattern of Fe3O4@CeO2/(OH)x. Evidently, well-ordered 

crystalline magnetite was identified. By contrast, very broad peaks corresponding to 

cerium oxide were identified. The width of these peaks indicate that the cerium oxide 

was poorly ordered. The peaks width is consistent with grain sizes well below 100 

nm. No crystalline cerium hydroxide was detected, but amorphous cerium hydroxide 

cannot be ruled out by this analysis. In addition, peaks corresponding to a metallic 

iron nickel alloy are a contribution from the sample holder due to the small quantity 

of sample available for analysis. 

 

Theoretically, cerium hydroxide should be firstly formed on the surface of magnetite 

nanoparticles based on the aforementioned synthetic method. After the drying 

process at relatively low temperature (60 °C), the cerium hydroxide could be 

transformed to CeO2 partially. However, only poorly ordered cerium oxide was 

identified in the present work. Therefore, it can be reasonably inferred that the 

cerium species might be a mixture of cerium oxides and amorphous cerium 

hydroxides, which is represented as CeO2/(OH)x in this study. A further calcination 

process could turn cerium hydroxide to cerium oxide (Ketzial and Nesaraj, 2011), 

making the form of the final product more clear. However, similar to the previous 

work with the synthesised magnetic adsorbents Fe3O4@SiO2@TiO2 and γ-
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Fe2O3@ZrO2, a set of preliminary adsorption tests (Table 6-1) showed that the 

arsenic adsorption performance of Fe3O4@CeO2/(OH)x after calcination was greatly 

compromised. 

      

 

Figure 6-3. XRD pattern of Fe3O4@CeO2/(OH)x. 

 

Table 6-1. Preliminary adsorption results with roasted and unroasted 

Fe3O4@CeO2/(OH)x particles for As(III) and As(V) (Experimental conditions: 

0.05 g adsorbent; As concentration=100 pm; T=25 °C; pH=9.5; 24 h). 

 As (III) adsorbed (mg/g) As (V) adsorbed (mg/g) 

Unroasted 

Fe3O4@CeO2/(OH)x 

Roasted 

Fe3O4@CeO2 

Unroasted 

Fe3O4@CeO2/(OH)x 

Roasted 

Fe3O4@CeO2 

Test  78.3 27.0 30.5 11.2 

Repeat 81.2 30.1 28.5 10.4 

 

SQUID 

 

Figure 6-4 shows the magnetization curves of the naked magnetite nanoparticles and 

the cerium coated magnetite microparticles. It is apparent that both Fe3O4 and 

Fe3O4@CeO2/(OH)x present typical ferromagnetism. The saturation magnetization of 
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Fe3O4 was found to be around 90 emu/g. After the surface coating of cerium species, 

the maximum magnetization of the material decreased to approximately 40 emu/g. 

Although a nearly 50% loss of magnetism was caused, the cerium coated magnetite 

microparticles still could be separated easily from an aqueous solution after 

adsorption with the help of a handy magnet, as evidenced by Figure 6-5.   
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Figure 6-4. Magnetization curves of Fe3O4 and Fe3O4@CeO2/(OH)x . 

 

 

Figure 6-5. Magnetic separation of Fe3O4@CeO2/(OH)x. 
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BET 

 

The specific surface area of Fe3O4@CeO2/(OH)x analysed by the BET method was 

determined to be 91.38 ± 1.47 m
2
/g. This is a result of the combined effects of the 

particle size range of the core material of magnetite (50–100 nm), the amount of the 

cerium species coated (1:1 mass ratio of shell to core), the aggregation shown in 

Figure 6-1, etc. The following adsorption tests suggested that such specific surface 

area was able to provide sufficient active sites for arsenic adsorption.  

 

6.2.2. Adsorption tests 

 

Effect of pH 

 

Batch adsorption tests on the effect of pH were carried out within the pH range of 7 - 

11 for 24 h, and the initial concentrations for both As(III) and As(V) were 100 mg/L. 

Great adsorption results were obtained, as shown in Figure 6-6. Apparently, As(III) 

was much more attractive to the synthesised cerium-based microparticles than As(V) 

over the entire pH range studied. Specifically, Fe3O4@CeO2/(OH)x showed great 

stability in the adsorption of As(III) when pH values were between 7 and 10, 

reaching approximately 75 mg/g in average. Nevertheless, a further increase of pH to 

11 reduced the adsorption of As(III) to 66.6 mg/g. In comparison, the adsorption of 

As(V) decreased continuously and slowly, from 36.9 mg/g at neutral pH to 24.1 

mg/g at pH 11. The significant differences between the adsorption performances of 

As(III) and As(V) can be attributed to the effect of pH on the surface charges of the 

arsenic species and the cerium-based microparticles, leading to different electrostatic 

interactions. 

 

On the one hand, according to the zeta potential analysis, the point of zero charge of 

Fe3O4@CeO2/(OH)x was roughly determined at a pH value between 6 and 7, that is 

to say, the surfaces of these microparticles were negatively charged under the studied 

pH range of 7 - 11. On the other hand, H3AsO3 is the dominant As(III) species when 

pH is less than 9.2 while H2AsO3
-
 becomes dominant when pH is between 9.2 and 

12.1, and the main form of As(V) species is HAsO4
2-

 in the pH range of 6.9 - 11.5 
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(Mohan and Pittman Jr, 2007). Therefore, it is most likely that electrostatic repulsion 

was the only possible electrostatic interaction between the adsorbents and the 

adsorbates in this study.  

 

Obviously, the electrostatic repulsion between H3AsO3/H2AsO3
-
 and negatively 

charged Fe3O4@CeO2/(OH)x was always weaker than that between HAsO4
2-

 and 

negatively charged Fe3O4@CeO2/(OH)x, which reasonably explains why the 

adsorption of As(III) outperformed that of As(V) in the pH range of 7 - 11. 

Furthermore, when pH was between 7 and 9.2, there was hardly any electrostatic 

interaction between the dominant As(III) species H3AsO3 and Fe3O4@CeO2/(OH)x, 

so the adsorption of As(III) remained nearly unchanged. However, with a further 

increase in pH, the increasing electrostatic repulsion between the dominant As(III) 

species H2AsO3
-
 and negatively charged Fe3O4@CeO2/(OH)x decreased the 

adsorption of As(III). By contrast, since negatively charged As(V) species increased 

with increasing pH, the electrostatic repulsion increased, leading to the decrease in 

adsorption of As(V). 

 

 

Figure 6-6. Effect of pH on arsenic adsorption (As concentration: 100 mg/L; 

contact time: 24 h). Bars indicate standard deviations. 
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Adsorption kinetics 

 

Figure 6-7 shows the kinetics data for arsenic adsorption onto the cerium-based 

magnetic microparticles. As can be seen, the adsorption processes took place rapidly 

for both As(III) and As(V), with more than 80% of arsenic species being removed 

within the first 120 min. Basically, the adsorption equilibrium could be achieved in 

approximately 240 min, showing high efficiency in practical applications.  

 

The pseudo-second-order kinetic model was fitted to the experimental data of arsenic 

adsorption onto Fe3O4@CeO2/(OH)x in order to better understand the adsorption 

kinetics. The expression of this model can be presented as: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2
+

𝑡

𝑞𝑒
 (1) 

where 𝑞𝑡 (mg/g) is the adsorbed amount at time 𝑡 (min), 𝑞𝑒 (mg/g) is the maximum 

adsorption capacity, and 𝑘2 (g/mg·min) is the rate constant. The applicability of the 

pseudo-second-order kinetic model is quantified by the squared correlation 

coefficient (R
2
). The pseudo-second-order kinetic model is based on the assumption 

that the rate-limiting step tends to be chemisorption (Azizian, 2004). 

 

Table 6-2 shows the kinetics parameters obtained from the fittings in Figure 6-7. The 

closeness of the R
2
 values to 1 indicates that the pseudo-second-order kinetic model 

fitted the kinetics data accurately. The equilibrium adsorption capacities were 

estimated as 73.0 mg/g and 26.6 mg/g for As(III) and As(V), respectively. On this 

basis, it can be concluded that arsenic adsorption onto the cerium-based magnetic 

microparticles is driven by chemical reactions, which is in line with the arsenic 

adsorption mechanism onto cerium oxide proposed in the literature (Li et al., 2012). 

 

Table 6-2. Kinetics parameters for arsenic adsorption onto Fe3O4@CeO2/(OH)x. 

 qe, mg/g k2, g/mg·min R
2
 

As(III) 73.0 0.00095 0.990 

As(V) 26.6 0.00075 0.954 
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Figure 6-7. Adsorption kinetics data fitted by the pseudo-second-order equation 

(As concentration: 100 mg/L; pH: 9). Bars indicate standard deviations. 

 

Adsorption isotherms 

 

Batch adsorption tests on isotherms were conducted at 25 C. Figure 6-8 shows the 

adsorption isotherms data and the fittings by both Langmuir and Freundlich models, 

which can be expressed by equations (2) and (3), respectively. 

𝑄𝑒 = 𝑄𝑚 (
𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
) (2) 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (3) 

Where 𝐶𝑒  (mg/L) represents the equilibrium arsenic concentration, and 𝑄𝑒  (mg/g) 

represents the adsorbed amount of arsenic. The maximum adsorption capacity at 

equilibrium is estimated by the Langmuir parameter 𝑄𝑚  (mg/g), 𝐾𝐿  (L/mg) is the 

Langmuir constant, and 𝑛 and 𝐾𝐹  (mg
1-1/n

L
1/n

g
-1

) are parameters of the Freundlich 

model. 

 

Table 6-3 shows the obtained isotherms parameters in fitting the adsorption data. 

According to the results, the adsorption data of both As(III) and As(V) could be 
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better fitted with the Langmuir isotherm, achieving the maximum adsorption 

capacities of 79.1 mg/g for As(III) and 25.5 mg/g for As(V) at pH 9, which are 

higher or at least comparable to most reported results (Lata and Samadder, 2016; 

Ungureanu et al., 2015b). 

 

Table 6-3. Isotherms parameters for arsenic adsorption onto 

Fe3O4@CeO2/(OH)x. 

 

Langmuir isotherm Freundlich isotherm 

Qe, 

mg/g 

KL, 

L/mg 
R

2
 n 

KF, 

mg
1-1/n

L
1/n

g
-1

 
R

2
 

As(III) 79.1 0.929 0.982 4.76 36.8 0.894 

As(V) 25.5 0.213 0.996 3.50 7.66 0.961 
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Figure 6-8. Adsorption isotherms data fitted by Langmuir and Freundlich 

isotherms (pH: 9; contact time: 24 h). Bars indicate standard deviations. 

 

Competitive adsorption 

 

There is no doubt that process waters from gold cyanide leaching are quite 

complicated, such as high ionic strength and complex chemistry, which could 
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potentially influence the arsenic adsorption by competitive effects. Consequently, it 

is necessary to investigate the effect of coexisting ions present in gold cyanidation 

waters on arsenic adsorption by the cerium-based magnetic microparticles. For this 

purpose, firstly a synthetic solution was prepared with the recipe given in Table 6-4. 

This recipe was based on the chemical composition analysis of a process water 

sample from a Western Australian gold mine. Afterwards, this solution was spiked 

with arsenite and arsenate in a 1:1 molar ratio of As(III) to As(V). The total arsenic 

concentration in the final solution was determined to be approximately 90 ppm by 

ICP-OES. The pH of the synthetic process water sample was found to be 9, which is 

very close to that of the original process water sample (pH=9).   

 

The competitive adsorption tests were performed using the synthetic solution 

abovementioned under the identical experimental conditions used in all the other 

adsorption tests. A simultaneous adsorption of 51.2 mg/g for As(III) and As(V) was 

attained, demonstrating that the coexisting substances in process waters from gold 

cyanidation only had a minimal effect on arsenic adsorption by Fe3O4@CeO2/(OH)x. 

In other words, these synthesised microparticles can be considered as a promising 

arsenic scavenger in the potential industrial applications. 

 

Table 6-4. The chemical composition of a process water sample from a gold 

mine in Western Australia. 

Analyte Mg
2+

 Ca
2+

 K
+
 Na

+
 Cl

-
 SO4

2-
 NO3

-
 SCN

-
 Fe(CN)6

4-
 

Concentration 

(ppm) 
45 1700 250 11000 18000 2600 70 140 36 

 

6.2.3. Regeneration and reuse 

 

In terms of the practicability of the cerium-based magnetic microparticles, exploring 

regeneration techniques naturally becomes as important as improving the adsorption 

performance. According to our previous studies, 1.0 mol/L NaOH solution (pH≈13) 

was used as a regenerant to treat the arsenic-loaded Ti-based and Zr-based 

microparticles, with good results obtained. Therefore, the same method was applied 



94 
 

in the current study. Five consecutive adsorption-desorption cycles were conducted 

and the results are shown in Figure 6-9. 

 

As can be seen clearly, over 60% of the initial adsorption capacity of 

Fe3O4@CeO2/(OH)x was retained after five cycles of adsorption and desorption, 

which indicates that a highly alkaline solution could liberate a certain amount of 

active adsorption sites for arsenic species to be reloaded again. In order to improve 

the regeneration performance, further investigations should be carried out, for 

instance, increasing the alkalinity of regenerant, extending the treatment time, 

seeking for new eluting agents, etc. 
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Figure 6-9. Regeneration and reuse of Fe3O4@CeO2/(OH)x. (As concentration: 

90 mg/L; pH≈9; contact time: 24 h). Bars indicate standard deviations. 
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6.3. Summary 

 

 The cerium-based magnetic microparticles were synthesised via a one-step 

chemical precipitation method at room temperature.  

 SEM-EDS analysis showed that the particles had an average particle size of 

approximately 300 nm in diameter with partly aggregation, and confirmed the 

successful coating of cerium species. Crystalline magnetite and poorly ordered 

cerium oxide were identified by the XRD pattern, but amorphous cerium 

hydroxide could not be ruled out by this analysis. Magnetic analysis by SQUID 

magnetometer showed both Fe3O4 and Fe3O4@CeO2/(OH)x were ferromagnetic 

and the latter, with the saturation magnetization of approximately 40 emu/g, 

could be easily separated by a handy magnet. The specific surface area of 

Fe3O4@CeO2/(OH)x was determined to be 91.38 ± 1.47 m
2
/g by the BET method. 

 According to the results from systematic arsenic adsorption tests, 

Fe3O4@CeO2/(OH)x presented rapid adsorption kinetics, great removal capacity 

and good applicability in the alkaline process waters of gold cyanidation, with the 

Langmuir adsorption capacities of 79.1 mg/g for As(III) and 25.5 mg/g for As(V) 

at pH 9. 

 Five consecutive adsorption-desorption cycles confirmed the possibility and 

feasibility of Fe3O4@CeO2/(OH)x for regeneration and reuse with 1.0 mol/L 

NaOH solution as a regenerant. 
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CHAPTER 7  CONCLUSIONS AND  

FUTURE WORK 

 

The chief objective of this thesis was to propose suitable adsorbents to deal with the 

arsenic-contaminated process water associated with gold cyanidation circuits. This 

general objective was expected to be fulfilled by achieving the following sub-targets. 

 Design and synthesise several types of functionalised magnetic particles for 

effectively adsorbing arsenic species from alkaline aqueous solutions.  

 Determine their surface properties and structural characteristics by a series of 

analytical methods. 

 Examine their adsorption capacities towards arsenic species in both arsenic-only 

solutions and simulated process waters from gold cyanidation.  

 Understand their adsorption mechanisms. 

 Explore the possibilities and feasibilities of regenerating and reusing the 

synthesised adsorbents. 

 

This chapter are presented in terms of how each of the sub-targets was achieved with 

some future work recommendations listed in the end. 

 

7.1. Design and synthesis of arsenic adsorbents  

 

Based on the comprehensive literature review on various types of arsenic adsorbents 

and combining the intrinsic requirement, i.e. alkaline condition, of the gold 

cyanidation process water, titanium, zirconium and cerium based sorbents were 

selected as three candidates. In order to facilitate the separation of the solid sorbents 

from the treated solution, magnetite and maghemite nanoparticles were employed as 

magnetic core materials to support the functional particles. Eventually, three types of 

magnetic arsenic adsorbents namely Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and 

Fe3O4@CeO2/(OH)x, with various core-shell structures were designed.  

 



97 
 

Specifically, Fe3O4@SiO2@TiO2 particles were synthesised via conventional sol-gel 

technique. SiO2 as the intermediate material was simply served as a linkage between 

Fe3O4 and TiO2. The adsorbents γ-Fe2O3@ZrO2 particles were obtained by directly 

coating ZrO2 onto the surface of γ-Fe2O3 nanoparticles through the hydrolysis of 

ZrOCl2·8H2O. Finally, the Fe3O4@CeO2/(OH)x adsorbents were synthesised by a 

simple chemical precipitation method with Ce(NO3)3·6H2O and NaOH. 

 

All the preparation processes were straightforward and simple.  

 

7.2. Characterisation of the synthesised arsenic adsorbents  

 

All the synthetic adsorbents were characterised by a series of analytical methods, 

including SEM-EDS, XRD, SQUID and BET.  

 

The SEM results indicated that the synthesised particles were all in micron-scale 

with some aggregations. The EDS results confirmed the presence of elements Ti, Zr 

and Ce in the respective adsorbents.  

 

To confirm the phase compositions of the functionalised magnetic particles, XRD 

analysis was performed both qualitatively and quantitatively. Inferred by the 

obtained patterns, Fe3O4@SiO2@TiO2 mainly consisted of crystalline magnetite and 

amorphous TiO2. Similarly, ZrO2 was mainly amorphous on the surface of crystalline 

maghemite. As to Fe3O4@CeO2/(OH)x particles, poorly ordered CeO2 was identified 

by the XRD pattern, however, amorphous cerium hydroxides could not be ruled out. 

The XRD results were also the base for the abbreviated notations of the candidate 

arsenic adsorbents.  

 

BET analysis was carried out to determine the specific area of the synthesised 

particles. The results suggested that the specific area of Fe3O4@SiO2@TiO2, γ-

Fe2O3@ZrO2 and Fe3O4@CeO2/(OH)x was 86.65 m
2
/g, 140.03 m

2
/g and 91.38 m

2
/g, 

respectively. 
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The magnetism of the arsenic adsorbents was determined by SQUID. The maximum 

magnetization of approximately 40 emu/g was retained for all three types of particles, 

which was enough for easy separation of the arsenic-loaded adsorbents from an 

aqueous solution by a hand-held magnet.  

 

7.3. Adsorption capacities and mechanisms of the 

synthesised arsenic adsorbents   

 

Systematic adsorption tests were conducted to determine the adsorption behaviours 

towards both As(III) and As(V) under alkaline conditions, including the effect of pH 

on adsorption, adsorption kinetics, adsorption isotherms and competitive adsorption 

in simulated gold cyanidation process water. The key outcomes of the adsorption 

tests for Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and Fe3O4@CeO2/(OH)x are 

summarised and compared in Table 7-1. In addition, the adsorption tests with various 

pH values showed similar trends for all three adsorbents. More specifically, for 

As(III), when pH value was within the range of 7–9, the adsorption performances of 

the three types of particles were not sensitive to pH changes. However, if the pH of 

the solution further increased to 10 and 11, the uptake of As(III) onto the adsorbents 

would be reduced, particularly for the Fe3O4@SiO2@TiO2 particles. In comparison, 

the adsorptions of As(V) onto the synthesised particles decreased continuously with 

increasing pH values. Despite the similar trends, Fe3O4@CeO2/(OH)x presented the 

highest adsorption of both As(III) and As(V) species under same pH conditions 

among the three magnetic particles. 
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Table 7-1. Summary and comparison of the key outcomes of adsorption tests for 

Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and Fe3O4@CeO2/(OH)x. 

 Fe3O4@SiO2@TiO2 γ-Fe2O3@ZrO2 Fe3O4@CeO2/(OH)x 

Particle size 200–400 nm 20–200 nm ≈300 nm 

Specific surface area 86.65 m
2
/g 140.03 m

2
/g 91.38 m

2
/g 

Adsorption equilibrium ≈4 h ≈4 h ≈4 h 

*Maximum 

adsorption 

capacity at 

pH 9  

As(III)-only 

solution 
31.4 mg/g 62.2 mg/g 79.1 mg/g 

As(V)-only 

solution 
10.2 mg/g 18.3 mg/g 25.5 mg/g 

Adsorption 

capacity at 

pH 9 

Simulated 

solution 
15.6 mg/g 42.3 mg/g 51.2 mg/g 

* Estimated from Langmuir isotherm model fitting. 

 

Indeed, all three of the functionalised magnetic microparticles can be recognised as 

effective adsorbents for arsenic species with a certain degree of selectivity under 

alkaline conditions, showing great potential in practical gold industry. Nevertheless, 

it is true that the Ce-based adsorbent does seem to be more attractive to arsenic 

species than the Ti-based and Zr-based ones based on the current research. Even 

when their specific surface areas are taken into account, the Ce-based adsorbent is 

still firmly in the lead, as can be seen in Table 7-2. Therefore, it is safe to say that the 

Ce-based adsorbent possesses the strongest ability to extract arsenic species from 

alkaline arsenic-containing aqueous solutions in this study. Despite all this, in the 

present study, it is still impossible to determine if CeO2 is in nature a better arsenic 

adsorbent than TiO2 and ZrO2 due to many uncertainties, such as concentrations of 

surface hydroxyl groups, pore structures, M-O bond strength (M=Ti, Zr and Ce), etc.  
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Table 7-2. The arsenic adsorption capacities per unit surface area of 

Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and Fe3O4@CeO2/(OH)x. 

 Fe3O4@SiO2@TiO2 γ-Fe2O3@ZrO2 Fe3O4@CeO2/(OH)x 

Adsorption 

capacity at 

pH 9 

As(III)-

only 

solution 

0.38 mg/m
2
 0.44 mg/m

2
 0.87 mg/m

2
 

As(V)-

only 

solution 

0.12 mg/m
2
 0.13 mg/m

2
 0.28 mg/m

2
 

Simulated 

solution 
0.18 mg/m

2
 0.30 mg/m

2
 0.56 mg/m

2
 

 

7.4. Regeneration and reuse of the synthesised adsorbents 

 

Desorption tests were carried out using 1 mol/L NaOH solution as the regenerant. 

After 4 to 5 cycles, all the adsorbents still retained more than 60% of their adsorption 

capacities, as shown in Table 7-3. This further indicates that all the synthesised 

magnetic particles are potentially suitable for treating the arsenic contaminated 

process waters in gold industry. 

 

Table 7-3. Desorption capacities of Fe3O4@SiO2@TiO2, γ-Fe2O3@ZrO2 and 

Fe3O4@CeO2/(OH)x. 

 Fe3O4@SiO2@TiO2 γ-Fe2O3@ZrO2 Fe3O4@CeO2/(OH)x 

Desorption 

capacity 

>60% adsorption 

capacity retained 

after 4 cycles 

>75% adsorption 

capacity retained 

after 5 cycles 

>60% adsorption 

capacity retained 

after 5 cycles 
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7.5. Future work 

 

Three different types of functionalised magnetic microparticles were synthesised and 

used to remove arsenic from gold mining process water. Apart from comparable or 

even better adsorption capacities than other adsorbents under alkaline conditions, the 

easy fabrication, good separability and reusability of these adsorbents highlight their 

potential in real gold mining process. On the foundation of all the promising 

outcomes of the present thesis, some future work recommendations are listed as 

follows. 

 Simplification and optimisation of synthetic processes for current functionalised 

magnetic adsorbents. Current synthetic methods were not as complicated as those 

in other studies in the literature but still could be improved in some respects, 

particularly the anti-aggregation activity. 

 Deeper understanding of current functionalised magnetic adsorbents through 

further characterisation, such as Raman spectroscopy, X-ray photoelectron 

spectroscopy, transmission electron microscopy and so forth. 

 Further investigation of adsorption kinetics and isotherms for current 

functionalised magnetic adsorbents. More adsorption data and a series of other 

common fitting models should be able to reveal more information about 

adsorption mechanisms.  

 Improvement of adsorption capacities for current functionalised magnetic 

adsorbents, which could be made in two main ways, i.e. expansion of the specific 

surface area and enhancement of the surface reactivity of the functionalised 

coatings. 

 Systematic study into magnetic separability for current functionalised magnetic 

adsorbents, which would largely benefit their future industrialisation. 

 Further study on interference effects of coexisting ions in gold cyanidation 

process waters for current functionalised magnetic adsorbents. The possible 

adverse effect on arsenic adsorption for each type of ion in a typical gold 

cyanidation liquor should be studied individually, assisting in fully understanding 

the selectivity of the synthesised adsorbents. 

 Since the adsorption mechanisms were not the main focus of the thesis, the 

investigations in this regard were not in depth. Further exploration of the 
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established adsorption mechanisms for current functionalised magnetic 

adsorbents is needed, which would serve to help understand the difference in 

adsorption capacities among them. 

 Enhancement of desorption capacities for current functionalised magnetic 

adsorbents. Exploratory research could be carried out, such as increasing the 

alkalinity of the regenerant, extending the treatment time, seeking for new eluting 

agents, etc. 

 Searching for new functionalised magnetic adsorbents, which would inevitably 

be built on extensive literature survey and numerous experiments. 
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APPENDIX 

 

This appendix mainly shows the information about the magnetic core materials and 

the arsenic adsorption performances of them as well as the arsenic uptake abilities of 

the as-purchased commercial titania, zirconia and ceria particles. The preliminary 

adsorption tests shown in this appendix were not conducted with systematically 

designed experimental conditions.  

   

I. Fe3O4  

 

SEM 

 

The SEM image (Figure A-1) shows that the commercial grade magnetite particles 

have an octahedral shape and the particle size is around 50-100 nm. These 

nanoparticles show some degree of aggregation, which would probably reduce their 

adsorption capacity and reactivity, and also affect further functionalization. 

 

 

Figure A-1. SEM image of Fe3O4. 
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XRD  

 

Figure A-2 shows the quantitative XRD analysis for the magnetite sample acquired 

from Sigma-Aldrich. The sample is composed of 98 wt% magnetite, 0.5 wt% quartz 

and 1.5 wt% amorphous content, which is in line with the description from the 

supplier. 

 

 

Figure A-2. Quantitative XRD spectrum of Fe3O4. 

 

Adsorption tests 

 

Table A-1 shows the results of adsorption tests without SCN
-
 and CNO

-
 in the 

system. 
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Table A-1. ICP-OES analysis results for Fe3O4 (without NaSCN and NaCNO). 

Experimental conditions: As concentration 10 ppm; Dosage 0.05 g; 24 h. 

Arsenic Initial pH Removal/% Capacity/mg·g
-1

 

As(III) 

 

7 9.50 1.70 

8 11.17 2.00 

9 14.53 2.60 

10 10.61 1.90 

As(V) 

 

7 8.02 1.30 

8 11.11 1.80 

9 8.64 1.40 

10 6.17 1.00 

 

Table A-2 shows the results of adsorption tests with 50 ppm SCN
-
 and CNO

-
 in the 

system. In combination with Table A-1, it can be seen that naked Fe3O4 nanoparticles 

can only adsorb a limited amount of As(III)/As(V) with a removal capacity of less 

than 3 mg·g
-1

 under alkaline conditions, with or without the presence of SCN
-
 and 

CNO
-
. In addition, an increased dosage of adsorbents did not improve the removal 

rate and capacity for As (III). For As(V), removal was worse. 

 

Table A-2. ICP-OES analysis results for Fe3O4 (with 50 ppm NaSCN and 

NaCNO). Experimental conditions: As concentration 100 ppm; pH 9.5. 

Arsenic Dosage/g Time/h Removal/% Capacity/mg·g
-1

 

As(III) 0.1  4 5.53 2.75 

As(III) 0.2 4 13.17 3.28 

As(V) 

0.1 1 1.96 1.00 

0.1 2 0.98 0.50 

0.1 4 0.00 0.00 

As(V) 0.2 4 4.51 1.15 

As(V) 
0.5 1 7.49 0.73 

0.5 4 7.70 0.75 
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II. γ-Fe2O3 

 

SEM 

 

Figure A-3 shows the morphology of the as-purchased γ-Fe2O3 nanoparticles. Similar 

to the Fe3O4 particles, aggregation is observed. The particle size is approximately 

20–40 nm.   

 

 

Figure A-3. SEM image of the commercial γ-Fe2O3 nanoparticles. 

 

III. TiO2 

 

SEM 

 

Figure A-4 shows the morphology of the commercial grade titanium dioxide 

nanoparticles. They are by and large spherical with a uniform size distribution (50-

100 nm). These nanoparticles were also well-dispersed, compared with the magnetic 

particles. 
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Figure A-4. SEM image of TiO2 nanoparticles. 

 

Figure A-5 shows the XRD patterns for the TiO2 nanoparticles. As can be seen, the 

particles are composed of a mixture of rutile and anatase, with a ratio of 1:4 through 

a semi-quantitative method, where the amounts of the phases present have been 

normalised to 100%. This does not incorporate the amount of amorphous content, 

nor does it take into account any unfitted phases, nor the discrepancy between the 

calculated and the experimental data. However, it does give an estimate of a relative 

amount of each crystalline phase identified. 

 

 

Figure A-5. Semi-quantitative XRD patterns for the commercial TiO2 

nanoparticles. 
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Adsorption tests 

 

Table A-3 shows the ICP-OES results of adsorption tests for the commercial TiO2 

particles with 50 ppm SCN
-
 and CNO

-
 in the system, indicating low adsorption 

capacity. 

 

Table A-3. ICP-OES analysis results for TiO2.  

(with 50 ppm NaSCN and NaCNO) 

Experimental conditions: As concentration 100 ppm; pH 9.5. 

Arsenic Time/h Dosage/g Removal/% Capacity/mg·g
-1

 

As(III) 4 0.1 27.34 13.60 

As(III) 4 0.2 42.11 10.47 

As(V) 

1 0.1 8.73 4.45 

2 0.1 10.39 5.30 

4 0.1 6.67 3.40 

As(V) 4 0.2 16.37 4.17 

As(V) 
1 0.5 47.57 4.59 

4 0.5 48.66 4.70 

 

IV. ZrO2 

 

Adsorption tests 

 

Table A-4 shows the ICP-OES results of adsorption tests for the commercial ZrO2 

particles with 50 ppm SCN
-
 and CNO

-
 in the system, indicating low adsorption 

capacity. 
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Table A-4. ICP-OES analysis results for ZrO2 (with 50 ppm NaSCN and 

NaCNO). Experimental conditions: As concentration 100 ppm; pH 9.5. 

Arsenic Time/h Dosage/g Removal/% Capacity/mg·g
-1

 

As(III) 

1 0.1 14.81 7.25 

2 0.1 15.22 7.45 

4 0.1 14.30 7.00 

As(III) 4 0.2 30.85 7.55 

As(V) 

1 0.1 7.2 3.60 

2 0.1 7.3 3.65 

4 0.1 7.8 3.90 

As(V) 4 0.2 14.3 3.58 

 

V. CeO2 

 

Adsorption tests 

 

Only one group of adsorption tests were carried out to check the arsenic removal 

performance of the commercial CeO2 particles. As(III)-only  and As(V)-only 

solutions with initial concentrations of 100 ppm and initial pH value of 9.5 (approx.) 

were treated with 0.05 g CeO2 sorbents for 24 h. The adsorption capacity obtained 

was 6.1 mg·g
-1

 and 4.0 mg·g
-1

 for As(III) and As(V), respectively.   


