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ABSTRACT 

Even though activated carbon is widely used in the removal of contaminants from 

effluents, it is difficult to be completely recovered by screening or classification. 

In this project, we prepared a magnetic form of activated carbon (M-AC) by      

co-precipitation of iron oxides onto activated carbon surface. M-AC can be 

separated from solutions by applying an external magnetic field and regenerated 

for reuse.   

The synthesized M-AC was characterized by X-ray diffraction, specific surface 

area measurement, and scanning electron microscope. Characterization results 

show that the major phase of coated iron oxides is magnetite (Fe3O4). Batch 

adsorption experiments were carried out for single-component and multi-

component solutions. M-AC shows a better adsorption capacity for single-

component of Cu (II), Ni (II), or diethylenetriamine (DETA) and for multiple-

components of Cu-DETA and Ni-DETA complexes in deionized water than 

activated carbon. M-AC also shows the potential application in carbon-in-pulp 

process for gold recovery.  
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CHAPTER 1   INTRODUCTION 

1.1 Overview 

Diethylenetriamine (DETA) in combination with sodium sulfite is an effective 

pyrrhotite [FexS1-x] depressant in pentlandite [(NiFe)9S8] and chalcopyrite 

[CuFeS2] flotation at Sudbury area in Canada 
1-6

. Pyrrhotite which is an associated 

gangue with pentlandite and chalcopyrite is the major source of sulfur dioxide 

emission in smelting ores. Thus, it is critically important to reduce pyrrhotite 

injection to reduce sulfur dioxide emission 
3, 6, 7

. A series of researches have been 

carried out to determine the effective DETA depressing conditions and 

mechanism during flotation for decades 
2-4, 8

.  

DETA is a colorless hydroscopic liquid and soluble in water as well as in 

hydrocarbons 
9
. As a strong chelating reagent with three pairs of non-bonding 

electrons, DETA can form stable complexes with specific metal ions 
10

, increasing 

the heavy metal concentrations in effluents of mineral industries. For example, 

Cu-DETA complexes are very stable in the wastewater after flotation and could 

not be precipitated by raising the pH above 11 with lime 
10, 11

. Enhancing copper 

concentration in effluents is a major potential environmental concern at Vale since 

it might exceed the government regulations. Thus, it is important to develop an 

effective and economic method to reduce the concentrations of DETA and heavy 

metal in the wastewater after mineral flotation.  

In this study, magnetic activated carbon (M-AC) was developed to remove DETA 

and heavy metal species from effluents. M-AC combines the magnetic properties 
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of magnetite with the loading features of activated carbon as well as magnetite.   

M-AC can be easily attracted by applying a magnetic field, and then be separated 

from solutions. Even though the surface area of M-AC was reduced after the 

deposition of magnetite compared with that of activated carbon, M-AC showed 

better loading property and removal efficiency for heavy metal ions and DETA 

species than pure activated carbon. In addition, the reuse of M-AC is feasible after 

adsorbed species were stripped from M-AC surface in the presence of acid 

followed by regeneration with alkaline solutions. Other than the application in 

wastewater treatment in mineral industry, M-AC showed good affinity with gold 

cyanide species and the potential application in the carbon-in-pulp process for 

gold recovery after the cyanidation of gold minerals.  

1.2 Objectives  

The objectives of this project include: 

 To develop an effective and innovative technology to prepare magnetic 

activated carbon (M-AC) particles for the removal of metal ions and 

DETA species. 

 To characterize the major properties of synthesized M-AC, including 

magnetization curve, crystal structure, specific surface area, average pore 

size, particles size distributions, and micro-morphologies. 

 To study the adsorption of potential contamination species (copper ions, 

nickel ions, and DETA) onto M-AC after chalcopyrite-pentlandite 

flotation. 
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 To compare the adsorption properties of M-AC with those of pure 

activated carbon and pure magnetite.  

 To model the adsorption curves to understand the fundamentals of 

adsorption system.  

 To investigate the recycle and reuse of the M-AC particles and to optimize 

stripping and regenerating conditions. 
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CHAPTER 2   LITERATURE REVIEW 

2.1 DETA Distributions in Pentlandite/Pyrrhotite Separation 

Pyrrhotite [FexS1-x] is a major gangue commonly associated with pentlandite 

[(NiFe)9S8] and chalcopyrite [CuFeS2] which are two valuable minerals for nickel 

and copper extraction at Sudbury area in Canada. Since pyrrhotite is the major 

source of sulfur dioxide emission in smelting ores, it is critically important to 

maximize pyrrhotite rejection in milling to reduce sulfur dioxide emission during 

metallurgy process. Among the pyrrhotite at Sudbury, about 70 wt.% of 

ferromagnetic pyrrhotite with monoclinic structure is rejected by magnetic 

separation. On the other hand, the hexagonal pyrrhotite which is weakly (para-) 

magnetic is normally separated from pentlandite and chalcopyrite through froth 

flotation 
1-7

. 

A series of amino type of chelating chemicals have been investigated as pyrrhotite 

depressants for decades. Diethylenetriamine (DETA) in combination with sodium 

sulfite (Na2SO3) was found to be effective pyrrhotite depressant at Clarabelle Mill. 

The use of DETA and Na2SO3 greatly improved the nickel recovery and 

concentrate grade in flotation 
1-6

. The researches were conducted to determine the 

effective DETA depressing conditions for pyrrhotite and to understand DETA 

depressing pyrrhotite mechanism during flotation 
2-4, 8

. The proposed working 

mechanisms of pyrrhotite depression by DETA and sodium sulfite include: (1) 

DETA removes the Cu (II) and Ni (II)
 
ions from the surface of pyrrhotite by 

forming metal-DETA complexes. (2) Hydrophilic precipitates formed from 
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combination of DETA, metal, and S2O4
2-

 or S3O6
2-

 may play an important role in 

pyrrhotite depression 
3, 4, 12-16

. 

DETA is a colorless hydroscopic liquid and soluble in water as well as in 

hydrocarbons 
9
. As shown in Figure 2.1, DETA molecule has three nitrogen atoms 

and each nitrogen atom has a pair of non-bonding electrons. DETA can either 

accept H
+
 to form protonated species [Hn(DETA)]

n+
 (n=1~3), or donate non-

bonding electron pairs to specific metal ions to form metal-DETA complexes. For 

example, DETA can form [Ni(DETA)]
2+

 and [Ni(DETA)2]
2+

 complexes with Ni
2+

 

ions or react with Cu
2+

 ions to form [Cu(DETA)]
2+

 and [Cu(DETA)2]
2+

 complexes, 

depending on the molar ratio of metal ions to DETA and solution pH in the 

system. DETA has been known as an excellent chelating agent for specific metals: 

Cu (II), Ni (II) and Zn (II) 
10

. 

 

Figure 2.1 DETA molecule 

However, a potential environmental issue regarding metal ion concentrations in 

effluents has drawn attention at the wastewater stream of Vale operation at 

Sudbury 
11

. The increment of heavy metal species in effluents has become a major 

environmental concern at Vale since the concentration of heavy metal species in 
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Vale’s treated wastewater might exceed the limit of government regulations. 

Since Cu-DETA complexes are very stable at the wastewater stream and could 

not be precipitated by raising the pH above 11 with lime addition 
10

, it is essential 

to develop an effective method to control DETA level as well as to reduce the 

concentration of copper species in waste effluents. The following strategies have 

been developed at Vale to control DETA level with the target to control the heavy 

metal concentrations 
11

: (1) To develop DETA replacements as pyrrhotite 

depressants. (2) To reduce DETA concentration in liquid phase in wastewater 

stream based on the understanding of DETA adsorption mechanism on minerals 

and DETA species distributions, such as maximizing DETA adsorption onto 

pyrrhotite and rock tailings while minimizing DETA desorption from mineral 

surface into effluents during mineral processing and the disposal of tailings. (3) 

To add adsorbents to capture additional free or complexed DETA in the tailings 

water. Dong and Xu 
11

 investigated how to reduce DETA residual in tailing water 

with the mixture of zeolite and flotation tailings. They compared the DETA 

adsorption and desorption properties on pyrrhotite, rock tailings, natural zeolite 

and the mixtures. It was demonstrated that natural zeolite was a potential 

adsorbent for DETA and DETA-metal complexes. In addition, the tailings could 

adsorb extra DETA or metal-DETA complexes by the addition of small amount of 

zeolite 
11

.   
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2.2 Current Technologies for Heavy Metal Removal 

Many technologies for removing heavy metal ions were considered to meet the 

mandatory discharge regulations of waste effluents. The most common 

technologies include chemical precipitations, ion exchange, reverse osmosis, ion 

flotation and adsorption, etc. A brief review of these existing technologies for 

heavy metal removal is introduced below 
17, 18

.  

2.2.1 Ion exchange 

The ion exchange process relies on the exchange of certain specific undesirable 

cations or anions in wastewater with sodium, hydrogen, chloride, etc. in porous 

polymer resins of either a styrene or an acrylic matrix. The ion exchange process 

could be stopped if the treated solution exhausts the resin exchange capacity. The 

exhausted resin can be regenerated by stripping off the captured ions in the ion 

exchange operation using other chemicals then converting the resin back to its 

initial composition for the next cycle use.  

2.2.2 Reverse osmosis 

Reverse osmosis (RO) is a membrane-technology filtration method that removes 

many types of large molecules and ions from solutions by applying pressure to the 

solution when it is on one side of a selective membrane. The result is that the 

solute is retained on the pressurized side of the membrane and the pure 

solvent/water is allowed to pass to the other side. To be "selective", this 

membrane should not allow large molecules or ions through the pores but should 
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allow smaller components of the solution (such as the solvent or water) to pass 

freely. 

2.2.3 Ion flotation 

The ion flotation involves the removal of surface-inactivate ions from aqueous 

solutions by the addition of surfactants to form ion-surfactant pairs. The 

subsequent passage of gas bubbles through the solutions is for flotation.  

2.2.4 Precipitation 

Precipitation is a well-known process capable of removing heavy metals from 

solutions 
19, 20

. Hydroxide precipitation, for example, is an effective and easy 

method to remove large quantities of heavy metals from wastewater. The solution 

pH is enhanced by the addition of sodium hydroxide or lime. The metal 

hydroxides precipitate when the pH increased to exceed the solubility of metal 

hydroxides, reducing the metal concentrations in solutions. The precipitation 

method has been extended to industry application due to its simplification. 

However, problems associated with metal precipitations include the solid-liquid 

separation, the disposal of the voluminous sludge with a high water content, and 

inappropriate disposal of unstable precipitates which may potentially lead to 

secondary contamination of water because metal ions can be leached out from the 

precipitated sludge.  

Moreover, as previously stated, copper ions and nickel ions at Vale wastewater 

stream could form stable complexes in the presence of DETA. The stable metal-
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DETA species could not precipitate by adjusting pH to 11 using lime 
11

. Thus, 

precipitation is not a satisfied method to reduce heavy metal concentrations in the 

presence of strong chelating agents. 

2.2.5 Adsorption 

The adsorption process is based on the adsorption of soluble contaminants onto 

solid adsorbents. Various materials, including sandstone, fly ash, natural minerals 

and other surface reactivate adsorbents have been widely used in wastewater 

treatment. Significant progresses have been developed in the past two decades. 

The adsorption process is capable for removing most contaminant species like 

heavy metal and organic compound from solution 
21

.  
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2.3 Use of Activated Carbon in Wastewater Treatment 

Activated carbon has been used as an effective adsorbent due to its porous 

structure with a large surface area ranging among 500 ~ 2000 m
2
/g 

22, 23
. Activated 

carbon is able to adsorb different types of pollutants such as phenols 
24

, dyes 
25

, 

organic compounds, and specific metal ions 
26-28

. Koshima and Onishi 
29

 studied 

the adsorption behavior of a series of metal ions, including Cu (II), Ni (II), Cd (II), 

Ce (III) etc. onto activated carbon in a pH range from pH 1 to pH 13. Marzal, 

Seco, and Gabaldon 
30

 investigated the effect of activated carbon on the 

adsorption of heavy metal ions in single component solutions with Cu (II)/Ni (II) 

and in binary component solutions with Cu (II)-Ni (II), Cu (II)-Cd (II), and        

Cu (II)-Zn (II) as a function of temperature, pH and metal ions vs. carbon ratio. A 

study about the removal of Cu (II) and Pb (II) ions from effluents by using 

activated carbon generated from hazelnut husks was reported by Imamoglu and 

Tekir 
31

.  

Activated carbon used for water treatment is available in two main types: 

powdered activated carbon (PAC) and granular activated carbon (GAC). Most 

research work regarding the removal of pollutants from wastewater has been 

conducted by using GAC due to the fact that the GAC is easier to be isolated from 

the bulk fluid by screening or classification. PAC is less practical in the 

wastewater treatment since it is not efficient to be separated from the waste stream.  

However, PAC requires lower capital cost and less contact time than GAC 
32

.  
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Moreover, activated carbon is a not low-cost material hence its usage can 

sometimes be restricted due to economic considerations in spite of the efficiency 

and applicability for adsorbing various contaminants 
33

. The activation and 

regeneration are great concerns of the activated carbon application in industry.  

Therefore, the use of activated carbon in industry for wastewater treatment is 

limited since it is difficult to be separated from solutions and comparably 

expensive. In addition, the regeneration of the adsorbent and the cost for the loss 

of activated carbon need to be addressed.  
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2.4 Magnetic Carrier Technology  

Magnetic carrier technology (MCT) refers to the tailoring of physical, chemical 

and surface properties of magnetic particles to enable selective or non-selective 

attachment of metal ions, small molecules, macromolecules, biological cells, and 

colloidal particles onto magnetic particles 
34

. MCT was originated in the early 

1940s from the study on wastewater treatment where the objective was to adsorb 

organic matter onto small magnetite (Fe3O4) particles and to subsequently 

separate the loaded magnetite from the process liquor by magnetic separation 
35

. 

MCT technology extended its application to the adsorption of organic dyes by 

polymer coated magnetic particles, to the acceleration of sewages                  

coagulation 
36, 37

, and to the uptake of heavy toxic metals and the purification of 

the hazardous wastewater by magnetic filtration/adsorption technology 
18, 38, 39

.  

2.4.1 Magnetite  

The magnetite (Fe3O4) has been investigated as adsorbent for some hazardous 

species. Most studies reported so far focus on laboratory scale without attempts to 

be applied at larger pilot or industrial scales 
40

.  

The magnetite crystal structure is inverse spinel with a unit cell consisting of 32 

oxygen atoms in a face centered cubic structure and a unit cell edge length of 

0.839 nm 
41

. The magnetic property of magnetite is due to the inter-valence charge 

transfer between Fe (II) in tetra sites and Fe (III) in octahedral sites 
40

. The natural 

magnetite often results from the biological processes and lithogenic origin 
42

. 
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Magnetite (Fe3O4) exhibits some properties similar to metal, which is different 

with other forms of the iron oxides (e.g. goethite, hematite, and maghemite) 
42

.  

Magnetite can be found commonly in igneous and metamorphic rocks.  

A series of methods to synthesize magnetite with specific characteristics have 

been developed. Olowe and Genin 
43

 reported the difference in morphology and 

composition of synthetic magnetite from various routes which included reduction 

of hematite at 400 ºC in hydrogen/air mixture as reducing atmosphere and 

oxidation of ferrous sulphate at alkaline condition by potassium nitrate. Ragazzoni 

et al. 
44

 investigated the method to synthesize magnetite from alkaline hydrolysis 

of ferrous sulphate followed by calcination at 500 ºC. Co-precipitation of 

magnetite from solution results from the alkaline hydrolysis of Fe (II) and Fe (III) 

salts in strong alkaline conditions. Several factors such as the alkali emulsifier, 

reaction temperature, and reaction time affect the formation of final product 
45-48

. 

Erdemoğlu and Sarıkaya 
49

 investigated the hydration of iron oxide particles and 

the adsorption mechanism of heavy metal ions onto magnetite from the view of 

the zeta-potential of magnetite before and after heavy metal ions addition. In 

aqueous systems, iron oxide particles are hydrated and FeOH groups cover the 

surface of iron oxide particles completely. A charge of magnetite surface could be 

developed due to amphoteric dissociation of the surface hydroxide groups like 

M
x+

(OH)x (aq) 
50, 51

. The amphoteric dissociation reactions of hydrated iron oxide 

particles can be expressed in either path as follows, depending on aqueous 

environment.  
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The hydroxylated groups on the surface are available to react with H
+
 or OH

-
 ions 

in solutions to form positively charged FeOH2
+
 or negative FeO

-
 depending on the 

pH of the electrolyte solution.  

The surface charge of metal oxides dispersed in water is a highly pH-dependent 

phenomenon 
52

. The isoelectronic point (IEP) of magnetite is around 4 - 7 at room 

temperature depending on the source of magnetite particles (synthetic or natural) 

and the way of synthesizing magnetite 
49, 53

. Sun et al. 
54

 summarized that the 

hydroxyl groups on magnetite surface was protonated (      
 ) at pH < IEP of 

magnetite and was negatively deprotonated (     ) at pH > IEP of magnetite.    

The affinity between heavy metal ions and metal oxides of adsorbent surface can 

be usually stated as one of the following processes 
55

,  

1) The exchange of metal ions in solution (   ) with the hydroxyl groups 

on adsorbent surface (     , surface chelation or surface complexation): 
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2) The heavy metal ions in solution (    ) hydrolyze first, then the 

hydrolysis species adsorb onto oxides surface: 

               
           

      
                     

               

3) The electrostatic interaction between metal ions and metal oxides surface.  

A large library of data pertaining to the adsorption of metal ions onto various iron 

oxides is available. However, it is important to further understand the adsorption 

process of various heavy metal ions onto magnetite particles.  

2.4.2 Magnetic carrier technology 

Magnetic carriers after loading target species such as metal ions and waste 

organic matter can be captured by applying a magnetic field, leading to an 

efficient separation from effluents. The application of MCT in the removal of 

contaminants from effluents is shown in Figure 2.2 
17, 56

. Magnetic component 

could be dispersed in effluent to adsorb contaminants. After complete adsorption, 

magnetic carriers could be easily separated from solutions by applying an external 

magnetic field.  

Gélinas et al. 
57

 tried to couple DETA to functionalized magnetic carriers to 

reduce the copper ions from dilute streams utilizing the strong chelating effect 

between copper ions and DETA. Cu (II) from dilute streams was selectively 

adsorbed by the DETA-functionalized magnetic carriers prepared by γ-Fe2O3. The 
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results were confirmed by the complexmetric titration using a copper selective 

electrode 
58, 59

. 

 

Figure 2.2 Magnetic carrier technology  

2.4.3 Magnetic activated carbon 

As aforementioned, activated carbon is widely used in the removal of organic or 

inorganic contaminants from wastewater due to its high surface area, porous 

structure, and specific surface reactivity. However, it is difficult to completely 

recover the activated carbon by screening or classification after adsorption. Thus, 

the applications of activated carbon are limited due to the difficulty in separation 

and high cost of materials. Our idea is to coat magnetic particles on the surface of 

activated carbon. The features of activated carbon such as porous structure and 
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high surface area are utilized with the magnetic properties of magnetite by 

depositing the magnetic particles on activated carbon.  

Oiliveira et al. 
60

 investigated the preparation of iron oxide modified activated 

carbon by co-precipitation method and its application in organic compound 

adsorption. The characterization results by powder X-way diffraction (XRD), 

thermo-gravimetric analysis (TGA), magnetization measurements, chemical 

analyses, and Mössbauer spectroscopy suggested the magnetic phase of iron oxide 

modified activated carbon was the mixture of maghemite (γ-Fe2O3) and magnetite 

(Fe3O4). Then they reduced maghemite to magnetite by treating iron oxide 

modified activated carbon with H2 at 600 ºC from temperature programmed 

reduction (TPR) profiles. The adsorption of volatile organic compounds, e.g. 

phenol, chloroform and chlorobenzene from solutions onto synthetic iron oxide 

modified activated carbon were studied. Yang et al. 
61

 tried to impregnate Fe3O4 

particles into pores of modified activated carbon with the assistance of an 

ultrasonic bath in the study of the removal of dye, methylene blue (MB) from 

effluents. To validate the structure of iron oxides inside porous carbon, X-ray 

diffraction (powder XRD) and transmission electron microscopy (TEM) were 

employed.  

Cu (II), Co (II), Cd (II) adsorption onto carbon-encapsulated magnetic 

nanoparticles (CEMNPs) were studied and compared with those adsorption onto 

pure activated carbon by Pyrzyńska and Bystrzejewski 
62

. They investigated the 

adsorption of heavy metal ions onto activated carbon, carbon nanotubes, and 
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CEMNPs as a function of pH and initial metal concentrations. They confirmed 

that activated carbon had a lower affinity of metal ions than CEMNPs does, even 

though the MB-relative surface area of activated carbon was obviously higher 

than that of CEMNPs. They suggested that the adsorption mechanism of cations 

may vary at various pH values since the pH affects the structure of the adsorbent 

surface and the structure of adsorbate existing in the aqueous solution. It is 

commonly believed that the adsorption mechanism is attributed to the interaction 

between the metal ions and the surface functional groups (e.g. -COOH) on the 

surfaces of carbon adsorbents 
63

. Pyrzyńska and Bystrzejewski 
62

 introduced the 

concept of surface charge density (SCD) to compare the adsorption efficiencies 

among different carbon materials. They drew the conclusion that the low SCD 

resulted in weak probability of appearance of the sites with the divalent negative 

charge (i.e. two carboxylic groups located in a confined area). The adsorptions of 

metal ions on the surfaces of carbon-based materials were strongly affected by 

surface characteristics of adsorbents.  
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2.5 Carbon-in-Pulp in Gold Recovery 

Cyanidation is an important process of extracting gold from its ores in the past 

100 years 
64

. The carbon-in-pulp (CIP) process has been an alternative form rather 

than zinc cementation for gold recovery from cyanide solutions in gold extraction 

industries since CIP was introduced in 1880 
65, 66

. The principle of the gold 

extraction method with activated carbon is to attack the minerals with aqueous 

potassium cyanide solution in presence of air and to transform gold metal to gold 

cyanide which is preferentially adsorbed onto activated carbon 
67, 68

. The 

adsorption of gold onto activated carbon and the regeneration of the activated 

carbon for reuse are two very important processes in the cyanidation process of 

gold leaching and recovery 
69

.  

Several investigations regarding the mechanism of the adsorption of gold cyanide 

on activated carbon have been carried out. Even though the exact mechanism of 

gold cyanide adsorption onto activated carbon is not quite clear, it is generally 

accepted that: (1) The extraction of Au(CN)2
-
 is strongly enhanced with the 

presence of electrolytes such as KCl or CaCl2 in the adsorption medium. (2) The 

adsorption is strongly pH dependent: adsorption could be increased by enhancing 

the acidity of the adsorption effluents. The possible mechanisms of aurocyanide 

adsorption on activated carbon were hypothesized by researchers. Those different 

mechanisms for the gold cyanide adsorption onto activated carbon could be 

summarized as follows 
69

: 

1) Gold is present as aurocyanide ions. 
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2) Gold is present as a compound other than the aurocyanide ion (e.g., 

precipitated AuCN). 

3) Aurocyanide is reduced to metallic gold.  

McDougall et al. 
69

 studied the gold cyanide adsorption on activated carbon with 

or without electrolytes and acids with X-ray photoelectron spectroscopy (XPS). 

They found that gold had an oxidation state of Au (I) after loaded on the surface 

of activated carbon. Thus, they postulated that the aurocyanide adsorption onto 

activated carbon involved the adsorption of less soluble M
n+

[Au(CN)2]n complex 

(M = Na
+
, K

+
, Ca

2+
, H

+
) at the initial adsorption stage, and followed by a 

reduction step in which either a sub-stoichiometric Au(CN)x surface species or a 

cluster-type compound of gold was formed.  

Even though the mechanism of gold cyanide adsorption onto activated carbon is 

not clear at present, the CIP process has already been used successfully in 

commercial gold mine. Chapman 
70

 patented the process of using activated carbon 

for the gold recovery in 1943. Fine activated carbon was added to a cyanide pulp 

to adsorb gold. The loaded carbon was recovered by floating in the presence of a 

frother. The flotation froth was collected and then smelted for gold extraction.   

The most challenge in CIP is to establish a suitable means of stripping adsorbed 

gold from loaded carbon 
71

. In the early process to recovery gold from slime at the 

Gechell Mine in Nevada, the loaded granular carbon was smelted to recover gold, 

followed by electro winning which was a costly procedure 
72

. The carbon process 

in gold recovery did not get great improvement until the Zadra process was 
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developed 
73

. In Zadra process, thermal reactivation and regeneration of 

chemically eluted carbon were employed before carbon recycle at about 650 °C in 

the absence of air in an indirectly fired rotary kiln.  

In addition, the particle size of activated carbon has a significant effect on the rate 

of gold adsorption according to Davidson’s preliminary study about the activated 

carbon in gold-plant solutions 
71

. Cho et al. 
74, 75

 found that the size of carbon 

granules affected the initial rate of gold adsorption and observed faster rates for 

the smaller size fractions. Here comes the problem that the smaller particles of 

activated carbon are harder to be separated from liquids with traditional methods.  

Based on the previous review, objectives of this research are to develop an 

effective and uncomplicated method to prepare M-AC, to characterize synthesized 

M-AC, to study the adsorptive behavior of M-AC for potential contamination 

species (copper, nickel and DETA) and compare with that of activated carbon or 

iron oxides, to model the adsorption data to get a satisfactory adsorption isotherm, 

to investigate the recycle and reuse of M-AC and to study the potential use of    

M-AC in gold recovery.   
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CHAPTER 3   EXPERIMENTS 

3.1 Materials  

Ferric chloride hexahydrate (FeCl3·6H2O), ferrous chloride tetrahydrate 

(FeCl2·4H2O), sodium hydroxide (NaOH), copper sulfate pentahydrate 

(CuSO4·5H2O), nickel sulfate hexahydrate (NiSO4·6H2O) and hydrochloric acid 

(HCl, 1 M) were purchased from Fisher Scientific (Canada) with reagent grade 

and used as received. Potassium dicyanoaurate (I) (KAu(CN)2, trace metal basis) 

was purchased from Sigma-Aldrich Inc. (USA) and used as received. Activated 

carbon (-100 mesh) was purchased from Sigma-Aldrich Inc. (USA), followed by 

screening the particle size in the range of 45 ~ 106 μm prior to use. Unless 

otherwise stated, all the experiments were carried out with deionized water 

prepared by Elix-5 system followed by purification with a Millipore-UV unit with 

final resistance of 18.2 MΩ. 
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3.2 Methodology 

3.2.1 X-ray diffraction (XRD) 

X-ray technique is based on observing the scattered intensity of an X-ray beam 

hitting a sample as a function of incident and scattered angle, polarization and 

wavelength or energy of the incident X-ray beam. X-ray diffraction pattern is 

direct evidence for the periodic atomic structure of crystals postulated according 

to the Bragg’s law: 

            

where   is an integer, the variable   is the wavelength of the incident X-ray beam, 

the variable   is the distance between atomic layers in a crystal, and   reflects the 

X-ray beams at certain angles of incidence.  

In this study, the crystal structure of sample was determined using a powder x-ray 

diffraction system, RIGAKU rotating anode XRD system (Rigaku Corp., Japan) 

equipped with Rigaku RU-200B as generator which used copper as anode target. 

The power was set at 40 Kv, 110 mamp s. Refelctive mode (scan both the theta 

and 2 theta axis) was employed.   

3.2.2 Magnetization measurement 

The magnetization curve measurement was carried using Torque Magnetometer in 

physical property measurement system (Quantum Design 9T-PPMS 

magnetometer, Quantum Design Inc., USA). A magnetic field in the range of ± 30 
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kOe at 300 K with 100 Oe scanning per second was used for magnetization 

measurement. The samples were sealed in plastic wrap and then mounted on a 

sample holder.  

The Torque Magnetometer option performs angular-dependent measurements of 

the magnetic torque       experienced by a sample of magnetic moment   

in an applied magnetic field  . When the torque of the samples is known, the 

moment of the sample can be determined. 

3.2.3 Surface area/pore size analyzer  

The surface areas of materials were determined through gas adsorption analysis 

based on BET theory, an extension of Langmuir theory. BET theory is a theory of 

multilayer gas adsorption with the following hypotheses: (a) physical adsorption 

of gas molecules on a surface; (b) no interaction between each adsorbed gas layer; 

and (c) Langmuir theory is applicable to each adsorption layer 
9
.   

Surface area and pore size distribution measurements were conducted by 

Autosorb-1-MP (Quantachrome Instruments, USA) with nitrogen as probing gas. 

All the samples were degased at room temperature for 12 hours prior to 

adsorption/desorption process. Seven points of adsorption, five points of BET 

followed by seven points of desorption were chosen for measurements.  
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3.2.4 Total carbon analyzer 

The carbon content in M-AC particles were measured through CM5300 Furnace 

module (UIC Inc., USA) followed by CM5015 CO2 coulometer (UIC Inc., USA). 

The combustion temperature was selected at 1100 °C to completely oxidize all 

forms of carbon. The sample combustion gases are swept through the barium 

chromate catalyst/scrubber to ensure complete oxidation of carbon to CO2. Non-

carbon combustion products, such as SO2, SO3, HX and NOx, are removed from 

the gas stream by a series of chemical scrubbers. The CO2 is then measured with 

the CO2 coulometer.  

The coulometer is used as the detector with different carbon front-end units to 

detect carbon. The coulometer cell is filled with a proprietary solution containing 

monoethanolamine and a colorimetric pH indicator. The cell assembly is then 

placed in the coulometer cell compartment between a light source and a 

photodetector in the coulometer. As a CO2-containing gas stream passes into the 

cell, the CO2 is quantitatively absorbed, reacting with the monoethanolamine to 

form a titratable acid. This acid causes the color indicator to fade. Photodetection 

monitors the change in the color of the solution as a percent transmittance (% T). 

As the % T increases, the titration current is automatically activated to 

electrochemically generate base at a rate proportional to the % T. The current 

stops when the solution returns to its original color (original % T). The titration 

current is measured continually and integrated to operator selected units.  
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3.2.5 Laser particle sizer 

The particle size distributions were measured by laser particle sizer (Malvern 

Mastersizer 2000, UK). The Mastersizer 2000 is a laser diffraction-based analyzer 

capable of testing the size distribution ranging from 0.02 to 2000 micrometer.  

A Mastersizer 2000 system is made up of three main parts: optical bench, sample 

dispersion unit and instrument software. A dispersed sample passes through the 

measurement area of the optical bench, where a laser beam illuminates the 

particles. A series of detectors then accurately measure the intensity of light 

scattered by the particles within the sample over a wide range of angles. Sample 

dispersion is controlled by a range of wet and dry dispersion units. These ensure 

the particles are delivered to the measurement area of the optical bench at the 

correct concentration and in a suitable, stable state of dispersion. The Mastersizer 

2000 software controls the system during the measurement process and analyzes 

the scattering data to calculate a particle size distribution. Deionized water was 

used as dispersant.  

3.2.6 Scanning electron microscope (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that 

images a sample by scanning it with a beam of electrons in a raster scan pattern. 

The electrons interact with the atoms that make up the sample producing signals 

containing information about the sample's surface topography, composition, and 

other properties such as electrical conductivity. 
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The types of signals produced by a SEM include secondary electrons (SE), back-

scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence), 

specimen current and transmitted electrons depending on various models. 

Secondary electron detectors are common in all SEMs. The signals result from 

interactions of the electron beam with atoms at or near the surface of the sample. 

In the most common or standard detection mode, secondary electron imaging (SEI) 

can produce very high-resolution images of a sample surface, revealing details 

less than 1 nm in size. Due to the very narrow electron beam, SEI micrographs 

have a large depth of field yielding a characteristic three-dimensional appearance 

useful for understanding the surface structure of a sample. 

Backscattered electrons (BSE) consist of high-energy electrons originated from 

the electron beam which are reflected or back-scattered out of the specimen 

interaction volume by elastic scattering interactions with specimen atoms 
77

. 

Heavy elements which with higher atomic numbers enable to backscatter 

electrons strongly than light elements with lower atomic numbers appear brighter 

in the image compared with lighter elements. Backscattered electrons combined 

with energy-dispersive x-ray spectroscopy (EDS) which relies on the interaction 

of some source of X-ray excitation and sample are used to detect the contrast 

between areas with different chemical compositions. 

Two different models of scanning electron microscope were employed to study 

the particle morphology in this project: 
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a) Hitachi S-2700 Scanning Electron Microscope 

Hitachi S-2700 scanning electron microscope (Hitachi High Technologies 

America, Inc., USA) equipped with a PGT (Princeton Gamma-Tech, USA) IMIX 

digital imaging system and a PGT PRISM IG (Intrinsic Germanium, USA) 

detector for energy dispersive X-ray spectroscopy (EDS) was used in this study.  

The backscattered electron detector (electronics system 47 four quadrant solid 

state backscattered electron detector) was used. Backscattered electrons (BSE) are 

beam electrons that are reflected from the sample by elastic scattering. BSE are 

often used in analytical SEM along with the spectra made from the characteristic 

X-rays, because the intensity of the BSE signal is strongly related to the atomic 

number (Z) of the specimen. BSE images can provide information about the 

distribution of different elements in the sample. Characteristic X-rays are emitted 

when the electron beam removes an inner shell electron from the sample, causing 

a higher-energy electron to fill the shell and release energy. These characteristic 

X-rays were used to identify the composition and measure the abundance of 

elements in the sample. 

b) SEM-Vega 3 

Scanning electron microscope Vega-3 (Tescan, Czech Republic) was equipped 

with EDXS detector (Oxford Instruments, UK). The Vega 3 was set at high 

vacuum mode (pressure < 3 x 10
-3

 Pa). EDXS was set at 133 eV resolutions.  
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3.2.7 Zeta-potential measurement 

Zeta-potential measurements were carried out by Brookhave ZetaPALS 

(Brookhave Instruments Corp., USA). Surface charges of fine particles were 

measured in aqueous solution using phase analysis light scattering to determine 

the electrophoretic mobility of charged suspension.  

3.2.8 Trace nitrogen analysis  

Nitrogen analysis was conducted on an Antek 9000 Series Nitrogen/Sulfur 

Analyzer with 735 syringe model (Antek/PAC, Houston, USA). Antek 9000NS 

Analyzer has two detector channels: channel A (detector A) was designed to 

detect nitrogen, and channel B (detector B) was designed for sulfur. In this study, 

only the nitrogen signal in channel A was recorded and analyzed. 

For nitrogen analysis, the oxidant furnace temperature was set at 1050 ºC. The 

mass flow of gases was set at: inlet argon, 130 ml/min; inlet O2: 25 ml/min; Pyro 

O2: 450 ml/min and nitrogen ozone: 35 ml/min. A certain amount of liquid sample 

(10 μL) was injected into the furnace via the 735 syringe for analysis.  Standard 

solutions of DETA ranging in concentration from 0 to 25 mg/L were used to 

acquire calibration curve. The amount of DETA in sample was calculated 

according to the calibration curve of channel A.  
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3.2.9 Atomic absorption spectroscopy (AAS) 

Atomic absorption spectroscopy was conducted in a SpectrAA 220FS (Varian Inc., 

USA) to determine the total concentration of Cu, Ni, Fe and Au in solution. 

SpectrAA 220FS is a double beam system using flames to atomize samples. The 

absorbance can be used to quantitatively determine the Cu/Ni/Fe/Au 

concentration in the solution according to the Beer-Lambert law. 

Standard solutions for atomic absorption spectrometry with 1000 mg/L 

Cu/Ni/Fe/Au were purchased (Fisher Scientific, USA) and diluted to a series of 

desired concentrations for calibration prior to measurement.  

3.2.10 Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) 

TOF-SIMS refers to a powerful surface analytical technique which is a 

combination of secondary ion mass spectroscopy (SIMS) and time-of-flight mass 

spectrometer. When fast ions (primary ions) hit the surface of a material, all or 

partial of their energy is transferred to the target atoms and may cause some of the 

target atoms ejected as ions (secondary ions). The secondary ions could be 

separated by a TOF mass spectrometer and detected by a SIMS. Since the 

secondary ions originate predominantly from surface within 5 nm depth, TOF-

SIMS is the most sensitive method among all surface techniques to detect the 

trace chemicals on the surface.  

In this study, TOF-SIMS analysis was completed in an ION-TOF-SIMS IV 

instrument (ION-TOF GmbH). A Bi
+
 ion gun was used as an analysis source, 
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operating at 15 keV and 0.5 pA.  A flood gun was applied to compensate the 

charging effect of samples during spectra acquisition and ion imaging. TOF-SIMS 

IV instrument was operated in a burst-alignment mode. The mass spectra for 

samples were collected from an area of ~ 200 * 200 μm
2
.   
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3.3 Preparation of Magnetic Particles  

Procedures for the synthesis of magnetic activated carbon (M-AC) were as 

follows: 

i. Dissolved FeCl3·6H2O (945 mg, 3.5 mmol), FeCl2·4H2O (348 mg, 1.75 

mmol) in 50 ml deionized water, dispersed 247 mg of commercial 

activated carbon (45 ~ 106 μm) in solution in a three-necked flask,  and 

prepared 15 ml NaOH solution (5 M). 

ii. Stirred mixtures and purged nitrogen into the mixtures for 30 minutes. 

iii. Preheated the mixtures at 70 ℃ in an oil bath for 10 minutes. 

iv. Added prepared NaOH solution dropwisely to precipitate iron oxides on 

activated carbon surface slowly. Kept the reaction for 90 minutes. 

v. Kept the mixtures overnight. 

vi. Washed sample ten times with deionized water to remove uncoated 

activated carbon. Separated magnetic particles using a hand magnet. 

vii. Filtered the sample with 1 μm pore filter paper, rinsed the solid three times 

with deionized water, and then collected the solids. 

viii. Dried samples in a freeze dryer for overnight.  
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3.4 Batch Adsorption Experiments 

The removal of heavy metal ions and DETA species from solution were carried 

out in solutions with various adsorbate by adding different amount of adsorbents 

into the solutions. The detailed procedures of sample preparation were as follows: 

i. Prepared fresh stock solution for 1000 mg/L DETA, 1000 mg/L CuSO4, 

1000 mg/L NiSO4, 1000 mg/L KAu(CN)2 with deionized water. 

ii. Diluted the stock solutions to a series of solutions with desired 

concentrations.  

iii. Added solid adsorbents into the desired volume of solutions with pre-set 

weight. 

iv. Mixed sample in a 4 oz bottle for with desired time in a shaker at 300 rpm. 

v. Separated adsorbents from solutions by magnetic separation for magnetic 

adsorbents and filter it with 0.45 μm filter paper for activated carbon; 

collected clear filtrate for further analysis.  

vi. Analyzed metal ion concentrations in filtrate by AAS and DETA amount 

by trace nitrogen analysis. 

Process water simulating the flotation environment at Vale was prepared with    

2.0 g CaSO4.2H2O, 0.38 g MgSO4.7H2O, 0.6 g MgCl2.6H2O, 50 mg Na2SO3 and 

50 mg potassium xanthate (PAX) in 1 L water. 
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3.5 Stripping Off Species and Regeneration of Magnetic Particles 

After Cu (II), Ni (II) or DETA adsorption onto magnetic particles (M-AC or 

Fe3O4), magnetic particles were collected through magnetic separation. The 

collected magnetic particles were mixed with HCl solutions (dosage: 0.1 wt.% for 

metal ions and 0.5 wt.% for DETA) with a series of concentrations. The mixture 

was shaken at 300 rpm for 30 minutes, and then centrifuged at 3500 rpm for 10 

minutes. The supernatant was collected and further analyzed using AAS for metal 

concentration and trace nitrogen analyzer for DETA concentration.  

The separated magnetic particles after HCl washing were regenerated through  

mixing with NaOH solution (dosage: 0.1 wt.% for metal ions and 0.5 wt.% for 

DETA) of different concentrations or deionized water using a shaker at 300 rpm 

for 30 minutes, followed by 10 minutes centrifuging at 3500 rpm. Again, the 

supernatant was collected and further analyzed. Separated magnetic particles were 

collected for the next cycle of adsorption experiments.  
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CHAPTER 4   RESULTS AND DISCUSSION 

4.1 Characterizations of Magnetic Activated Carbon (M-AC) 

4.1.1 Magnetic properties  

The obtained M-AC particles were immediately and completely attracted to a 

magnet when applying a hand magnet as shown in Figure 4.1, suggesting a good 

magnetic property of synthesized M-AC particles.  

 

Figure 4.1 M-AC particles attracted by a hand magnet 

Figure 4.2 shows the hysteresis loop measured at 300 K with the inset presenting 

the hysteresis in low magnetic field region. The ferromagnetic behavior of 

prepared M-AC was shown with a saturation magnetization of 38.3 emu/g and a 

coercivity of 50 Oe. Remanence magnetization of 1.2 emu/g was measured. This 

indicates the excellent magnetization property of M-AC particles. In addition, the 
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ferromagnetization behavior of M-AC is similar to that of magnetite, suggesting 

the magnetic iron oxides phase on M-AC surface could be magnetite.  

 

Figure 4.2 Hysteresis loop of M-AC (Inset shows hysteresis in low field region.) 
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4.1.2 Crystal structure of the iron oxide deposited on M-AC 

Figure 4.3 (a) – (c) showed the XRD spectra of M-AC, magnetic iron oxides, and 

pure commercial activated carbon. The XRD spectrum of M-AC shown in    

Figure 4.3 (b) suggests the synthesized iron oxide was magnetite (Fe3O4), 

indicating the predominant phase of iron oxides deposited on synthetic M-AC 

surface was magnetite since the XRD spectra of M-AC and magnetite are 

consistent. That is consistent with the ferromagnetic behavior of M-AC in Figure 

4.2 as magnetite is a typical ferromagnetic material. 

The crystal structure and phase of the iron oxide on M-AC could be controlled by 

different ratios of ferrous vs. ferric ions, pH of solutions, reaction temperature and 

reaction time 
48, 78

. The related chemical reaction is shown as follows: 

               
 

⇔             

Ferrous and ferric ions co-precipitated as the form of Fe3O4 on the surface of 

activated carbon in strong alkaline condition under experiment conditions.  
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Figure 4.3 XRD spectra of (a) M-AC, (b) synthesis magnetic iron oxides, and     

(c) pure activated carbon   
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4.1.3 Particle size, specific surface area and average pore size 

Particle size distributions of activated carbon and M-AC are shown in Figure 4.4. 

After screening to 45 ~ 106 μm, the activated carbon particle size was 

predominant in the range of 30 ~ 110 μm in diameter, while some fine particles  

(1 ~ 10 μm in diameter) were still retained due to the difficult separation in 

sieving. Coated with iron oxides, the size of M-AC particles is in the range of 30 

to 110 μm in diameter, similar to the major particle size of activated carbon before 

Fe3O4 deposition. This phenomenon approved that the coated Fe3O4 was formed 

as a thin layer on the surface. In addition, the third peak shown on the particle size 

distribution graph of M-AC indicated that small amount of Fe3O4 formed very fine 

particles which was very difficult to be separated from M-AC due to the weak 

magnetic attraction.   

Table 4.1 presents the specific surface area and pore size results from N2 auto sorb 

measurements. The surface area of pure activated carbon was 1195.8 m
2
/g while it 

was reduced to 543.5 m
2
/g of M-AC after coating magnetic iron oxides on its 

surface. The surface area of Fe3O4 was only 56.6 m
2
/g, much lower than M-AC. 

The average pore diameter for M-AC after depositing iron oxides was 38.2 Å 

which was similar with average pore diameter of pure activated before depositing. 

According to the total carbon analyzer results, the carbon content in M-AC 

particle was 27.7 % by weight.  
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Figure 4.4 Particle size distributions of (a) activated carbon and (b) M-AC 

Table 4.1 Surface area and pore size measurements 

Sample Surface area (m
2
/g) Average pore diameter (Å) 

Activated carbon 1195.8 36.6 

Fe3O4 56.6 - 

M-AC 543.5 38.2 
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4.1.4 Micro-morphologies  

a) SEM images 

The morphologies of activated carbon, synthetic magnetite and M-AC were 

studied by SEM under BSE mode, respectively shown from Figure 4.5 (a) to (f) 

with different resolutions. Figure 4.5 (a) and (b) show the images of pure 

activated carbon after screening. Figure 4.5 (c) and (d) indicate the morphologies 

of synthetic magnetite. In Figure 4.5 (f), magnetite precipitations with relatively 

brighter surface pointed out by white arrow could be observed on the relatively 

darker surface of activated carbon.  

b) EDX mapping images 

To further study the element distribution on the surface of M-AC, EDX mapping 

images of C, Fe and O (Figure 4.6) were required. The EDX mapping of C and Fe 

are complementary to each other. This indicates the coating layer of Fe3O4 on the 

activated carbon in M-AC.  
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Figure 4.5 SEM images of (a) pure activated carbon, (b) higher resolution of (a), 

(c) pure Fe3O4 particles, (d) higher resolution of (c), (e) M-AC, and (f) higher 

resolution of (e)  
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Figure 4.6 (a) SEM image of M-AC, and EDX mapping images of (b) C, (c) Fe, 

and (d) O for the same area of the SEM image   

a b 

c d 
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4.2 M-AC Applications in Single-component Solution  

4.2.1 Heavy metal ions adsorption 

The effects of adsorbent dosage, contact time, solution pH, and initial metal ion 

concentrations on the adsorption of Cu (II)/Ni (II) onto M-AC, activated carbon, 

and Fe3O4 were investigated at room temperature. The contact time for batch 

adsorption experiment was set for 120 minutes since it is far enough to reach 

equilibrium according to previous kinetic studies for contamination species 

adsorption 
79, 80

. 

Removal efficiency expressed as removal percentage was used as a significant 

parameter to investigate the affinity of waste species with various adsorbents. The 

removal efficiency (         ) of contaminants was calculated as follows: 

            
     

  
                                     [4 - 1] 

where    indicates the initial concentration of the specific contaminant in mg/L 

and   , the final concentration of the specific contaminant in mg/L after 

adsorption. 

Firstly, we studied the effect of M-AC dosages (0.5 wt.% and 0.1 wt.%) on the 

adsorption of Cu (II) with initial Cu (II) concentrations in the range of 5 ~ 25 

mg/L. The initial Cu (II) concentration range was used to simulate the copper ion 

concentration in practical Vale’s operation 
5
. Figure 4.7 shows that both dosages 

of M-AC (0.5 wt.% and 0.1 wt.%) could remove more than 99 % copper ions 

from effluents. To achieve a higher efficiency for practical applications, the 
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adsorbent dosage 0.1 wt.% was chosen for further studies in copper ions 

adsorption experiments. As nickel ion is similar to copper ion in size, ion charge 

and some chemistry properties, the 0.1 wt.% M-AC dosage was also used in the 

study of nickel ions adsorption onto M-AC particles.   

Secondly, the effect of adsorbent contact time on copper ions removal was 

investigated. As shown in Figure 4.8, the Cu (II) removal efficiency onto M-AC 

increased sharply with enhancing contact time. The 100 % removal of copper ions 

was achieved at 60 minutes and kept consistent with more contact time up to 150 

minutes, indicating that equilibrium status for copper ions loading was achieved at 

60 minutes. The pre-set condition of 120 minutes contact time should be enough 

to get adsorption equilibrium. As previously stated, the contact time for nickel 

ions adsorption was also set at 120 minutes due to the similarities between nickel 

ion and copper ion. 
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Figure 4.7 Cu (II) removal efficiency by M-AC with different dosages (0.5 wt.% 

and 0.1 wt.%) as a function of initial Cu (II) concentrations (initial solution pH = 

4, contact time = 120 minutes)  
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Figure 4.8 Cu (II) removal efficiency by M-AC as a function of contact time             

(Ci = 10 mg/L, adsorbent dosage = 0.1 wt.%,)  
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Thirdly, we studied the effects of solution pH on the Cu (II) adsorption onto      

M-AC and activated carbon respectively (Figure 4.9). The initial Cu (II) 

concentration was 10 mg/L. For both activated carbon and M-AC, the Cu (II) 

removal efficiency increased with enhancing pH values. For activated carbon, 

about 4 % of copper ions were removed at pH 3, and more than 99 % of copper 

ions were removed at pH 7. For M-AC, the Cu (II) removal efficiency by M-AC 

was 15 % at pH 3 while it rapidly reached high removal efficiency (> 99 %) at pH 

4 and kept the same at higher pH. The previous studies regarding metal adsorption 

onto various adsorbents suggested metal hydroxides precipitation in alkaline 

condition may account for heavy metal ion deduction 
81

. As copper hydroxides 

start to precipitate at pH 5 and are predominant at higher pH values 
82

, high 

copper removal efficiency (99 %) above pH 5 might be partly attributed to the 

copper hydroxides precipitation not only as a result of activated carbon or M-AC 

uptake.  At acidic conditions (pH = 3, 4, 5), the removal efficiency of copper ions 

increased as the pH of aqueous solutions enhanced and increased more 

significantly by M-AC compared with activated carbon. Pyrzyńska and 

Bystrzejewski 
62

 investigated the comparative heavy metal ion adsorption onto 

different carbon materials, suggesting that the low adsorption in the acidic region 

could be partially attributed to the competition adsorption between hydrogen ions 

and metal ions onto the same surface binding sites. In addition, the particle 

surface becomes more negatively charged with pH increasing (will be discussed 

later with zeta-potential measurements), leading to an increment of the 

electrostatic attraction between metal cations and adsorbent surfaces.   
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Figure 4.9 Cu (II) removal efficiency by activated carbon and M-AC as a function 

of pH (Ci = 10 mg/L, adsorbent dosage = 0.1 wt.%, contact time = 120 minutes)  
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After that, we investigated the maximum heavy metal ions adsorption onto 

various adsorbents. As aforementioned, M-AC with a lower surface area showed a     

higher removal efficiency for copper ions than that of pure activated carbon. Thus, 

Fe3O4 which was another major composition in M-AC was introduced for batch 

adsorption experiments to study its adsorption property. The adsorption 

behaviours of heavy metal ions onto activated carbon, M-AC and Fe3O4 were 

studied and compared. In this step, the initial solutions with copper concentrations 

in the range of 20 ~ 180 mg/L were used in batch adsorption experiments. Since 

the copper hydroxide precipitations start to be dominant above pH 5 
82

, the 

adsorption experiments were carried out at pH 4 to ensure that the reduction of 

copper concentration was only related to the adsorption onto adsorbents rather 

than copper hydroxide precipitation. The adsorbent dosage was chosen at 0.1 wt. % 

based on preliminary results.  

Figure 4.10 (a) shows that the Cu (II) removal efficiency of activated carbon,    

M-AC, and Fe3O4 decreased as initial Cu (II) concentrations increased. For 

activated carbon, it could remove 86.2 % of copper ions from the initial 20 mg/L 

Cu (II) solution and removed about 20 % of copper ions when initial copper 

concentration exceeded 90 mg/L. At low Cu (II) concentration (20 mg/L), both 

M-AC and Fe3O4 could remove more than 99 % copper ions from solutions.      

Cu (II) removal efficiency by M-AC was lower than that of Fe3O4 and still higher 

than that of activated carbon in the studied Cu (II) concentration range. At the 

highest initial copper ions concentration (180 mg/L), Fe3O4 could remove 32.8 % 
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of copper ions, M-AC could only remove 20.0 % of copper ions, and pure 

activated carbon removed 18.0 % of copper ions.  

Besides the removal efficiency, the species adsorption capacity (  ) is another 

important parameter to study adsorption behaviour since it determines the amount 

of species adsorbed onto per mass of adsorbent in equilibrium. The adsorption 

capacity (  ) was obtained as:  

   [(     )   ]                                           [4 - 2] 

where   indicates the volume of solution in L and  , the weight of adsorbent in g. 

The maximum adsorption capacity (    ) indicates the maximum amount of 

adsorbate loaded onto per mass of adsorbent when the surface of adsorbent is 

saturated. The maximum adsorption capacity which is a unique property among 

various adsorbents with single adsorbed specie is a significant parameter to 

compare the adsorption efficiency among different adsorbents. Figure 4.10 (b) 

presents the Cu (II) adsorption onto per mass of various adsorbents as a function 

of initial Cu (II) concentrations. It shows that Cu (II) adsorption onto carbon 

materials and magnetic particles are highly concentration dependent. The Cu (II) 

adsorption onto activated carbon and magnetic particles enhanced with increasing 

initial Cu (II) concentrations, then reached a plateau at higher concentration. The 

copper adsorption curve onto Fe3O4 reached the plateau at which the maximum 

Cu (II) adsorption capacity was 61.1 mg/g with 160 mg/L copper ions initially, 
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while the maximum Cu (II) adsorption capacity onto M-AC was 36.3 mg/g in 

solutions with initial 120 mg/L Cu (II).  

As three studied particles have different surface area, the species adsorption onto 

per unit area (m
2
) of adsorbents was also investigated. The species adsorption 

onto per unit of surface area (per m
2
) was calculated as following: 

   
(     )  

   
                                                      [4 - 3] 

where S is the surface area of each specific adsorbent in m
2
/g.  

Figure 4.10 (c) shows the Cu (II) adsorption onto per unit area of adsorbents as a 

function of initial Cu (II) concentrations. For the each unit of specific surface area, 

the Cu (II) adsorption onto Fe3O4 was significantly higher than that onto either 

pure activated carbon or M-AC.  
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Figure 4.10 (a) Cu (II) removal efficiency from solutions with various adsorbents, 

(b) Cu (II) adsorption capacity onto per mass of various adsorbents, (c) Cu (II) 

adsorption onto per unit surface area of various adsorbents, as a function of initial 

Cu (II)  concentrations (initial solution pH = 4, adsorbent dosage = 0.1 wt.%, 

contact time = 120 minutes)  
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Many research results regarding Cu (II) adsorption onto magnetite and activated 

carbon have been reported. It is unfair to directly compare the maximum 

adsorption capacity of copper ions onto various adsorbents among different 

investigations since the maximum adsorption capacity relies on a series of factors 

including adsorbent size, surface area of adsorbent, batch adsorption conditions 

like solution pH values and adsorption temperatures, etc. However, a lot of 

research results reported in literatures indicate that the metal adsorptions onto 

carbon materials are highly concentration dependent, consistent with the 

previously presented results.  

A series of factors would be considered when discussing the mechanism of metal 

adsorption by carbon materials. Mohan and Chander 
83

 investigated the single-

component and multi-component adsorption of metal ions onto activated carbon, 

suggesting metal adsorption is a complicated process and no single mechanism 

could explain the metal ions adsorption onto carbon materials from aqueous 

solution. Ion exchange, functional groups on activated carbon surface as well as 

the electrostatic interaction between cations and negatively charged surface of 

carbons might play a role in metal ions adsorption onto activated carbon. The 

well-accepted mechanism of carbon materials loading metal ions suggests that 

cations (and their complexes) are adsorbed due to their interactions with the 

anionic functional groups on carbon surfaces 
63

. In this work, activated carbon 

does not show the best adsorption capacity for copper ions even though it has the 

highest surface area while Fe3O4 removed most copper ions from liquids with the 

lowest surface area. That reflects the surface functionalities of adsorbent surfaces 
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rather than the total surface area play a predominant role in metal loading. Similar 

conclusions could be found from Pyrzyńska and Bystrzejewski’s conclusions 
62

 

and Celis’s work 
84

 regarding Cu (II) and Co (II) adsorption onto activated carbon 

or carbon base materials, as well as the study about Ni (II) adsorption onto carbon 

nanotubes by Boehm 
85

.  

On the other hand, iron oxides also revealed high efficiency in copper ions 

removal from effluents. In published data 
86-89

, the isoelectric point (IEP) of 

magnetite was between pH 4 to pH 7, depending on the various source of Fe3O4. 

Figure 4.11 shows the zeta-potential of three different adsorbents as a function of 

pH. The zeta-potential of adsorbents decreased from positive to negative with 

increasing pH values. Figure 4.11 shows that the IEP of Fe3O4 is around pH 4 

which is similar to the IEP of M-AC. Fe3O4 was nearly neutral charged under 

current experiment conditions (pH = 4) in copper ions adsorption. Based on the 

copper species distribution plot 
82

 and listed equilibrium constants in Appendix, 

the primary copper species are cations, Cu
2+

 or Cu(OH)
+
 at pH 4. Thus, only 

electrostatic interaction between copper ions and particle is not sufficient to 

explain the high adsorption capacity of copper species onto Fe3O4.  According to 

previous investigations 
40, 55

, the adsorption mechanism of metal ions by iron 

oxides could be due to the interaction between surface hydroxyl groups with the 

metal ions or the hydrolysed metal ions. It could occur through either ion-

exchange with metal ions or directly adsorption followed by metal ions hydrolysis, 

as discussed in 2.4.1.  
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Figure 4.11 Zeta-potential of activated carbon, Fe3O4, and M-AC as a function of 

pH  
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M-AC poses the combination properties of activated carbon and Fe3O4. The 

loading ability of M-AC for copper ions is between activated carbon and Fe3O4. 

The removal efficiency of M-AC was improved over pure activated carbon by 

precipitating the magnetite on its surface. The affinity of M-AC with coppers is 

taking advantages of both the functional groups on activated carbon surface as 

well as on magnetite surface. As magnetite has very high affinity with copper ions, 

the M-AC showed a better loading property than activated carbon. 

Moreover, the final solution pH values (Table 4.2) after Cu (II) adsorptions were 

measured for each adsorbent respectively with an initial pH at 4. For three 

adsorbents (activated carbon, Fe3O4 and M-AC), the final pH values was higher 

than initial pH of the solution while final pH decreased with increasing initial    

Cu (II) concentrations. The reduction of final pH when initial metal concentration 

increased may be due to a higher release of hydrogen ions and indicate the       

ion-exchange between copper ions and functional groups on activated carbon 

surface or iron oxide surface 
80, 90

.  However, it is possible that those hydrogen 

ions are from hydrolysis of metal ions in solutions. The increasing final pH after 

adsorption compared with initial pH is due to the release of hydroxyl ions by 

adsorbents (activated carbon, Fe3O4 and M-AC). That could be the hydrolysis of 

adsorbents when suspended in solutions. At the same time, for the adsorption at 

the same initial metal ion concentration, the final pH values for the three 

adsorbents always followed this range: Fe3O4 > M-AC > activated carbon, which 

was in the same order as the Cu (II) removal efficiency. This indicates that the 

higher hydrolysis on adsorbent surface leads to higher affinity between copper 
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ions and adsorbents in solutions. As discussed 2.4.1, here is another evidence to 

suggest the ion-exchange process during adsorption.   

Table 4.2 Selected pH values after Cu (II) adsorption onto various adsorbents with 

initial pH 4 (adsorbent dosage = 0.1 wt.%, contact time = 120 minutes) 

Initial Cu (II) 

concentration (mg/L)   

Final pH after adsorption 

Activated carbon Fe3O4 M-AC 

20 6.28 9.97 7.40 

40 5.80 9.20 6.16 

60 5.43 8.63 5.77 

80 5.06 8.46 5.45 

100 4.91 6.37 5.28 

The Ni (II) removal efficiency and adsorption capacity curve onto different 

adsorbents as a function of initial concentration are shown in Figure 4.12 (a) – (c). 

For all three studied particles, Ni (II) removal efficiency reduced while the 

adsorption capacity increased with increasing Ni (II) concentrations. Similar to  

Cu (II) adsorption, the Fe3O4 showed the best removal efficiency for nickel ions 

from solutions. At lower nickel concentrations (20 mg/L), Fe3O4 was able to 

remove more than 99 % of Ni (II) from solutions while only 60 % of Ni (II) 

adsorbed on M-AC and 40 % of Ni (II) adsorbed on activated carbon. Compared 

with copper ions, nickel ions were less likely to adsorb on magnetic particles or 

carbon materials. That was consistent with the previous reports 
49

 and suggested 

the affinity between involved adsorbents and copper ions is stronger than nickel 

ions.   
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Figure 4.12 (a) Ni (II) removal efficiency from solutions with various adsorbents, 

(b) Ni (II) adsorption capacity onto per mass of various adsorbents, (c) Ni (II) 

adsorption onto per unit surface area of various adsorbents, as a function of initial 

Ni (II) concentrations (initial solution pH = 4, adsorbent dosage = 0.1 wt.%, 

contact time = 120 minutes)  
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4.2.2 DETA species adsorption 

The DETA species adsorption onto M-AC is one of the most significant 

applications in this study. The effect of M-AC dosage on DETA adsorption was 

investigated under room temperature. The highest DETA concentration level at 

Vale operation will not exceed 25 mg/L so concentration range in this step was set 

between 5 ~ 25 mg/L for DETA adsorption. Figure 4.13 shows the DETA 

removal efficiency by M-AC with different dosages as a function of initial DETA 

concentrations. M-AC with different dosages removed about 40 % ~ 90 % of 

DETA from solutions. M-AC with 0.1 wt.% dosage has gradually decreased 

DETA removal efficiency as initial DETA concentrations increased. Unlike      

0.1 wt.% of M-AC, DETA removal efficiency by 0.5 wt.% and 1 wt.% of M-AC 

increased as initial DETA concentrations increased. The 0.1 wt.% of M-AC 

removed about 64.6 % of DETA species from solution with 5 mg/L of DETA 

initially and removed only 42.5 % of DETA at 25 mg/L initially. The M-AC with 

0.5 wt.% or 1 wt.% dosage removed more than 70 % of DETA from solutions, 

while M-AC with 0.1 wt.% dosage removed less than 65 % of DETA.  In addition, 

compared with 0.5 wt.% dosage of M-AC, 1 wt.% dosage of M-AC did not show 

greater improvements in DETA removal.  Thus, 0.5 wt.% of M-AC was chosen as 

the M-AC dosage for further DETA adsorption experiments. Furthermore, as 

shown in Figure 4.14, the DETA removal efficiency increased sharply at the 

beginning of shaking while becoming slowly as shaking a little bit longer. It 

reached equilibrium at 90 minutes with more than 99 % of DETA removal. 
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Figure 4.13 DETA removal efficiency by M-AC with different dosages (1 wt.%, 

0.5 wt.% and 0.1 wt.%) as a function of initial DETA concentrations (initial 

solution pH = 9, contact time = 120 minutes) 
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Figure 4.14 DETA removal efficiency by M-AC as a function of contact time 

(initial solution pH = 9, Ci = 25 mg/L, adsorbent dosage = 0.5 wt.%,) 
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The DETA species adsorption experiments were carried out at pH 9 which was 

similar to the flotation system condition (pH = 9.5) at Vale. The initial DETA 

concentration range was 20 ~ 220 mg/L to investigate the maximum adsorption 

capacity of DETA onto the prepared materials. Figure 4.15 (a) and (b) 

respectively present the DETA removal efficiency and DETA adsorption capacity 

onto per mass of adsorbents as a function of initial DETA concentrations.     

Figure 4.15 (a) shows that the removal efficiency of activated carbon gradually 

decreased with increasing initial DETA concentrations. At lower DETA 

concentrations (20 ~ 60 mg/L), M-AC could remove more than 85 % of DETA 

from solutions. DETA removal efficiency of M-AC decreased with increasing 

initial DETA concentrations. In contrast, pure activated carbon only removed 

65.9 % of DETA from solution at low DETA concentration (20 mg/L). It is 

interesting to note that M-AC plays a better role in removing DETA than pure 

activated carbon even though the surface area of M-AC (543.5 m
2
/g) is much 

lower than that of activated carbon (1195.8 m
2
/g). In addition, the difference in 

DETA removal efficiency between M-AC and activated carbon becomes smaller 

at higher initial DETA concentrations. To compare the adsorption capacity of     

M-AC and activated carbon, Fe3O4 was introduced to batch adsorption 

experiments for DETA species. Fe3O4 showed a similar tendency in DETA 

removal efficiency as M-AC did, but DETA removal efficiency of Fe3O4 was 

always lower than that of M-AC. The DETA removal efficiency of Fe3O4 was 

higher than that of pure activated carbon when initial DETA concentrations were 
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less than 100 mg/L but lower than that of activated carbon when initial DETA 

concentration was more than 100 mg/L.  

In Figure 4.15 (b), for all three studied adsorbents, the DETA adsorption onto per 

mass of adsorbents increased with increasing initial DETA concentrations and 

reached plateau at certain DETA concentrations. This indicated the saturation 

loading on the surface of adsorbent particles. M-AC obtained the maximum 

DETA adsorption capacity (21.9 mg/g) while the maximum DETA adsorption 

capacity onto activated carbon and pure Fe3O4 was 18.2 mg/g and 13.8 mg/g 

respectively.  

According to Rashchi, Finch and Sui 
91

, the predominant DETA species at pH 9 

are protonated species ([H2(DETA)]
2+

 and [H(DETA)]
+
). Equilibrium constants 

are listed in Appendix. From Figure 4.11, at pH 9, the zeta-potential values of 

activated carbon, Fe3O4, and M-AC are - 30 mV, - 35 mV, and - 38 mV, 

respectively. Thus, physical adsorption through the electrostatic attraction might 

be one of the adsorption mechanisms in the DETA adsorption process. However, 

activated carbon with the highest specific surface area did not show the best 

DETA loading efficiency, similar to metal adsorptions onto activated carbon. This 

indicated that physical adsorption could not explain the DETA adsorption 

mechanism onto carbon materials or iron oxides. In addition, the zeta-potential of 

three involved particles at pH 9 did not show obvious difference, but the DETA 

adsorptions on them were so variable. Thus, chemical adsorption mechanism must 

be involved in DETA adsorption process other than physical adsorption through 
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electronic interaction. However, the DETA adsorption process onto involved 

adsorbents is not clear at present.  

Figure 4.15 (c) shows that for given specific surface area, Fe3O4 has adsorption 

capacity of 10 ~ 8 times more than that of the adsorption capacity of M-AC, and 

M-AC has adsorption capacity of 3 ~ 2 times more than that of  activated carbon. 

The strong DETA adsorption on Fe3O4 may be explained by attraction occurred 

between DETA species and the surface hydroxyl groups of Fe3O4. As previously 

discussed, Fe3O4 exposed on the surface of activated carbon during deposition 

process. Compared with certain mass of pure Fe3O4, the relatively higher surface 

area of M-AC explains the reason why M-AC has the best DETA adsorption 

capacity onto per mass of adsorbent (mg/g) among three adsorbents (Figure 4.15 

(b)). However, pure Fe3O4 has the best Cu (II)/Ni (II) adsorption capacity (mg/g) 

among three adsorbents (Figure 4.10 (b) and Figure 4.12 (b)) rather than M-AC. 

This phenomenon could be explained by the size difference between DETA and 

Cu (II)/Ni (II) ions. As the size of DETA is much larger than the size of Cu (II) or 

Ni (II) ion, DETA adsorption on pure Fe3O4 (per m
2
) reached plateau at relatively 

low concentration (80 mg/L) while  Cu (II)/Ni (II) adsorption on pure Fe3O4 (per 

m
2
) reached plateau at relatively high concentration (140 mg/L). M-AC shows a 

better adsorption capacity to adsorb larger species than Fe3O4 as pure Fe3O4 has 

limited surface area for large molecules.  
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Figure 4.15 (a) DETA removal efficiency from solutions with various adsorbents, 

(b) DETA adsorption capacity onto per mass of various adsorbents, (c) DETA 

adsorption onto per unit surface area of various adsorbents, as a function of initial 

DETA  concentrations (initial solution pH = 9, adsorbent dosage = 0.5 wt.%, 

contact time = 120 minutes)  
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4.3 M-AC Applications in Multi-component Solution  

M-AC has shown a good adsorption of single component such as Cu (II), Ni (II) 

and DETA. In this study, two binary systems (Cu-DETA, Ni-DETA) and one 

ternary system (Cu-Ni-DETA) were selected to investigate the adsorption ability 

of M-AC in multi-components solutions. As previously stated, the highest DETA 

concentrations at Vale operation will not exceed 25 mg/L while the highest 

copper concentration would be less than 20 mg/L. Thus, in this study, the DETA 

concentration was stabilized at 25 mg/L with increasing heavy metal 

concentrations up to 25 mg/L. The pH of initial solutions was set at 9.5 to 

simulate the flotation environment at Vale operation.  

Figure 4.16 and Figure 4.17 show the metal/DETA removal efficiency by pure 

activated carbon, Fe3O4, and M-AC in binary component solutions containing   

Cu-DETA or Ni-DETA respectively. For single component systems, M-AC with 

0.1 wt.% dosage was chosen for heavy metal adsorption and M-AC with 0.5 wt.% 

dosage was used for DETA adsorption. Here, in multi-component solution, M-AC 

with 0.5 wt.% dosage was employed due to the presence of DETA in solutions.  

According to the species distribution of Cu-DETA and Ni-DETA in the previous 

reports 
16

, the components in metal-DETA binary system are highly pH 

dependence (equilibrium constants are listed in Appendix). At pH 9.5, the major 

components in Cu-DETA solution are [Cu(DETA)]
2+

, [Cu(DETA)2]
2+

 and 

[Cu(OH)(DETA)]
+
 and the major components in Ni-DETA solution are 

[Ni(DETA)]
2+

 and [Ni(DETA)2]
2+

. The results show that M-AC has higher 
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metal/DETA removal efficiency in binary component systems than either 

activated carbon or Fe3O4. Even though Fe3O4 presented the highest affinity with 

copper or nickel ions in single-component solutions, it did not perform as well as 

M-AC in solutions containing binary components (metal-DETA). Since major 

metal ions (Cu/Ni) existed in the form as DETA complexes, the iron oxides with a 

lower adsorption capacity for DETA due to its low surface area did not show high 

removal efficiency for metal-DETA complexes. M-AC could adsorb more than 

99 % of heavy metal ions (copper/nickel) and 99 % of DETA species from metal-

DETA solution in the studied concentration range. Similar to single-component 

system, activated carbon did not show the metal/DETA removal efficiency as 

high as the other two adsorbents.   

The removal efficiencies of activated carbon, Fe3O4 and M-AC in a ternary 

system (Cu-Ni-DETA) were studied in deionized water and process water 

respectively. The M-AC dosage was chosen at 0.5 wt.%, while the concentration 

of DETA was stabilized at 25 mg/L, and the pH of solution was adjusted to 9.5. 

For the ternary system (Cu-Ni-DETA) in pure water (Figure 4.18), M-AC could 

remove nearly 100 % of Cu (II)/Ni (II) and more than 97% of DETA from 

solutions. Meanwhile, Fe3O4 could remove more than 80 % of Cu (II), more than 

90 % of Ni (II) and 80 % of DETA from solutions. Activated carbon removed 

around 40 % of DETA from solutions, up to 65 % of Cu (II) and 96 % of Ni (II) 

from solutions. Moreover, it is noticeable that activated carbon removed more 

nickel than copper at various concentrations. Since copper ions are more 

favourable than nickel ions to form complexes with DETA (equilibrium constants 
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listed in Appendix) and DETA concentration after loading on activated carbon 

was still higher than 16 mg/L, copper ions were more likely to remain in solutions 

to form stable complexes with DETA rather than adsorbed onto activated carbon. 

This explains why the copper removal efficiency was lower than nickel in Cu-Ni-

DETA system on activated carbon. 

In process water system, M-AC (Figure 4.19) did not show absolute advantages in 

removing containments compared with pure activated carbon but better than pure 

iron oxides. Figure 4.19 shows that the removal efficiency of Fe3O4 for 

contaminants in process water decreased more significantly than other two carbon 

materials in process water. This indicated that iron oxides had poor selectivity in 

the presence of other competitive species during adsorption process. Iron oxides 

adsorb other contaminants in process water to occupy the binding sites, which 

leads to low removal efficiency for Cu/Ni/DETA species in process water. The 

decreasing species removal efficiency of M-AC in process water is partly due to 

the deposited iron oxides.  
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Figure 4.16 Removal efficiency by various adsorbents for (a) Cu (II) and (b) 

DETA in solution containing Cu-DETA species (initial solution pH = 9.5, 

adsorbent dosage = 0.5 wt.%, contact time = 120 minutes)  
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Figure 4.17 Removal efficiency by various adsorbents for (a) Ni (II) and (b) 

DETA in solution containing Ni-DETA species (initial solution pH = 9.5, 

adsorbent dosage = 0.5 wt.%, contact time = 120 minutes)  
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Figure 4.18 Competitive adsorption in pure water system: (a) Cu removal 

efficiency, (b) Ni removal efficiency, (c) DETA removal efficiency (initial 

solution pH = 9.5, adsorbent dosage = 0.5 wt.%, contact time = 120 minutes) 
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Figure 4.19 Competitive adsorption in process water system: (a) Cu removal 

efficiency, (b) Ni removal efficiency, (c) DETA removal efficiency (initial 

solution pH = 9.5, adsorbent dosage = 0.5 wt.%, contact time = 120 minutes) 
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To further understand the fundamental principle how metal-DETA species adsorb 

on M-AC, TOF-SIMS was employed to investigate the surface images of M-AC 

after metal-DETA species adsorption. To simplify the system, images were taken 

after loading in binary component system. Here solution containing 15 mg/L 

copper combined with 25 mg/L DETA was chosen. As shown, Figure 4.20 (a) – 

(c) are images of the basic materials. It shows the ion pieces of carbon, oxide, and 

iron oxides which are components of M-AC. Figure 4.20 (d) is the isotope copper 

ion which indicates the adsorption of copper ions on M-AC surface. Figure 4.20 

(e) is the C2H4N ion piece which could come from the segments of the DETA 

molecule. Figure 4.20 (f) is the image of CH2N
63

Cu captured from Cu-DETA 

complexes. This suggests that the copper adsorption on M-AC is in the form of 

copper-DETA complex. The affinity between M-AC surface and copper/DETA 

species are not strong enough to separate copper or DETA from Cu-DETA 

complexes. Instead, Cu-DETA complexes are present on the M-AC surface. In 

addition, copper ions, DETA and Cu-DETA complexes are found in the area with 

oxide and iron oxide signal only but without carbon signal, as indicated by white 

arrow. This suggests the interaction between iron oxides on carbon surface and 

the species in solutions, confirming that iron oxides deposited on activated carbon 

surface significantly affect the adsorptive behavior of M-AC compared with pure 

activated carbon.   
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(a) C                             (b) O                             (c) FeO 

 

(d) 
63

Cu                    (e) C2H4N                     (f) CH2N
63

Cu 

Figure 4.20 TOF-SIMS images of M-AC after adsorption (15 mg/L Cu + 25 mg/L 

DETA, initial solution pH = 9.5, adsorbent dosage = 0.5 wt.%)  
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4.4 Adsorption Isotherm 

In order to describe the equilibrium adsorptive behavior for Cu (II), Ni (II) and 

DETA on three kinds of adsorbents, various adsorption isotherm models were 

introduced to study the satisfactory adsorption isotherm equations for 

experimental data. An adsorption isotherm equation expresses the relation 

between the amount of solute loaded on adsorbents and the concentration of the 

solute in the fluid phase at a given constant temperature. In this study, all 

adsorption data were collected at room temperature.  

4.4.1 Adsorption isotherm models 

The Langmuir and Freundlich isotherm models 
21, 79, 92

 were employed for 

modeling the experimental adsorption data between the two phases as follows: 

a) Langmuir equation 

The Langmuir equation is generally corresponded to monolayer adsorption which 

is based on four important assumptions: (1) Adsorption only occurs at definite 

localized “sites” on the adsorbent surface. (2) Only one molecule of adsorbent 

species could be bonded onto each site. (3) Adsorption energy between adsorbent 

molecule and each site of adsorbent is the same for all sites. (4) There is no 

interaction around the adsorbed species molecules. 

  

  
 

 

    
 

  

  
                                               [4 - 4] 
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where    is the equilibrium concentration of solutes in solutions in mg/L,    is 

the amount adsorbed onto adsorbent at equilibrium in mg/g.    and   are two 

parameters. The parameter    (mg/g) is the maximum value that    tends 

towards as    becomes larger. Physically    represents the concentration of the 

adsorbed species on the adsorbent surface when complete monomolecular layer of 

coverage is achieved.   is a constant parameter reflecting the binding energy 

between adsorbent surface sites and the adsorbing species due to the assumed 

homogeneity of the adsorption surface sites.  

b) Freundlich equation 

      
   

                                                 [4 - 5] 

where the   indicates bond energies between adsorbed species and the adsorbent, 

and   is related to the bond strength in Freundlich equation. It is important to 

point out that, unlike Langmuir equation, Freundlich equation as shown allows    

increasing without limit as    increases, but it is physically impossible. Thus, 

Freundlich equation will not be a suitable model with very high    values since it 

might be failed in fitting experimental data.  

Unlike Langmuir model, Freundlich model do not impose any requirement to the 

complete monolayer coverage. The Freundlich model implies that the energy 

distribution for the adsorption onto surface is essentially of an exponential type, 

more consistent with experimental evidence. It means that some surface “sites” 
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are more energetic to bind the adsorbed species more strongly while some other 

“sites” are less energetic to bind solute compared with high energetic sites. 

4.4.2 Adsorption isotherm in single/multi component adsorption 

Figure 4.21 to Figure 4.26 respectively present the linearized Langmuir and 

Freundlich isotherm plots for adsorption of Cu (II)/Ni (II)/DETA onto different 

adsorbents in three single systems, two binary systems and one ternary system. 

Table 4.3 to Table 4.7 list the various calculated isotherm constants and 

correlations coefficients (R
2
) which indicate the goodness-of-fit of experimental 

data: The closer to 1 R
2
 value is, the better relative model fits experimental data. 

For single component systems, the Langmuir isotherm fitting is more suitable for 

Cu (II), Ni (II) and DETA adsorption onto Fe3O4 and M-AC. Meanwhile, the 

Freundlich isotherm fitting is more suitable for Cu (II), Ni (II) and DETA 

adsorption onto activated carbon as shown in Figure 4.27.  

As discussed in section 4.4.1, Langmuir is more suitable for a uniformly physical 

monolayer adsorption whereas Freundlich is more suitable for a rough and 

exponential adsorption process onto surfaces with uneven binding sites. The 

previous studies show that the functional groups and charging are not even on the 

surface of activated carbon. The Freundlich isotherm which implies that the 

energy distribution for the adsorption “sites” is an exponential type essentially is a 

better alternative to describe the metal ions and DETA adsorption onto activated 

carbon surface. On the other hand, the fitting results suggest that the metal ions 

and DETA adsorption onto magnetite fits Langmuir isotherm better, suggesting 
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adsorption onto magnetite is more uniform compared with activated carbon. The 

chemical adsorption is involved in the studied species adsorption onto M-AC and 

iron oxides since the experimental data fits better to the Langmuir isotherm which 

reflects the monolayer chemical adsorption. Moreover, the adsorption behaviour 

of M-AC is more similar to that of iron oxides than activated carbon since both     

M-AC and iron oxides adsorption data fits Langmuir isotherm better while 

activated carbon adsorption process fits Freundlich isotherm better. This 

phenomenon suggests that the magnetite deposited on activated carbon plays a 

significant role in heavy metal ions and DETA loading, consistent with the 

previous experimental results.  

In addition, by comparing the Langmuir parameter    of various adsorptions, we 

found that    of the Cu (II)/Ni (II) adsorption onto Fe3O4 is higher than    of 

adsorption onto M-AC, indicating Fe3O4 has the larger maximum Cu (II)/Ni (II) 

adsorption ability than M-AC. In contrast, as shown in Table 4.5 for the DETA 

adsorption onto Fe3O4 and M-AC with Langmuir fitting,    of DETA adsorption 

on M-AC is higher than that of Fe3O4. This indicates Fe3O4 has lower maximum 

DETA adsorption capacity than M-AC.  

The isotherm fittings in multi-component adsorption are presented from       

Figure 4.24 to Figure 4.26. For multi-component system, the Freundlich isotherm 

fitting (Figure 4.27) is more suitable than Langmuir isotherm fitting. The fitting 

methods were not employed for Ni (II) in binary systems after M-AC adsorption 

as the final concentrations of Ni (II) were too low to be detected by AAS.   
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Figure 4.21 (a) Langmuir isotherm plot, and (b) Freundlich isotherm plot for 

adsorption of Cu (II) onto various types of adsorbents 
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Figure 4.22 (a) Langmuir isotherm plot, and (b) Freundlich isotherm plot for 

adsorption of Ni (II) onto various types of adsorbents 
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Table 4.3 Estimated isotherm models and their constant values for Cu (II) 

adsorption onto various types of adsorbents 

Adsorbent type 

Langmuir equation  Freundlich equation 

  

  
 

 

    
 

  

  
 

 
      

   
 

R
2
       R

2
     

Activated Carbon 0.8523 0.032 33.94 
 

0.9126 12.02 5.83 

Fe3O4 0.9932 60.60 60.65  0.8642 37.64 10.98 

M-AC 0.9873 0.29 36.62  0.6469 20.93 8.94 

 

Table 4.4 Estimated isotherm models and their constant values for Ni (II) 

adsorption onto various types of adsorbents 

Adsorbent type 

Langmuir equation  Freundlich equation 

  

  
 

 

    
 

  

  
 

 
      

   
 

R
2
       R

2
     

Activated Carbon 0.7606 0.019 45.56  0.8458 0.83 1.23 

Fe3O4 0.9596 0.079 54.95  0.7888 9.95 2.80 

M-AC 0.8956 0.052 37.98  0.7825 1.84 1.53 
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Figure 4.23 (a) Langmuir isotherm plot, and (b) Freundlich isotherm plot for 

adsorption of DETA species onto various types of adsorbents  



89 

Table 4.5 Estimated isotherm models and their constant values for DETA 

adsorption onto various types of adsorbents 

Adsorbent type 

Langmuir equation  Freundlich equation 

  

  
 

 

    
 

  

  
 

 
      

   
 

R
2
       R

2
     

Activated Carbon 0.7863 - 4.15*10
19

 17.38  0.9036 2.50 2.40 

Fe3O4 0.9987 0.22 14.75  0.9106 6.42 5.93 

M-AC 0.9937 0.12 22.74  0.9601 6.11 3.68 

 

  



90 
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Figure 4.24 Adsorption isotherm plots for activated carbon in multi-component 

solution: (a) Langmuir isotherm plot for Cu (II) in Cu-DETA and Cu-Ni-DETA 

solutions, (b) Freundlich isotherm plot for Cu (II) in Cu-DETA and Cu-Ni-DETA 

solutions, (c) Langmuir isotherm plot for Ni (II) in Ni-DETA and Cu-Ni-DETA 

solutions,  (d) Freundlich isotherm plot for Ni (II) in Ni-DETA and Cu-Ni-DETA 

solutions 
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Figure 4.25 Adsorption isotherm plot for Fe3O4 in multi-component solution:      

(a) Langmuir isotherm plot for Cu (II) in Cu-DETA and Cu-Ni-DETA solution,   

(b) Freundlich isotherm plot for Cu (II) in Cu-DETA and Cu-Ni-DETA solution  
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Figure 4.26 Adsorption isotherm plot for M-AC in multi-component solution: (a) 

Langmuir isotherm plot for Cu (II) in Cu-DETA and Cu-Ni-DETA solution, (b) 

Freundlich isotherm plot for Cu (II) in Cu-DETA and Cu-Ni-DETA solution  
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Table 4.6 Estimated Langmuir isotherm constants for multi-component adsoprtion 

on acitvated carbon, Fe3O4 and M-AC 

Adsorbent Parameters 
Cu (II)  

(Cu-DETA) 

Cu (II)  

(Cu-Ni-

DETA) 

Ni (II)  

(Ni-DETA) 

Ni (II)  

(Cu-Ni-

DETA) 

Activated 

Carbon 

R
2
 0.4818 0.2929 0.6357 0.5386 

  0.29 0.36 0.30 0.64 

   2.49 2.27 2.23 0.64 

Fe3O4 

R
2
 0.4469 0.2360 - - 

  0.44 0.45 - - 

   5.26 6.52 - - 

M-AC 

R
2
 0.9110 0.9306 - - 

  54.20 113.00 - - 

   5.35 4.70 - - 
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Table 4.7 Estimated Freundlich isotherm constants for multi-component 

adsoprtion on acitvated carbon, Fe3O4, and M-AC 

Adsorbent Parameters 

Cu (II)  

(Cu-

DETA) 

Cu (II)  

(Cu-Ni-

DETA) 

Ni (II)  

(Ni-DETA) 

Ni (II)  

(Cu-Ni-

DETA) 

Activated 

Carbon 

R
2
 0.7506 0.9218 0.8570 - 

  0.13 2.15E-6 0.30 - 

  0.78 0.15 1.31 - 

Fe3O4 

R
2
 0.9213 0.9802 - - 

  0.95 1.32 - - 

  0.97 0.76 - - 

M-AC 

R
2
 0.9992 0.9140 - - 

  14.95 9.52 - - 

  1.97 2.82 - - 

  



96 

        

 

Figure 4.27 Comparative evaluation of Langmuir and Freundlich correlation 

coefficients (R
2
) for (a) single and (b) multi component adsorption onto various 

types of adsorbents 
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4.5 Stripping Off Species from M-AC and Regeneration of M-AC 

A key feature of the M-AC is its ability to be recycled and reused. Recovering 

metal ions from M-AC surface and reusing M-AC after recovery are significant 

objectives of this study. 

Since magnetic iron oxides on M-AC surface might be washed off from M-AC at 

strong acidic condition, releasing iron ions into effluent and leading to the loss of 

magnetic property of M-AC, it is important to find an acidic condition which 

enables a high efficiency of metal stripping without dissolving magnetite from  

M-AC surface. The capability to strip adsorbed species was presented by stripping 

efficiency. The stripping of specie (  ) was calculated as following: 

   [(     )    ]                                           [4 - 6] 

where    is the specie concentration after stripping in mg/L,    indicates the 

volume of acid in stripping in L and  , the weight of adsorbent in g. 

The stripping efficiency was calculated according to mass balance calculations as 

following: 

               
  

  
⁄                                   [4 - 7] 

where    is the stripping species from per mass of adsorbents in the presence of acid 

and    (mg/g) is the original adsorption capacity of the virgin adsorbent. 
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Figure 4.28 presents the Cu/Ni recovery and iron leaching amount in effluents 

after M-AC was washed by hydrochloride acid (HCl) of different concentrations. 

The initial copper/nickel concentrations were 15 mg/L. M-AC dosage was used as 

0.1 wt.%. Three acid washing cycles were employed.  

For copper ions, the final Cu (II) concentration was less than 0.1 mg/L after the 

first adsorption, leading to nearly 100 % of Cu (II) removal efficiency.         

Figure 4.28 (a) shows that more copper ions could be stripped off from M-AC 

surface with more concentrated HCl acid, especially in the first washing. For the 

10
-2

 M HCl (pH = 2) washing, for per gram of M-AC, 13.2 mg copper ions could 

be stripped off after three times acid washing. However, at this condition, the iron 

leaching was relatively high, leading to deposited iron oxides dissolving and 

causing the second contaminant. 10
-4

 M HCl (pH = 4) could not efficiently wash 

Cu (II) from M-AC surface after three washing cycles, indicating this acidic 

condition was too weak to strip off copper ions from M-AC particles. Unlike HCl 

at 10
-2

 M or 10
-4

 M, HCl with 10
-3

 M at pH = 3 could strip off  more than 80 % of 

Cu from M-AC surface while only leached out about 0.1 mg iron ions from per 

gram of M-AC into solution. Therefore, HCl (pH = 3) is an appropriate condition 

for copper recovery and M-AC reuse. Moreover, Figure 4.28 (b) shows that HCl 

(10
-3

 M, pH = 3) is also a suitable acid condition for nickel recovery by 

considering both the high stripping efficiency and low iron leaching.  



99 

   

Figure 4.28 (a) Cu (II) (Ci = 15 mg/L, Cf < 0.1 mg/L, Qe ≈ 15 mg/g) recovery and 

Fe leaching (b) Ni (II) (Ci = 15 mg/L, Cf = 5.7 mg/L, Qe = 9.3 mg/g) recovery and 

Fe leaching, after stripping with hydrochloride acid of different concentrations 
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In this study, several methods were employed in regenerating M-AC particles 

after stripping off loaded copper ions. The regeneration efficiency was calculated 

using 
93

: 

                 
  

  
⁄                                    [4 - 8] 

where    is the species adsorption capacity of the regenerated M-AC and    is 

the original adsorption capacity of the virgin adsorbent.  

Figure 4.29 shows the M-AC regeneration efficiency through various different 

treating methods. If the M-AC (sample No. 1) was directly applied to next step 

adsorption after being washed for three times by HCl (10
-3

 M, pH =3) without 

further treatment, the regeneration efficiency of M-AC was as low as 1.9 %. This 

indicates that the M-AC particles need to be treated before reuse. Thus, we treated 

M-AC respectively with H2SO4 (5*10
-4

 M, pH =3) (sample No. 2), pure water 

(sample No.3) and NaOH (10
-3

 M, 10
-2

 M, 10
-1

 M) (sample No. 4, 5, 6). It was 

found that regeneration efficiency was slightly improved to 8.2 % by pure water 

and greatly improved to more than 80 % after being treated with NaOH (10
-1

 M) 

solution. Thus, 10
-1

 M NaOH solution was employed to regenerate magnetic 

particles for recycling. This phenomenon indicates that H
+
 ions occupy the 

binding sites of M-AC after acid washing and that OH

 ions neutralize the surface 

with H
+
 to regenerate the surface binding sites. This observation also suggests the 

ion-exchange mechanism during metal ion adsorption onto M-AC surface.  
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Figure 4.30 (a) - (c) and Figure 4.31 summarize the recovery of adsorbed species 

with 10
-3

 M HCl and regeneration efficiency with 10
-1

 M NaOH for M-AC and 

Fe3O4 after Cu/Ni/DETA adsorption.  

Figure 4.30 (a) presents the Cu (II) adsorption capacity onto M-AC and Fe3O4 

respectively in the first adsorption, species recovery with acid washing and the 

species adsorption capacity in the second adsorption after magnetic particles 

regeneration. As shown in Figure 4.10 (b), with 160 mg/L copper ions initially, 

both M-AC and Fe3O4 surface were saturated and achieved maximum adsorption 

capacity. Therefore, the initial concentration of copper ions at 160 mg/L was 

employed for investigating the magnetic particle recycling and reuse for Cu (II). It 

was shown that Cu (II) adsorption capacity onto M-AC in 2
nd

 adsorption test after 

stripping and regeneration was close to the 1
st
 adsorption meanwhile most loaded 

copper ions could be recovered from M-AC surface after acid washing. In contrast, 

even though the Cu (II) adsorption capacity onto Fe3O4 was as high as 66 mg/g in 

the 1
st
 adsorption, it dropped significantly to 22 mg/g after following the same 

stripping and regeneration procedure as M-AC particles. The regeneration 

efficiency of M-AC for copper ions was as high as 98 % while only 32 % of 

Fe3O4 from Figure 4.31.  

For nickel ions, initial 140 mg/L concentration was used for regeneration study to 

get magnetic particle surface saturated. From Figure 4.30 (b) and Figure 4.31, the 

regeneration efficiency of M-AC for nickel adsorption was higher than 80 % 

while only 48 % for iron oxides. The regeneration efficiency of M-AC for DETA 
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was higher than 99 % and that of Fe3O4 was only 52 % for DEAT from Figure 

4.30 (c) and Figure 4.31 with 200 mg/L DETA in solutions initially. The above 

investigation suggested the adsorption sites on M-AC surface were easier to be 

regenerated by sodium hydroxide solution after stripping off the loaded species 

with acid. Even though magnetic Fe3O4 presented higher affinity with copper ions 

and nickel ions, it was more difficult to be recycled compared with M-AC.  
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Figure 4.29 Regeneration efficiency of M-AC to adsorb Cu (II) through various 

regeneration methods (sample number listed as follows) 

No. 1: 1
st
 adsorption → Strip off copper ions with 10

-3
 M HCl (pH = 3) → 2

nd
 

adsorption  

No.2: 1
st
 adsorption → Strip off copper ions with 5 * 10

-4
 M H2SO4 (pH = 3) → 

2
nd

 adsorption 

No. 3: 1
st
 adsorption → Strip off copper ions with 10

-3
 M HCl → Wash M-AC 

two time with deionized water → 2
nd

 adsorption  

No. 4: 1
st
 adsorption → Strip off copper ions with 10

-3
 M HCl → Wash M-AC 

two time with 10
-3

 M NaOH → 2
nd

 adsorption  

No. 5: 1
st
 adsorption → Strip off copper ions with 10

-2
 M HCl → Wash M-AC 

two time with 10
-2

 M NaOH → 2
nd

 adsorption  

No. 6: 1
st
 adsorption → Strip off copper ions with 10

-1
 M HCl → Wash M-AC 

two time with 10
-1

 M NaOH → 2
nd

 adsorption   
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Figure 4.30 The (a) Cu (adsorbent dosage = 0.1 wt.%) (b) Ni (adsorbent dosage = 

0.1 wt.%) and (c) DETA (adsorbent dosage = 0.5 wt.%) adsorption capacity onto 

M-AC and Fe3O4 in the 1
st
 adsorption, the species recovery with acid washing, 

and the adsorption capacity in the 2
nd

 adsorption  
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Figure 4.31 The regeneration effeciency of M-AC and Fe3O4 in Cu/Ni/DETA 

adsorption 
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4.6 Potential Applications in Gold Recovery 

Activated carbon has been used in the commercial process of gold leaching and 

recovery. Carbon-in-pulp (CIP) process commonly uses activated carbon to 

adsorb the gold cyanide after the cyanidation procedure. The particle size of 

activated carbon has a significant effect on the rate of gold cyanide adsorption 

onto carbon 
71

. However, the difficulty in the separation of fine activated carbon 

particles from the pulp limits the application of powder activated carbon in CIP 

process. Thus, M-AC was investigated as an alternative adsorbent for pure 

activated carbon to load gold cyanide in this study since M-AC particles could be 

separated from effluents easily by applied magnetic field. 

Figure 4.32 (a) – (c) presented the gold recovery efficiency and adsorption onto 

per mass or per unit of surface area of pure activated carbon, Fe3O4 and M-AC 

respectively. Twenty four hours shaking time was employed in this study to reach 

the thermodynamic equilibrium condition. The pH of the solutions was adjusted 

to 11. The adsorbent dosage was set to 0.1 wt.%. In Figure 4.32 (a), the gold 

recovery efficiency of M-AC or activated carbon with 0.1 wt.% dosage decreased 

as increasing initial gold concentrations. Gold cyanide species showed higher 

affinity with activated carbon than M-AC. In other words, activated carbon has 

better gold recovery efficiency than M-AC. Activated carbon could recover more 

than 99 % of gold species from solution with 10 mg/L of gold solution initially 

while recovering around 14.7 % of gold from 1000 mg/L of gold solution. On the 

other hand, M-AC adsorbed 82.2 % of gold from 10 mg/L of gold solution and 
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adsorbed about 5.7 % of gold from solutions with 1000 mg/L gold concentrations. 

Moreover, the Fe3O4 particles showed no affinity with gold cyanide complexes.  

Figure 4.32 (b) shows the gold adsorption capacity onto per mass of adsorbents. 

The gold adsorption capacity onto activated carbon and M-AC was enhanced with 

higher initial gold concentrations while the gold adsorption onto magnetic iron 

oxide particles was close to zero. The maximum gold adsorption capacity onto 

activated carbon is about 142 mg/g while only 55 mg/g gold adsorbed onto M-AC 

maximally. For certain mass of adsorbents, activated carbon has twice as much 

specific surface area as M-AC, the amount of gold loaded on unit weight (mg/g) 

of activated carbon was twice as much as the gold loaded on unit weight of M-AC 

(mg/g) (Figure 4.32 (b)). Figure 4.32 (c) presents the amount of gold adsorption 

onto the unit surface of activated carbon or M-AC. 

Current results suggest that M-AC could be potentially employed in CIP for gold 

recovery after gold extraction by cyanidation, but activated carbon has better gold 

loading performance than M-AC. The reduction of gold adsorption onto M-AC 

compared with pure activated carbon could be attributed to the deposition of iron 

oxides on M-AC since magnetic iron oxides show no affinity with gold cyanide 

species. 
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Figure 4.32 (a) Au (I) removal efficiency from solutions with various adsorbents, 

(b) Au (I) adsorption capacity onto per mass of various adsorbents, (c) Au (I) 

adsorption onto per unit surface area of various adsorbents, as a function of initial 

Au (I) concentrations (initial solution pH = 11, adsorbent dosages = 0.1 wt.%, 

contact time = 24 hours) 

Figure 4.33 and Table 4.8 describes the isotherm modeling of gold adsorption 

behaviour on activated carbon and M-AC. It shows that the adsorptive behavior of 

gold species on both activated carbon and M-AC fits better with Freundlich 

isotherm model. That indicates the non-uniform activated carbon plays a 

significant role in the recovery of gold cyanide with M-AC.   
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Figure 4.33 (a) Langmuir isotherm plot, and (b) Freundlich isotherm plot for 

adsorption of Au (I) onto various types of adsorbents  
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Table 4.8 Estimated isotherm models and their constant values for Au (I) 

adsorption onto various types of adsorbents  

Adsorbent type 

Langmuir equation  Freundlich equation 

  

  
 

 

    
 

  

  
 

 
      

   
 

R
2
       R

2
     

Activated 

Carbon 
0.7743 - 4.13*10

25
 124.21 

 
0.9235 3.99 2.51 

M-AC 0.8429 - 4.00*10
17

 52.05  0.9160 6.68 2.18 
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CHAPTER 5   SUMMARY AND CONCLUSIONS 

5.1 Summary and Conclusions 

The results of our research support the following conclusions: 

 The co-precipitation method provides an easy and reliable technique to 

prepare magnetic activated carbon (M-AC). 

 The predominant phase of iron oxides on activated carbon surface is 

magnetite (Fe3O4). M-AC shows an excellent magnetization property with 

a saturation magnetization of 38.3 emu/g.  

 The specific surface area of M-AC is less than that of pure activated 

carbon due to the deposition of magnetite on the surface of activated 

carbon. 

 In pure water, M-AC shows an excellent removal efficiency of Cu (II),   

Ni (II) and DETA in three single systems (Cu, Ni, DETA), two binary 

systems (Cu-DETA, Ni-DETA) and one ternary system (Cu-Ni-DETA). 

The deposition of magnetite on activated carbon improves the loading 

properties of pure activated carbon. M-AC shows less adsorption capacity 

than Fe3O4 for single Cu/Ni solution while achieves higher adsorption 

ability in multi component solutions with metal-DETA complexes due to 

the presence of larger DETA molecules in solutions.  

 Adsorption behaviour of heavy metal ions and DETA species onto 

activated carbon could be described by Freundlich isotherm while 

Langmuir isotherm is a better fitting to the experimental data for 
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copper/nickel ions and DETA species adsorption onto magnetic iron 

oxides and M-AC. 

 HCl (10
-3

 M) can strip off more than 80 % of loaded heavy metal ions 

(copper, nickel) from the surface of M-AC without dissolving magnetite of 

M-AC. After HCl washing M-AC could be regenerated by NaOH 

solutions. As the recycle and reuse of M-AC are feasible, M-AC can offset 

the high price of pure activated carbon in practical applications.  

 M-AC shows a good affinity to gold cyanide, but activated carbon shows a 

better recovery efficiency for gold cyanide than M-AC. M-AC is a 

promising adsorbent in carbon-in-pulp process for gold recovery due to 

the recycle and reuse of M-AC. 

5.2 Contributions to the Original Knowledge 

Magnetic activated carbon (M-AC) was prepared through co-precipitation in this 

study. Different from previous reference 
60

, the phase of iron oxides deposited on 

activated carbon is magnetite rather than maghemite. Results showed that the 

magnetite on M-AC surface not only introduced a magnetic property to activated 

carbon but also improved the loading properties of activated carbon. In this study, 

DETA, a depressant which forms stable complexes with specific metal ions, was 

removed by M-AC at the first time. The results showed that M-AC particles 

worked effectively in loading DETA from effluents. Moreover, M-AC could be 

used effectively in loading gold cyanide, leading a potential application of M-AC 

in carbon-in-pulp process for gold recovery. 
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5.3 Future Work 

In order to efficiently utilize the M-AC in real industrial applications, it will be 

important to modify and functionalize M-AC surface to achieve the selective 

adsorption of heavy metal ions and DETA from process water. As M-AC is a very 

promising material that could be used in carbon-in-pulp process, it will be 

interesting to conduct more research in this area.  
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APPENDIX 

Equilibrium Constants of DETA and Other Related Species  

I. DETA-H
+
 species: 
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II. Cu-DETA species: 
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III. Cu-OHˉ species 
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IV. Ni-DETA species: 

i.                                                   

     
[          ] 

[    ] [    ]
                                                        [Appendix - 14] 

ii.                       
                              

      
[         

  ] 

[    ] [    ] 
                                                     [Appendix - 15] 

V. Ni- OHˉ species: 

i.                                               

         
[        ]

[    ][   ]
                                                   [Appendix - 16] 

ii.                   

         
[        ]

[    ] [   ] 
                                                  [Appendix - 17] 

iii.                  
    



133 

        
  

[       
  ]

[    ] [   ] 
                                                 [Appendix - 18] 

iv.                      

           
[         ]

[    ] [   ]
                                             [Appendix - 19] 

v.                    
               

         
   

[        
   ]

[    ]  [   ] 
                                            [Appendix - 20] 

vi.                                    

            [    ] [   ]                                       [Appendix - 21] 

 

 


