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Abstract 
Arsenicγisγaγpoisonousγandγcarcinogenicγheavyγmetalγthatγexistsγnaturallyγonγtheγearth’sγcrust,γ

fromγwhereγitγcanγleachγintoγtheγgroundwaterγ–γaγcommonγwaterγsourceγworldwide.γTherefore,γ
arsenic-richγareasγposeγtheγriskγofγchronicγexposure,γwhichγisγpreventedγbyγremovingγarsenicγ
fromγwaterγusingγvariousγtechnologies.γAdsorptionγwithγconventionalγadsorbents,γasγactivatedγ
aluminaγandγiron-basedγadsorbents,γisγcommonlyγappliedγforγarsenicγremoval.γThisγstudyγ
introducesγaγnanoscaleγadsorbent,γmaghemite-magneticγnanoadsorbent,γforγarsenicγremoval.γ

γγ
Theγoverallγaimγofγtheγstudyγwasγtoγcompileγfundamentalγinformationγonγnovelγmaghemiteγ

nanoparticlesγandγtheirγsuitabilityγforγarsenateγremovalγfromγwaterγwithγlaboratory-scaleγbatchγ
experiments.γTheγstudyγwasγconductedγwithγthreeγkindsγofγmaghemites:γsol-gel,γ
mechanochemical,γandγcommercialγmaghemite.γSol-gelγmaghemiteγwasγtheγmainγresearchγ
target;γtheγothersγwereγstudiedγforγreference.γTheγresearchγconsistedγofγtheγpreparationγofγ
maghemiteγnanoparticlesγandγtheirγcharacterization,γtheγstudyγofγadsorptionγandγdesorptionγ
kinetics,γanγinvestigationγofγarsenateγadsorptionγpropertiesγonγmaghemite,γaγdeterminationγofγ
theγadsorptionγmechanism,γandγanγevaluationγofγmaghemiteγstabilityγandγregenerationγ
properties.γ

γγ
Theγresultsγindicatedγtheγapplicabilityγofγsol-gelγmaghemiteγforγarsenateγremovalγbyγ

adsorption.γTheγreasonsγareγseveral:γSol-gelγmaghemiteγsynthesisγisγfast,γconvenientγtoγworkγ
withγandγproducesγrepeatedlyγhigh-qualityγparticles,γadsorbsγarsenateγsatisfactorily,γandγthereγ
isγnoγneedγforγpreliminaryγtreatmentsγpriorγtoγadsorptionγexperiments;γitγisγeasyγtoγhandleγandγ
separateγviaγanγexternalγmagnet,γitγmaintainsγitsγinitialγarsenateγuptakeγcapacityγafterγsixγ
regenerationγcycles,γandγitγisγstable,γwhichγareγimportantγfactorsγforγcost-effectiveness.γAndγitγ
producesγonlyγaγsmallγamountγofγ“arsenate-maghemite”γwaste.γMoreover,γsol-gelγmaghemiteγisγ
competitiveγwithγactivatedγaluminaγinγadsorbentγproperties.γBothγadsorbentsγneedγcarefulγ
monitoringγdueγtoγpHγcontrol,γinterferenceγofγotherγions,γandγregeneration.γActivatedγaluminaγ
canγremoveγslightlyγmoreγarsenateγthanγsol-gelγmaghemite,γbutγsol-gelγmaghemiteγisγmoreγ
stable,γformsγlessγwaste,γandγisγseparatedγsimplyγandγrapidlyγbyγanγexternalγmagnet.γ
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Arseenipitoisillaγpohjavesialueillaγkroonisenγaltistumisenγriskiγonγmerkittäväγjaγaltistumisenγ
estämiseksiγarseeniaγpoistetaanγjuomavedestäγerilaisillaγtekniikoilla.γAdsorptioγperinteisilläγ
adsorbenteillä,γkutenγaktivoidullaγalumiinillaγjaγrautapohjaisillaγadsorbenteillä,γonγyleisestiγ
käytössäγolevaγarseeninγpoistomenetelmä.γTässäγtutkimuksessaγesitetäänγnanomittakaavanγ
adsorbenttiγ-γmaghemiitti-γmagneettinenγnanoadsorbentti-γarseeninγpoistoon.γ

γγ
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1. INTRODUCTION

1.1 General background

Arsenic occurs worldwide in natural water. It possesses a health risk,

especially in areas where groundwater is rich in arsenic and is the main 

water source. Due to the toxic and carcinogenic nature of arsenic, the 

guideline value of arsenic in drinking water is set as low as 0.010 mg/L by 

the World Health Organization (WHO) [1]. The most common arsenic 

removal techniques are oxidation, precipitation, coagulation, flocculation, 

ion exchange, adsorption, and reverse osmosis [2]. Widely used and well-

known adsorbents in arsenic removal are activated alumina and iron 

compounds. Even though they adsorb arsenic effectively, there are some 

drawbacks in the technique, such as high volume of sludge production and 

difficult separation (filtering and/or centrifugation) [3]. Forthcoming in the 

future are different kinds of nanomaterials with applications for arsenic 

removal by adsorption; these interest many researchers [4-6].

The general definition of nanoscale materials is related to their geometrical 

dimensions. A material is a nanomaterial when at least one dimension is 

< 100 nm and a second dimension is less than 1 μm [7]. Examples of nano-

related materials include nanoparticles, nanotubes, nanowires, nanofibers, 

nanocomposites, nanoelectronics, and silicon nanostructures [8,9]. The 

inherent properties of nanomaterials differ from bulk material, which leads 

for instance to improved thermal and electrical conductivity, surface 

chemistry, photonic behaviour, and catalytic conversion rates [10].

Therefore, nanomaterials are of great interest in different areas, e.g., 

medical, pharmaceutical, environmental, electronic, and communication 

applications. Nanotechnology in the water sector can be utilized in the 

following areas: (1) treatment and remediation, (2) sensing and detecting,

and (3) pollution prevention [11,12].

The use of nanomaterials in water treatment is a new and promising 

application. Nanotechnology-derived materials such as nanoadsorbents, 
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nanocatalysts, and redox-active nanoparticles, nanostructured and reactive 

membranes, and bioactive nanoparticles have been applied to water 

treatment. These materials are of interest due to their large surface area,

efficiency in removing a contaminant (even at low concentrations),

enhanced affinity for specific contaminant removal, catalytic potential, and 

high reactivity [13,14]. However, to become a reliable water treatment 

technique, a few challenges need to be met. So far, the environmental 

impact and toxicity of nanomaterials are not well known; therefore, the key 

challenge may be to gain regulatory and public acceptance for using 

nanomaterials in water purification. Other important issues to face are how 

to integrate nanomaterials into existing water purification systems and how 

to guarantee the availability of suppliers who can provide large quantities of 

nanomaterials at economically feasible prices [13].

In the �
�	���
 	�����
 ��������
 ������
�����	�
 ���������
 ��-Fe2O3), are

used for arsenate removal from water. Maghemite nanoparticle as a novel 

adsorbent is expected to offer an attractive and inexpensive option for the 

removal of arsenate by considering its simple synthesizing method, large

external surface area, and magnetic properties. Due to its large external 

surface area, it could be assumed that the adsorption capacity of maghemite 

nanoparticles is comparatively high and the amount of chemicals used is 

diminished, leading to less waste formation. Moreover, simple and rapid 

separation of metal-loaded magnetic adsorbent from treated water can be 

achieved via an external magnetic field.

1.2 Aim of the thesis

The overall aim of the thesis was to compile fundamental information of 

maghemite nanoparticles and its suitability for arsenate removal from 

water with laboratory-scale research, batch experiments. This study is 

fundamental due to the novelty of using maghemite nanoparticles as an

arsenate adsorbent, and the results obtained in this thesis can be used in 

further studies. 

The first objective of the study was to examine the physical properties of 

novel maghemite nanoparticles. In this thesis, three different kinds of 

maghemite nanoparticles were studied: (1) laboratory synthesized by the 

sol-gel process; (2) laboratory synthesized by the mechanochemical 

method; and (3) commercially available. Among studied maghemites, the 

main research interest was focused on sol-gel maghemite. Other 
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maghemites were studied as a reference. The second objective was to 

investigate the general adsorption properties of maghemites for arsenate 

removal. The third objective was to determine the adsorption mechanism.

1.3 Scope of the thesis

Maghemite nanoparticles were chosen for arsenate removal because of their 

large external surface area, their simple synthesizing method, and their 

magnetic properties. Moreover, they have been successfully applied for 

similar anion, Cr(VI), removal from water [15]. In this thesis studied three

different kinds of maghemite nanoparticles were chosen according to the 

different particle size and synthesis method, which can have an effect on 

maghemite’s adsorption properties.

This thesis summarizes the research reported in four papers (I-IV). The 

research is a fundamental study, and therefore this thesis will not give a

cost estimation of nanoparticles or cover nanoparticle waste handling.

However, due to the increasing interest in nanoadsorbents and to give an 

insight into the use of nanoadsorbents in industrial applications for 

arsenate removal, the literature review also consists of some information 

about industrially manufactured nanoadsorbents and examples of the 

applications.

This thesis consists of five main chapters: introduction, literature review, 

materials and methods, results and discussion, and conclusions. The 

literature review includes basic theory about arsenic and adsorption, 

preparation and applications of nanoparticles, and basic concepts of 

magnetism in magnetic nanoparticles. Moreover, it consists of sections that

are more focused on practical applications in water treatment, such as 

magnetic separation and nanotechnology in water treatment.

In Paper I, physical properties such as particle size, particle size 

distribution, specific surface area (SSA), magnetization value, a point of 

zero charge (pHpzc), and characterization of maghemite nanoparticles were 

presented. General adsorption properties of maghemites for arsenate 

removal were reported in Papers I, III, and IV. Properties studied were pH 

effect and isotherm (Paper I), desorption, kinetics and regeneration (Paper 

III), and the effect of competing ions (Paper IV). Paper II included the 

study of the adsorption mechanism which was conducted by macroscopic 
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characterization (zeta potential measurement, ionic strength effect) and 

microscopic characterization (FTIR, XPS, XRD, TEM).
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2. LITERATURE REVIEW

A literature review consists of information in a theoretical, applied, and 

practical field. The theoretical background of this thesis includes basic 

information on arsenic and its removal, the theory of adsorption, and 

preparation and applications of nanoparticles, including magnetic 

properties of nanoparticles (sections 2.1, 2.2, and 2.4). In the applied field,

magnetic nanoadsorbents for metal removal (other than arsenic) are 

introduced (Section 2.5.1), and nanoadsorbents for arsenate removal (both 

magnetic and non-magnetic) are surveyed on the laboratory scale (Section

2.5.2). Because of increasing interest in practical applications of 

nanoadsorbents, this thesis also includes a literature review of such 

applications. An overview of magnetic separation technologies in water 

treatment is presented due to its possible application for magnetic 

nanoadsorbents (Section 2.3). Industrially manufactured nanoadsorbents 

are introduced due to their potential for real world applications and to give 

an overview of the markets for nanoadsorbents (Section 2.5.2).

2.1 Arsenic

The presence of arsenic in the environment is due to natural and 

anthropogenic sources. It exists in the earth’s crust and is mobilized by 

natural weathering reactions, biological activity, geochemical reactions, and 

volcanic emissions [3,16]. Concentrations as high as 5 mg/L of arsenic have

been found in groundwater from arsenic-rich areas, and geothermal 

influences can increase arsenic levels, even up to 50 mg/L. Mining, 

smelting, and the herbicide industry are examples of anthropogenic sources 

of arsenic pollution [17].

Arsenic toxicity depends on its speciation, and the most significant forms 

for natural exposure of arsenic in drinking water are its inorganic forms 

[18]. Acute arsenic poisoning can cause vomiting, abdominal pain, and 

bloody “rice water” diarrhea [3]. Long-term exposure may lead to arsenical 
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skin lesions, various cancers, nausea, dryness of the mouth, and gastro-

intestinal symptoms. High concentrations of arsenic in drinking water can 

also result in an increase in stillbirths and spontaneous abortions [18].

The occurrence of arsenic in natural waters, mainly groundwater, is a 

worldwide problem. Arsenic pollution has been reported in the United 

States, China, Chile, Bangladesh, Taiwan, Mexico, Argentina, Poland, 

Canada, Hungary, Finland, New Zealand, Japan, Nepal, and India [19-22].

The most alarming exposures are in Bangladesh and West Bengal in India. 

The guideline value of arsenic in drinking water is set as low as 0.010 mg/L 

by the World Health Organization (WHO) [1]. This guideline value of 0.010 

mg/L has been adopted as the drinking water standard in European Union 

countries by the European Commission [23] and in the United States by the 

United States Environmental Protection Agency (US EPA) [24]. However, 

some countries, e.g., India, Bangladesh, Taiwan, China, and Vietnam, have 

retained the earlier WHO guideline value of 0.050 mg/L [25].

2.1.1 Characteristics in water

Arsenic exists in -III, 0, +III, and +V oxidation states, but in natural waters 

it is most commonly found in inorganic form as oxoanions: trivalent 

arsenite, As(III), or pentavalent arsenate, As(V). Arsenic is sensitive to 

mobilization at the pH values typically found in groundwater (pH 6.5-8.5) 

and under both oxidizing and reducing conditions [17]. Figure 2.1 shows the 

most important factors that control As speciation: redox potential (Eh) and 

pH.

Figure 2.1. Eh-pH diagram for aqueous As species at 25ºC [17].

Eh (mV)



15

Arsenite predominates in moderate reducing anaerobic environments such 

as groundwater. This is observed in Figure 2.1; uncharged arsenite H3AsO3

dominates under reducing conditions at pH <~9.2. In contrast, under 

oxidizing conditions, different dissociated forms of arsenate are dominating 

[26]. Speciation of arsenite (Formula 2.1) and arsenate (Formula 2.2) are 

expressed under differing conditions with the respective pKa values [3].

H3AsO3 H2AsO3
-               HAsO3

2-                AsO3
3- (2.1)

pKa = 9.1 pKa = 12.1 pKa = 13.4

H3AsO4 H2AsO4
-                 HAsO4

2-                AsO4
3- (2.2)

pKa = 2.1 pKa = 6.7 pKa = 11.2

2.1.2 Arsenic removal technologies

The most applied technologies for arsenic removal from water are chemical 

precipitation/coagulation, adsorption, ion exchange, and membrane 

filtration [3]. Table 2.1 provides brief descriptions of these technologies. 

Oxidation pre-treatment is commonly utilized before the final arsenic 

removal technique, since arsenite (trivalent arsenic) removal from water is 

more challenging than arsenate (pentavalent arsenic) [2].

The comparison among some conventional arsenic removal technologies is 

summarized in Table 2.2. This table indicates that the majority of low-cost 

methods rely on coagulation/precipitation or adsorption; ion exchange has 

medium costs; and membrane processes have the highest cost. The success 

of a particular removal technique depends on arsenic concentration to be 

removed, water source, competing ions (different ions in solute), waste 

disposal issues, population, and region where the system is located. The 

limitations of established techniques are production of large volume 

arsenic-contaminated sludge, use and handling of chemicals and its impact 

on water quality, possible need for secondary treatment, interference of 

other ions (e.g., sulphate, phosphate, silicate, iron) on removal efficiency, 

and high installation and operational costs [25].
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Table 2.1. Descriptions of arsenic treatment technologies.

Technology Description
Oxidation As(III) oxidized to As(V) by chemical oxidizers, air/pure 

oxygen, photochemical or microbiological oxidation. Most 
commonly applied are chemical oxidizers such as ozone, 
chlorine, sodium hypochlorite, chlorine dioxide, potassium 
permanganate, hydrogen peroxide and Fenton’s reagent 
[2,27,28]

Precipitation/
coagulation

Lime 
softening

Uses chemicals to transform dissolved arsenic into an 
insoluble solid that is precipitated (precipitation) or to 
adsorb arsenic onto another insoluble solid that is 
precipitated (coprecipitation). The solid is then removed 
from the liquid phase by clarification or filtration. The pH of 
the process highly influences the efficiency of removal. 
Commonly used chemicals are ferric salts, alum and 
manganese sulphate [25,29].

Precipitation where lime (lime stone, calcium hydroxide) is 
used for the removal [25].

Adsorption Concentrates solutes at the surface of an adsorbent, thereby 
reducing their concentration in the bulk liquid phase. The 
adsorption media is usually packed into a column. As 
contaminated water is passed through the column, 
contaminants are adsorbed. Conventionally used adsorbents 
are activated alumina, activated carbon, greensand (KMnO4

coated gluconite), granular ferric hydroxide, various iron 
compounds and copper-zinc [25,29]. The most commonly 
used adsorbent for arsenic removal is activated alumina [29]. 
Other adsorbents have also been investigated, like 
carbonaceous adsorbents [3] and low-cost mineral materials, 
e.g., dolomite [30], rice husks, chars, coals and red mud [3],
and biosorbents such as chitosan [31].

Ion Exchange Exchanges ions held electrostatically on the surface of a solid 
with ions of similar charge in a solution. The ion exchange 
media is usually packed into a column. As contaminated 
water is passed through the column, contaminants are 
removed [29].

Membrane
filtration

Separates contaminants from water by passing it through 
semi-permeable barrier or membrane. The membrane allows 
some constituents to pass, while blocking others. Types of 
membrane filtration are microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO) [25].
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Table 2.2. The comparison of some arsenic removal technologies [25,32,33]

Technology Advantages Disadvantages Removal 
(%)

Relative
costs

Oxidation/precipitation

Air oxidation Relatively simple 
process, in situ 
arsenic removal

Slow process low

Chemical
oxidation

Efficient control of the 
pH and oxidation step 
is needed

-

Coagulation/co-precipitation

Alum
coagulation

Effective over a 
wide range of 
pH; durable 
powder 
chemicals are 
available; simple 
in operation

Produces a high 
amount of toxic 
sludge; dose of 
oxidizing chemicals 
highly influence the 
removal efficiency

20-90 low

Iron 
coagulation

Common 
chemicals are 
available; proven 
and reliable

Produces a high 
amount of toxic 
sludge; dose of 
oxidizing chemicals 
highly influence the 
removal efficiency

60-90 low

Lime softening Proven and 
reliable

Sulfate ions influence 
efficiency; sludge 
formation; secondary 
treatment is needed

80-90 low-
medium

Adsorption

Activated
alumina

Relatively well 
known and 
commercially
available

Careful monitoring;
requires pH control;
toxic solid waste due 
to dissolution of 
activated alumina

��� medium

Iron based
adsorbents 
(IBS)

Plenty of 
possibilities, 
well-defined 
technique; no 
regeneration

Requires pH control; 
replacement of media 
after exhausting and 
regular testing to 
provide safe operation

��� low-
medium

Ion exchange

Ion exchange
resin

Exclusive  ion 
specific resin to 
remove arsenic; 
well-defined 
medium and 
capacity

Requires high-tech 
operation and 
maintenance; 
efficiency affected by 
interfering ions

��� medium

Membrane filtration

Nanofiltration Well-defined and 
high removal 
efficiency

Pre-conditioning, high 
water rejection, high 
capital cost

95 high

Reverse
osmosis

No toxic solid 
waste is 
produced

High tech operation 
and maintenance, 
produces high amount 
of toxic reject water

��� high
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Instead of treating arsenic in a centralized treatment system, it is possible 

to apply the aforementioned technologies in a smaller size for a single 

household, for example, in areas where each home has a private well or 

where centralized treatment is cost-prohibitive. Home water treatment can 

either be for a whole house or building (POE, point of entry) or for a single 

faucet (POU, point of use) [3,33].

The disposal of concentrated arsenic after water treatment raises another 

challenge because arsenic cannot be destroyed. It can only be converted 

into different forms or transformed into insoluble compounds in 

combination with other elements. In general, waste is treated by 

immobilizing the arsenic using a solidification/stabilization (S/S) 

technique. With this, arsenic is bound into less hazardous or non-hazardous 

solids (into different cements) before disposal in a landfill, thus preventing 

the waste from entering the environment. This technology is usually 

capable of meeting the arsenic leachability treatment goal (< 5.0 mg/L), as 

measured by the toxicity characteristic leaching procedure (TCLP) [34].

2.2 Adsorption

Adsorption is the accumulation of a substance or material at an interface 

between the solid surface and the solution. The adsorbate (ion or molecule 

in solution) is the material that accumulates at an interface of a solid 

surface, which is referred to as the adsorbent. Adsorption does not include 

surface precipitation or polymerization [35].

In adsorption, the main factors influencing the process are adsorbate and 

adsorbent properties as well as operational parameters of the system. 

Important factors in adsorbate properties are concentration, polarity, 

stability and configuration of the molecule, and the nature of background or 

competitive adsorbates. With an adsorbent, the most important 

determinants are equilibrium capacity (adsorption capacity) and the kinetic 

of equilibrium. Factors influencing previously mentioned properties are 

surface area, physicochemical nature of the surface [36], availability of the 

surface to adsorbate molecules or ions, and size and morphology of the 

adsorbent particles. Parameters affecting the operational system are pH, 

temperature, competing ions, and rate of mixing [37,38].
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2.2.1 Adsorption kinetics

Prior to adsorption equilibrium studies, it is important to determine the 

time needed to reach the equilibrium of the process, i.e., the kinetics of 

adsorption. Adsorption kinetics is determined by the following stages: (1)

diffusion of molecules/ions from the bulk solution towards the interface 

phase – so-called external diffusion, (2) diffusion of molecules/ions inside 

the pores – internal diffusion, (3) diffusion of molecules/ions in the surface 

phase (on the adsorbent surface, including the pore walls) – surface 

diffusion, and (4) adsorption/desorption elementary processes [39].

Generally, it can be assumed that the total rate of the kinetic process is 

determined by the rate of the slowest process. 

2.2.2 Adsorption isotherms

Adsorption isotherm describes the adsorption equilibrium in a quantitative 

manner. Typically, adsorption isotherms are derived empirically by 

gathering data for the adsorption capacity, qe, as a function of the adsorbate 

concentration in equilibrium at a certain temperature. Adsorption capacity, 

qe, is calculated with the following mass balance equation (Eq. 2.1), 

� �
m

VCC
q ei

e
��

�
(2.1)

where qe is adsorption capacity (adsorbate per unit mass of adsorbent) in 

mg/g, Ci and Ce are the initial and equilibrium concentrations of adsorbate, 

respectively, in mg/L, V is the volume of adsorbate in litres, and m is the 

mass of the adsorbent in grams. Adsorption isotherms can also be derived 

from theoretical models for the interactions among the surface, dissolved 

adsorbate, and adsorbed molecules [40,41].

The behaviour of dynamic adsorption is explained by several equilibrium-

based adsorption isotherm models [42]. In this study, the focus is on the 

simple Langmuir isotherm (one adsorbate system), which was developed by 

Irving Langmuir (1918). The Langmuir isotherm involves four assumptions: 

(1) all the adsorption sites are assumed to be identical, (2) monolayer 

adsorption is formed on the surface of adsorbent, (3) the adsorption energy 

is the same for all sites and independent of surface coverage (i.e., the 

surface is homogeneous), and (4) there is no lateral movement of molecules 

on the surface [35]. The Langmuir isotherm (Eq. 2.2) can be expressed as
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where qe is adsorption capacity (adsorbate per unit mass of adsorbent) in 

mg/g, Ce is the equilibrium concentration of adsorbate in mg/L, qmax is the 

maximum adsorption capacity in mg/g, and Kads is a constant related to the 

binding strength in L/mg [35].

Adsorption in a single component system is the most often studied process. 

Although it does not describe the real conditions of environmental arsenic, 

it gives valuable fundamental information on the adsorption process. In 

contaminated water, environmental arsenic is always accompanied by other 

ions, which have an impact on the adsorption process. Because of 

competition of adsorption sites between ions in a multi-component system, 

the capacity of a single ion can be different [3].

2.2.3 Adsorption mechanism

Adsorption mechanism, or surface complexation, is the reaction between 

adsorbate, an ion or molecule, and the functional group of an adsorbent 

surface. The classification of an adsorption mechanism depends on the 

surface complex formed at the adsorption. Surface complexes are divided 

into outer- and inner-sphere surface complexes, which previously were 

called physical and chemical adsorption, respectively. 

With outer-sphere surface complexation, the surface charge is crucial in 

complex formation, because electrostatic interactions and van der Waals 

forces (both are weak forces) are involved. The outer-sphere surface 

complex is separated from the inner-sphere surface complex by the 

existence of the water layer between the ion or molecule (adsorbate) and 

the surface functional group of adsorbent [35]. With inner-sphere surface 

complexation, a covalent or ionic bond (strong forces) is formed, and it can 

occur regardless of the surface charge. Formed complexes are named as 

monodentate and bidentate, according to the number of oxygen bonds to 

the adsorbed metal [35]. Figure 2.2 illustrates the surface structure of As(V) 

on the surface of iron oxide. An outer- and inner-sphere surface complex 

can occur simultaneously; the inner-sphere complexation is the slower 

process [35].
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Figure 2.2. Inner-sphere complex formation of As(V) on an iron oxide surface [35].

2.2.4 The effect of competing ions

Adsorption is a removal technique whose performance is affected by other 

ions present in solution. This is due to several reasons, such as a limited 

amount of binding sites of an adsorbent (which leads to direct competition 

for available binding sites); alteration of a surface potential; and formation 

of steric effects by ions, which inhibit adsorbate adsorption onto an 

adsorbent surface [43,44]. Natural water consists of different ions, and in 

case of arsenate adsorption, the most likely competing anions are natural 

organic matter (NOM), phosphate, silicate, bicarbonate, nitrate, and 

sulphate [43]. The effect of a competing ion depends on the adsorbent, i.e., 

the amount of binding sites and surface chemistry, the pH of the solution, 

the adsorption mechanism of the anions, the relative anion concentrations,

and the intrinsic binding affinities of anions [43,45,46]. Therefore, the 

competing effect of different anions should be studied when a new 

adsorbent is applied and adsorption chemical/physical conditions change 

remarkably.
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2.2.5 Regeneration of an adsorbent

Adsorbent regeneration is a process where metals adsorbed onto adsorbent 

surface are recovered (desorption) and the adsorbent is regenerated. 

Regeneration can be either thermal or chemical. For example, the 

regeneration of activated carbon is conducted thermally and activated 

alumina chemically with alkaline/acid treatment. A successful regeneration 

process must restore the adsorption capacity close to its initial properties 

for effective use [3]. Moreover, the adsorbent should also be capable of 

several regeneration cycles. Desorption and adsorbent regeneration is a 

critical consideration and contributor to process costs and metal(s) 

recovery in a concentrated form. Therefore, in several treatment facilities,

exhausted adsorbent is not regenerated on site but rather with an adsorbent 

supplier, or they may use non-regenerable adsorbents in the first place [47].

2.3 Magnetic separation technologies
2.3.1 Column and batch applications

Magnetic separation is based on the differing magnetic moments of 

materials, which experience different forces in the presence of magnetic 

field gradients. Thus, an externally applied field can separate magnetic 

materials (usually a solid) from a non-magnetic liquid or solid medium 

[48,49]. Electrically powered electromagnets or strong hard magnets can be 

used to separate the magnetic material [49]. Magnetic separations can be 

divided in column and batch applications, which are described in 

subsequent sections with examples. 

Column applications are most likely employed in an industry where a high 

gradient magnetic separation (HGMS) functions as a column in continuous 

flow operations. An HGMS system generally consists of a column packed 

with a bed of magnetically susceptible wires placed inside an electromagnet. 

These irregular surfaces produce large magnetic field gradients that 

generate forces strong enough to capture even weak magnetic particles in a 

low stream [48,49]. The collection of particles depends strongly on the 

creation of these large magnetic field gradients, as well as on the particle 

size and magnetic properties of the material [48].

The major advantages of magnetic separation over filtration in flow systems 

are reasonable operating pressures and the use of conventional pumps, 

since the product streams meet with virtually no flow resistance as it moves 
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through a separator. The challenges in magnetic separation technology are 

related to separator design and the energy requirements of very high 

gradient separation [49]. Examples of industrial applications of magnetic 

separations are mineral post-processing [50], raw materials processing 

such as cement, glass, and semiconductors [51], metals production and

recycling, and coal processing [49]. Recently, more complex HGMSs have 

been applied through the use of functionalized magnetic particles that are 

tailored to remove environmental contaminants such as radionuclides [52],

heavy metal ions [14], and dyes [53].

In a batch system, the separation is usually conducted by a hard magnet 

without any external power. With appropriate magnetic material, this kind 

of system can remove a greater variety of substances than sedimentation

can. The set-up and use of a hard magnet is easy and immediate. However, 

they provide relatively low magnetic gradients, which could be a challenge 

for the separation of small magnetic particles [49]. Batch-scale separations 

are most applied in biotechnological applications, for example, to purify 

complex mixtures for protein isolation, cell separation, drug delivery, and 

biocatalysis [54].

2.3.2 Water treatment and metal removal

Magnetically assisted water purification can be classified in four techniques 

that are based on the difference in the adoption of the physical process: 

(1) direct purification; (2) combination processes supported by magnetic 

assistance; (3) seeding and separation of magnetic flocculant, and

(4) magnetic adsorbent application [55]. In the following examples of these 

techniques, the material removed by magnetic separation is not in nano 

scale. Magnetic nanomaterials will be discussed later in Section 2.5.1.

The direct purification technique utilizes the basic properties of the 

response of ions or solids to a magnetic field, i.e., a carrier magnetic 

component is not added to the process [55]. For instance, plutonium colloid 

has paramagnetic properties, and direct purification can be applied for its 

separation [56]. In combination processes, a magnetic separation has been 

combined in electrolytic or catalytic reactions, membrane separations, and 

biotechnology. Such a system has been mostly applied in landfill water 

purification or in environmental remediation [57].

The seeding of the magnetic component is mostly utilized in waste water 

treatment. During coagulation and treatment of suspended solid, oil, or 
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heavy metals, an iron containing magnetic powder is added to waste water. 

This coagulated floc containing magnetic powder can be separated by 

HGMS. Recently, the first full-scale HGMS device for steel mill water 

treatment was installed at the Chiba Plant of the Kawasaki Steel

Corporation Japan [55,58]. The seeding technique has been of interest in 

the paper and steel industry for both oil and suspended solid removal and 

in the nuclear industry for radioactive sludge separation [52,59].

In case of magnetic adsorbent applications, the adsorbent can be non-

functionalized or functionalized, which is also called a surface modificated, 

magnetic material. Examples of non-functionalized adsorbents are 

magnetite and maghemite. In functionalized magnetic adsorbents, 

functional groups are attached to magnetic substrates in order to achieve 

specific ion adsorption. Functional groups such silica, zeolite, polymers,

and ethylene diamine tetra-acetic acid (EDTA) have shown similar features 

as an adsorbent alone or in junction with magnetic material, thus enabling 

an effective solid liquid separation [55].

Another type of magnetic adsorbent is a magnetic ion exchange resin 

(MIEX®) which utilizes the agglomeration property of a magnetic material. 

The MIEX® resin has traditional anion exchange properties combined with 

the magnetized iron oxide which is incorporated into the polymer matrix. 

The magnetic component aids the agglomeration and settling of the resin, 

allowing the resin beads to be smaller so that they can be applied to raw 

water in a slurry form [60]. Therefore MIEX® is designed to be used in a

suspended manner in a completely mixed flow reactor. MIEX® is planned 

for the natural organic matter (NOM) removal, but it is capable of removing 

some inorganic ions such as As(V) and Cr(VI) [61].

2.4 Nanoparticles

Nanoparticles are defined as particles that are less than 100 nm in size. 

They can be spherical, tubular, or irregularly shaped and can exist in 

infused, aggregated, or agglomerated forms. The source of nanoparticles 

can be natural (e.g., volcanic activities and wild fires) or of anthropogenic 

origin, such as engineered nanoparticles or combustion by-products [62].

Nanoparticles can be divided into carbon-containing and inorganic 

nanoparticles. Most interest in carbon-containing nanoparticles is focused 

on fullerens, carbon nanotubes, and polymeric nanoparticles. Inorganic 

nanoparticles are different oxides and metals (e.g., nanowires and quantum 
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dots), clays, aerosols (sea salt), aluminosilicates (zeolites, ceramics), and 

combustion by-products (platinum group metals) [8,62].

Nanoparticles are of great interest because of their novel physicochemical 

properties, high chemical and biological reactivity, and capability of precise 

design for specific purposes, especially in the case of engineered 

nanoparticles [62]. The reason for the change in nanoparticles'

physicochemical properties compared to bulk material is their small size 

and increased surface area. As the particle size decreases, a large percentage 

of all the atoms or molecules are located on the surface of the particles, 

while in conventional materials they are located in the bulk [9]. Thus the 

properties of the nanoparticles are more closely related to the states of 

individual molecules, molecules on surfaces or interfaces than to the 

properties of the bulk material, and these phenomena change the properties 

of nanoparticles [7].

2.4.1 Preparation of nanoparticles

Nanoparticle preparation can be classified several ways, from which 

physical and chemical synthesis methods are applied here. In the physical 

synthesis method, generation of nanoparticles includes high-energy 

treatment of the gaseous or solid material, while in the chemical synthesis 

method, the nanoparticle synthesis is often carried out in solutions at 

moderate temperatures [63].

Physical synthesis methods

In the condensation (deposition) method, molecules and atoms are 

transformed into a gas phase by heat and usually under vacuum. Then 

vaporized/ionized material is condensed to a deposited form, either as 

nanocrystals or surface coating [9]. Material evaporation can be induced by 

laser, thermal, plasma (arc discharge), and solar energy induced 

vaporization as well as by chemical vapour condensation (CVC) and 

electrodeposition [7,64-67].

The mechanochemical method involves a mechanical activation (crushing) 

of solid-state displacement reactions by the milling of precursor powders,

which form nanomaterials. The formed nanocrystalline particles are 

dispersed within a soluble salt matrix, which selective removal by an

appropriate solvent(s) yields nanoparticles of the desired phase [68,69].

Chemical reactions occur at the interfaces of the nanometer-sized grains 

that are continuously regenerated during milling. This nanometer-size 

grain enhances the reaction kinetics, enabling chemical reactions that 
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otherwise would only occur in a high temperature during milling [9]. The 

mechanochemical method is capable of producing nanoparticles with small 

particle sizes, low agglomeration, narrow size distributions, low cost, and 

uniform crystal structure and morphology [69]. The major disadvantages in 

this method are time-consuming synthesis (several hours to several days)

and product contamination during the milling process [67].

Chemical synthesis methods

The following methods are all classified as chemical synthesis methods of 

nanoparticles: (1) co-precipitation, (2) thermal decomposition (3)

sonochemical, (4) microemulsion, (5) hydrothermal, and (6) sol-gel 

methods [67,70-72]. Table 2.3 describes the principles of different chemical 

synthesis methods. Particle size distribution is generally found to be narrow 

in chemical methods, and the yield of nanoparticles is high, except with 

microemulsion and sonochemical methods. The disadvantages of chemical 

synthesis method are high cost and use of solvent in some methods. In 

terms of synthesis simplicity, co-precipitation and sol-gel are the preferred 

routes [67,70,71].

Table 2.3. Chemical methods for nanoparticle synthesis.

Synthesis
method

Principle of synthesis

Precipitation/
Co-precipitation

The products of precipitation reactions are generally low 
soluble species formed under high supersaturation 
conditions. Precipitation is commonly induced by chemical 
reaction, e.g., addition/exchange, reduction, oxidation, 
photoreduction and hydrolysis [70].

Thermal
Decomposition

A chemical reaction in which a chemical substance breaks 
down into at least two chemical substances when heated 
[71]. 

Sonochemical Molecules undergo a chemical reaction due to an 
application of powerful ultrasound radiation [72]. 

Microemulsion Water/oil microemulsion solutions are nano-sized water 
droplets dispersed in the continuous oil phase and 
stabilized by surfactant molecules. These surfactant-covered 
water pools offer a unique microenvironment for the 
formation of nanoparticles [67]. 

Hydrothermal Polar or nonpolar solutions, vapours, and/or fluids react 
with solid materials at high temperature and pressure. If the 
solvent used is nonpolar, synthesis is called solvothermal 
synthesis [67].

Sol-gel Based on a polymerization reaction, which is possible in 
both organic and inorganic routes. It includes four steps: 
hydrolysis, polymerization, growth, and gelling [9].

A more detailed analysis of sol-gel synthesis will be given here, since it is 

the main synthesis method applied in this thesis for maghemite 

preparation. Sol-gel synthesis is possible in both organic and inorganic 

routes. With the organic route (alkoxide route), the starting material 
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typically employed is metal alkoxide in organic solvent. The applied metal 

and alkoxy group (i.e., different functional groups) in synthesis depends on 

the product of interest, whereas the inorganic route (colloidal route) uses 

metal salts in an aqueous solution (chloride, oxychloride nitrate) as raw 

materials [73].

General sol-gel formation for both organic and inorganic precursors occurs 

in four stages: (1) hydrolysis, (2) polymerization and/or condensation,

(3) growth, and (4) agglomeration of particles i.e., gelling [9]. Sol (colloidal 

suspension) is formed during hydrolysis and polymerization/condensation 

reactions after the mixing of reactants, typically with a catalyst (acid or 

base). The resulting solid particles are so small that gravitational forces are 

insignificant and interactions are dominated by van der Waals, coulombic,

and steric forces. These sols are stabilized by an electric double layer, or 

steric repulsion, or a combination of both. Over time, the colloidal particles 

link together (growth of particles) and form a dimensional network that 

extends throughout the liquid (gelling) [73].

The size of the sol particles depends on the solution composition, pH, and 

temperature. When these factors are controlled, it is possible to tune the 

size of the particles. Also varied nanoproducts such as films/coatings, 

aerogels, ceramics, and fibers are possible to form with different post-

treatments (evaporation, extraction, heating) of sol or sol-gels [74-78]. One 

synthesis derivation is precipitation, which is commonly used for uniform 

nanoparticle production. Sol-gel methods are most commonly used to 

synthesize oxides, although the synthesis of carbides, nitrides, and sulfides 

by sol-gel processes were also reported [70].

2.4.2 The magnetic properties of nanoparticles

The origin of magnetism lies in the orbital and spin motions of electrons 

and how the electrons interact with one another. The magnetic behaviour of 

particles can be classified into five major groups: dia-, para-, ferro-, ferri-,

and antiferromagnetism [79]. Moreover, another form of magnetism, 

superparamagnetism, is known to exist for small nanoparticles [80].

Diamagnetic material does not possess any magnetic behaviour internally 

or when a magnetic field is applied on it. Paramagnetic material can be 

magnetized by an external magnetic field, but its magnetization is zero 

when the magnetic field is removed [79]. Ferromagnetic material is easily 

magnetized, and it can be divided into two subclasses: hard and soft 

magnets. Hard magnets remain magnetized after the field is removed, while 



28

soft magnets do not [81,82]. Antiferromagnet is a “so-called” subclass of 

ferromagnet, and it does not remain magnetized as a hard magnet after it is 

removed from the magnetic field [81,82].

In ionic compounds, such as oxides, more complex forms of magnetic 

ordering can occur as a result of the crystal structure. This kind of magnetic 

ordering is called ferrimagnetism and it is similar to ferromagnetism [79].

Superparamagnetism is a form of magnetism that appears in small 

ferromagnetic or ferrimagnetic nanoparticles [80]. Superparamagnetism 

occurs in nanoparticles that are single-domain, i.e., composed of a single 

magnetic domain. This is possible when their diameter is less than 3 to 50 

nm. The relation of superparamagnetism to particle diameter depends on 

the material of the nanoparticle [81].

Figure 2.3 shows theoretical magnetization curves possible to obtain by 

vibrating sample magnetometry (VSM), which is one of the important 

techniques to measure the sample’s net magnetization. Graph 2.3.a shows 

the characteristic magnetization curve of a ferromagnetic material – high 

remanence magnetization (Mr) and high coercivity (Hc). Remanence 

magnetization (Mr) implies that material has magnetization remaining after 

an external magnetic field is removed. Coercivity (Hc) is the intensity of the 

applied magnetic field required to reduce the magnetization of that material 

to zero after the magnetization of the sample has been driven to saturation. 

Figure 2.3. The different magnetic effects occurring in magnetic nanoparticles: (a) hard 

ferromagnetic material; (b) superparamagnetic material; (c) weak ferromagnetic material 

(modified from [81]).

Graph 2.3.b shows a typical magnetization curve of a superparamagnetic 

material. Hysteresis does not occur in this magnetization curve because the 

remanence and coercivity are both zero. Superparamagnetic material 

behaves in manner similar to paramagnetic material [81]. Weak 

ferromagnetic material has a slight hysteresis in the magnetization curve 

due to the existence of low remanence and coercivity (Graph 2.3.c). 
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Superparamagnetic and weak ferromagnetic materials are examples of soft 

magnets [55].

Two key issues known to affect the magnetic properties of nanoparticles are 

particle size and surface effects such as different kinds of coatings. The 

magnetic behaviour of nanoparticles is a result of both the intrinsic 

properties of the particles and the interactions among them. The 

distribution of the sizes, shapes, surface defects, and phase purity are only a 

few of the parameters influencing the magnetic properties, which makes the 

investigation of the magnetism in small particles very complicated [81].

2.4.3 Applications of nanoparticles

The use of nanoparticles is widely reported in a variety of areas such as 

electronic, magnetic and optoelectronic, biomedical, biological, 

pharmaceutical, cosmetic, energy, environment/environmental detection 

and monitoring, catalytic, and advanced materials applications. 

Nanoparticles are used in semiconductor chips, ceramics, coatings, paints, 

sunscreens, plastics, fillers, and tips for scanning probe microscopes 

[8,10,83]. Promising medical applications encompass diagnostic and drug 

delivery systems [84,85]. Moreover, there exist several kinds of 

nanoparticle applications that focus on pollution prevention and treatment

(e.g., different kinds of pollutant sensors, destruction of bacteria), and

removal of environmental contaminants from various media with different 

kinds of methods (e.g., water treatment, post-treatment of contaminated 

soil, sediments and solid wastes) [86-89]. There are also diverse

applications existing for magnetic particles, as in recording tapes, catalysts,

and in biotechnology/biomedicine applications [90,91].

2.5 Nanotechnology in water treatment

Nanotechnology offers the potential to use novel nanomaterials for water 

treatment to provide efficient, cost-effective and environmentally 

acceptable solutions to improve water quality and to increase quantities of 

potable water. The nanotechnology applications employed in water 

treatment is summarized in Figure 2.4. Membrane processes are the most 

versatile techniques in pollutant removal, since they are capable of

removing inorganic, organic, and biological contaminants (i.e., bacteria and 

viruses) as well as radionuclides [92,93]. Moreover, nanofiltration alone or 

combined with reverse osmosis has been applied to desalination [93,94].
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Figure 2.4. Nanotechnology applications in water treatment [13].

An emerging technology in water treatment is the use of nanoadsorbents 

for heavy metals, organic pollutants, and radionuclides removal. This is 

because nanoadsorbents have a large surface area, the number of surface 

atoms is numerous enabling novel reactions at the nanoscale, and they can 

also be functionalized with various chemical groups or have their surface

modified to increase their affinity towards target compounds [13,14].

Furthermore, less waste is generated by nanoadsorbents since less 

adsorbent is required because more adsorbent atoms are present per unit 

mass of the adsorbent as with bulk adsorbents [14]. Another advantage 

among magnetic nanoparticles is that separation of the adsorbent from 

water can be conducted by a magnetic field, which makes the separation 

process fast and convenient. 

Frequently studied nanoparticles in water treatment are iron and 

aluminium oxides, either plain or functionalized ones [14]. Interest in 

magnetic nanoparticles is also increasing, since the possibility to remove a

used adsorbent with a magnet is an immense benefit compared to non-

magnetic adsorbents [6,15,95]. A special group among nanoparticles 

consists of titanium oxide (TiO2) and zero-valent iron (nZVI), which can be 

used as a “plain” adsorbent or either as a catalyst (TiO2) or redox-active 
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media (nZVI) [89,96,97]. Zeolites are effective adsorbents and ion-

exchange media for metal ions. They are inorganic crystalline porous 

materials, which have a highly ordered structure and are generally 

comprised of silicon, aluminium, and oxygen. Self-assembled monolayers 

on mesoporous supports (SAMMS) is a new class of environmental 

adsorbent materials; the simplest can be described as functionalized 

nanoporous ceramics [13]. It can effectively remove metal ions, anions, and 

radionuclides. Activated carbon fibers (ACFs), carbon nanotubes (CNTs),

and fullerenes are the main carbonaceous nanomaterials employed as 

adsorbents. They have high capacity and selectivity for organic solutes in

aqueous solutions [98-100].

Bioactive nanoparticles are suitable for water disinfection, and they may 

present an unprecedented opportunity to develop chlorine-free biocides. 

Among the most promising nanomaterials with antimicrobial properties are 

metallic and metal-oxide nanoparticles (e.g., silver and silver compounds, 

magnesium oxide) as well as titanium oxide photocatalysts [96,101,102].

2.5.1 Magnetic nanoadsorbents

Scaling down the size of a magnetic adsorbent to nanosize has introduced 

new adsorbent family, magnetic nanoadsorbents, to the water treatment 

sector. However, in the case of magnetic materials, scaling down may 

disclose undesired characteristics in a magnetic material compared to a

bulk one. For example, downsizing can form hard magnetic material, which 

could make magnetic filter regeneration difficult [55]. Therefore the 

preferred magnetic nanoadsorbents for magnetic separation applications 

are soft magnets with low magnetic remanence (weak ferromagnetic 

material) and zero magnetic remanence (superparamagnetic material) [55].

Since magnetic nanoadsorbents have not been widely used for As(V) 

removal, other metals removed by them are discussed here more detail to 

show examples of magnetic nanoadsorbents' modifications and 

performances. Recently, magnetic nanoadsorbents have been employed for 

Co(II), Cu(II), Ni (II), and Cr(VI) removal [15,103-111]. In all of these 

studies, an adsorbent was separated by a magnet from the solution. 

Functionalized magnetic nanoadsorbents was applied for Co (II) and Ni (II) 

removal. Cu(II) and Cr(VI) removal was tested both with non-modified 

maghemite and a surface modified one. As(V) removal from water with 

non-magnetic and magnetic nanoadsorbents will be discussed in Section

2.5.2.
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Co(II) and Ni(II) removal

Co(II) adsorption onto magnetic chitosan nanoparticles was studied with 

particles of 13.5 nm in size. Preparation of chitosan nanoparticles was

conducted in two steps. First, chitosan was synthesized by 

carboxymethylation and then it was bound onto the surface of magnetite 

(Fe3O4) nanoparticles via carbodi-imide activation. The particles' magnetic 

properties were nearly superparamagnetic, with a saturation magnetization 

of 62 emu/g. The maximum adsorption capacity of Co(II) was 27.4 mg/g at 

pH 5.5 with an adsorbent dose of 21 g/L and an initial cobalt concentration 

of 1500 mg/L [111].

Ni(II) removal was applied by using magnetic alginate microcapsules 

containing the extractant Cyanex 272. The magnetic material used was 

maghemite, which was coated with citrate anions to enable the reaction 

with sodium alginate polymer. The alginate polymer was formed by mixing 

sodium alginate and sodium azide. Cyanex 272 was added to the maghemite 

and alginate polymer mixture. Finally, water-insoluble calcium-alginate 

microcapsules were formed by adding CaCl2 into viscous water-soluble 

sodium alginate. The adsorption capacity of Ni was 30.5 mg/g at pH 5.3 

with a adsorbent dose of 7.2 g/L with a varying nickel concentration. The 

magnetic separation was conducted by using ~1 Tesla magnetic field [110].

Cu(II) and Cr(VI) removal

Non-modified and gum-arabic modified magnetite [103] and 

mesostructured silica containing magnetite (MSM) [109] were utilized for 

Cu(II) removal. The interaction of gum arabic carboxylic groups and the 

surface hydroxyl groups of magnetite generate modified magnetic 

nanoadsorbent where the amine groups of gum arabic form complex with 

copper. The adsorption capacity of Cu(II) with gum arabic modified 

magnetite was twofold, 38.5 mg/g, compared to plain magnetite. 

Experiments were conducted at pH 5.1 with an adsorbent dose of 5 g/L and 

initial copper concentration of 200 mg/L [103]. The Cu(II) adsorption 

capacity with MSM was 31.8 mg/g with an adsorbent dose of 5 g/L at pH 4 

with the initial copper concentration range of 0-1300 mg/L. MSM was 

synthesized by the electrostatic interaction between large magnetite 

particles (mainly 100 nm) and nanostructured silica (3 nm of pore 

diameter). Here, as in gum arabic modification, formed amine onto the 

magnetite surface acted as a functional group for copper removal [109].

The use of magnetic nanoparticles in wastewater treatment has been 

investigated in the recent past. These studies have focused on heavy metal, 
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mainly Cr(VI), removal by magnetite [104], maghemite [15,106], and 

surface modified magnetic nanoparticles [105,107,108]. Magnetite (Fe3O4)

was effective for the removal of Cr(VI) from wastewater, but due to 

chemical adsorption in the process, the regeneration of adsorbent and 

recovery of adsorbate became difficult and inefficient [104]. Adsorption of 

Cr(VI), Cu(II) and Ni(II) onto maghemite followed the Langmuir isotherm 

model. Adsorption capacities were 17.4 mg/g Cr(VI), 27.7 mg/g Cu(II) and 

25.7 mg/g Ni(II). Regeneration studies indicated that maghemite 

nanoparticles undergoing successive adsorption-desorption processes 

retained the original metal removal capacity [106]. The effect of coexisting 

ions (Na+, Cu2+, Ni2+, Ca2+, Mg2+, NO3
-, and Cl-) on Cr(VI) removal by 

maghemite was found to be insignificant, which illustrated the selective 

adsorption of Cr(VI) from wastewater [15]. Surface modified magnetic 

nanoparticles st�����
 ��

 �
����
 
������
 !�
�
 "-FeOOH (inorganic 

feroxyhyte)-coated maghemite and six different kinds of ferrites, MeFe2O4

�#�$
 #��
 ���
 ���
 #��
%��
 *��>
 ?��
 ��	�
�����
��������
 ��
 ���
"-FeOOH-

coated maghemite was 25.8 mg/g; and the highest adsorption efficiency, 

99.5%, was found for MnFe2O4 nanoparticles [105,107,108].

2.5.2 Nanoadsorbents in arsenic removal

Presently the applications of nanoadsorbents are developing as an area of 

interest for arsenate removal from water. Several studies have been 

conducted to investigate the suitability of different nanoadsorbents to 

remove arsenate from water (Table 2.4). Moreover, a few industrially 

manufactured nanoadsorbents are already on the market to treat arsenate 

containing water at least POU-level (Table 2.5). However, it should be kept 

in mind that the use of nanoadsorbents in industrial applications is not 

routine at the moment. The breakthrough of nanoadsorbents in practical 

applications is affecting their potential environmental and human health 

risks, i.e., a lack of coherent information on their behaviour, which also 

generates socio-economic issues [112].

Laboratory scale applications of non-magnetic nanoadsorbents

Table 2.4 shows different nanoadsorbents and optimum operating 

conditions for arsenate removal. The removal of arsenic by non-magnetic 

nanoparticles has shown promising results with nanocrystalline 

titaniumoxide [5,113-115], synthetic akageneite [116], and a fibrous ion
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exchanger impregnated with nanoparticles of hydrated ferric oxide (FIBAN-

As) [117]. With TiO2 adsorbent, the effectiveness of photocatalyzed 

oxidization of As(III) to As(V) has also been studied [5,114]. A study with 

aluminium oxide nanopowder has also been accomplished, but the results 

have not been as promising as with Fe2O3, NiO, TiO2, and ZrO2 [115].

Zero-valent iron nanoparticles (Fe0, nZVI) have received considerable 

attention for its potential applications in groundwater treatment. It is 

assumed that the reactivity of core-shell nanoparticles is driven by 

oxidation of the Fe0 core, since the core consists of mainly metallic iron, 

whilst the shell consists mostly of iron oxides and hydroxides. Thus, nZVI 

exhibits characteristics of both iron oxides (e.g., as an adsorbent) and 

metallic iron (e.g., as a reductant) [89,97]. As an adsorbent, nZVI with a 

dose of 0.1 g/L has reached 100% removal efficiency at pH 3, 5, and 7 in 12 

hours for 0.1 mg As(V) /L [4]. In another study, 88% of arsenate was 

removed in one hour with Fe0, while modification with Ni (NiFe) improved 

the efficiency up to 100% [118].

Laboratory scale applications of magnetic nanoadsorbents

The magnetic nanoparticles applied successfully for arsenic removal are 

magnetite (Fe3O4) [119-121], Jacobsite (MnFe2O4) [120], and maghemi��
��-

Fe2O3) [115,122,Paper I]. Table 2.4 shows that the highest arsenate 

adsorption capacity, 172.3 mg/g, was achieved with 12 nm magnetite (dose 

0.011 g/L) at pH 8. Magnetite was a product of a laboratory synthesis where 

a mixture of FeO(OH), oleic acid, and 1-octadecene were heated and stirred

in an elevated temperature (320ºC) for the desired time [119,123].

Nanoparticles of 20 and 300 nm in size were commercial products and 

showed 30 and almost 200 times smaller adsorption capacities, respectively 

[6]. Moreover, magnetic separation with a high-gradient magnetic field 

column and particle recovery was successful with 12 nm particles, while 

larger particles were retained in the column, and recovery was not possible. 

It was speculated that these nanoparticles have a large magnetic moment 

that provides a remanent magnetization at zero field, thus increasing their 

interactions with the residual stray magnetic fields present in the column. 

The magnetic field dependence of 12 nm particle retention was also studied,

and it was noted that with a magnetic field of 0.15 T, particle retention was 

100% [6]. A desorption study of aforementioned particles were conducted 

only for larger ones. It was observed that both particles regeneration was 

irreversible, As(V) was desorbed 20-25% and only about 1% with 300 nm 

and 20 nm particles, respectively. Competitive sorption was studied with 

lake water with 0.01 M NaNO3 electrolyte solution as a reference. As(V) 
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adsorption decreased in the lake sample, which was probably due to the 

competitive adsorption with natural organic matter (NOM) [6].

As(V) adsorption on maghemite has been studied with both commercial 

[115] and laboratory synthesized nanoparticles [122]. With commercial 

maghemite, As(V) adsorption capacity was 0.8 mg/g at pH 8.4 and 3.8

mg/g at pH 6.7 [115]. An electrochemical synthesis was applied for 

laboratory synthesized maghemite. There, nanoparticles were cathodically 

electrodeposited (i.e., constant applied current density) from 0.01 M FeCl3

solution at 20ºC and pH 2 with a stainless steel sheet as cathode and a steel 

rod as anode. The current densities were varied from 500 mA/cm2 to 2000 

mA/cm2. Arsenate adsorption capacity of 4.6 mg/g at pH 7 was detected 

[122].

Industrially manufactured nanoadsorbents

Examples of commercially available nanoadsorbents/filters suitable for 

water treatment are shown in Table 2.5. Companies selling and 

manufacturing these products are mainly from the United States. Turbo 

Beads and Saehan Industries are exceptions. Turbo Beads is based in

Switzerland and Saehan Industries is based in Korea. Nanomesh [124], 

nanofiltration [125], and nanofibrous filters [126,127] are listed here under 

nanoadsorbents, since adsorption occurs at some stage during the 

purification process. Self-assembled monolayers on mesoporous support 

(SAMMS®) has been developed by the U.S. Pacific Northwest National 

Laboratory (PNNL) [128,129], and it is sold and marketed by two 

companies, Battelle and Steward Advanced Materials. 

Iron-based commercial nanoadsorbents include ArsenX® [126,130],

Bayoxide® E33 [131], and TurboBeads EDTA [132]. The technical fact sheet 

for Bayoxide® E33 does not mention nano [133], but in other instances, it 

has been mentioned that the pores of surface media are nanosize [112].

Turbo Beads EDTA is a member of a larger product family of magnetic 

products manufactured by Turbo Beads. Turbo Beads manufactures highly 

magnetic, chemically stable functionalized nanoparticles suitable for 

biochemical, medical, and chemical applications. Their most recent product 

development has resulted in nanomagnets for the removal of heavy metal
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ions from water. These carbon coated iron-based nanomagnets were 

functionalized with ethylene diamine tetra-acetic acid (EDTA) to remove 

cadmium, lead, and copper from water [95]. Lead and cadmium (initial 

concentration 1 mg/L) were removed nearly to the regulated limit (Pb2+: 15 

μg/L; Cd2+: 5 μg/L) within 5 minutes of contact time at pH 6 with an EDTA-

nanomagnet dose of 0.5 g/L. The separation of EDTA-nanomagnets was 

conducted with a neodymium-based hard magnet with a surface 

magnetization of 1.3 T in 20 seconds [95]. The company claims that with 

little alteration of the nanomagnets, arsenic recovery could also be possible 

[132].

Nanoadsorbents described in Table 2.5 are at least capable of treating water 

at the point-of-use (POU) level. NanofiberFact®Media, ArsenX®,

AdsorbsiaGTOTM [134], and Bayoxide®E33 can also treat water at the 

community scale level. Moreover, ArsenX®, and SAMMS® are suitable for 

industrial waste streams purification [112]. Based on the manufacturers'

information, among these nanoadsorbents only SAMMS® and ArsenX® are 

moderately difficult to use and may need trained personnel. The rest of the 

nanoadsorbents were easy to use and to operate and maintain by unskilled 

personnel. The costs of the treatment units are difficult to estimate, and 

therefore exact amounts are not reported. All of the companies except 

Saehan Industries state that it is possible to retrofit a unit. The price of the 

filter/media is more available; however, the comparison between media can 

still be difficult and the price assumes mass production of the media. Table 

2.6 summarizes the available costs of nanoadsorbents.

Table 2.6. Cost of filter/media of nanoadsorbents [112]

Nanoadsorbent Cost (US$) Cost (€)a

Nanomesh unspecified unspecified
Nanofiltration unspecified unspecified
Nanofibrous filters
-NanoCeram®

-Fact®Media
3.00 /m2 media
0.80-0.90

2.30 /m2 media
0.61-0.69

SAMMS® 150 /kg 114.80 /kg
ArsenX® 0.07-0.20 /1000 L 0.055 -0.15 /1000 L
AdsorbsiaTMGTOTM 14 /L media 10.71 / L media
AD33 8-13 /L; 

50 -> cartridges
6 – 10 /L; 
38 -> cartridges

TurboBeads EDTA unspecified unspecified
acurrency conversion unit 1 $ =   0.765 €  (28.12.2011)
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3. MATERIALS AND METHODS

The research in this thesis is focused on the preparation of maghemite 

nanoparticles and the study of their suitability for arsenate removal in 

laboratory scale experiments. Research consists of preparation of 

maghemite nanoparticles and their characterization, both qualitative and

physical properties, study of adsorption and desorption kinetics,

investigation of arsenate adsorption properties on maghemite, such effects 

as pH, surface area and competing ions, determination of adsorption 

mechanism, and evaluation of maghemite stability and regeneration 

properties.

Research was conducted with three different maghemites, sol-gel, 

mechanochemical, and commercial. Among studied maghemites, sol-gel 

maghemite was the main research target; the others were studied for 

reference. Thus the effect of different synthesis method and particle size on 

adsorption was evaluated. Sol-gel maghemite is known to be a fast and 

easily repeatable method, and it had been successfully synthesized for 

Cr(VI) removal [15]. Therefore, it was chosen to be the main maghemite to 

study. 

3.1 Preparation of maghemite nanoparticles

�
�	���
 ��������
 �-Fe2O3 nanoparticles (maghemite) were obtained from 

three different sources: commercial maghemite purchased from Sigma-

Aldrich, synthesized by the mechanochemical method (mechanochemical 

maghemite, 3.1.1), and synthesized by the sol-gel method (sol-gel 

maghemite, 3.1.2). 
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3.1.1 Mechanochemical synthesis

In mechanochemical synthesis [91], solid reactants were mechanically 

mixed together by grinding, which proceeds to the final product with the 

following reactions (Formulas 3.1-3.2):

2 FeCl3· 6 H2O(s) + FeCl2· 4 H2O(s) + 8 KOH (s) � 8 KCl(s) + Fe3O4(s) + 14 H2O(g)        (3.1)

4 Fe3O4 (s) + O2 (g) � 6 �-Fe2O3 (s)                                         (3.2)

Powders of FeCl3· 6 H2O (1.35 g), FeCl2· 4H2O (0.50 g), and KCl (3.9 g) were 

mixed together in mortar and pestle (porcelain) and ground for 30 minutes 

at ambient temperature in air. After 30 minutes of grinding, 1.22 g of KOH 

powder was added to a formed yellow paste and grinding continued for 

another 30 minutes. Synthesized nanoparticles were sonicated and washed 

with ultrapure water several times to obtain chloride-free particles. 

Separation of washed particles was conducted with a centrifuge (SorvallR

RC26 plus; Sorvall Instruments, Dupont, Wilmington, DE) at 2000 rpm for 

10 min and a vacuum filtering system with a membrane of 0.1 μm pore size 

(MF-Millipore membrane filter, mixed cellulose esters). Finally, the 

maghemite was dried in a vacuum oven at 50ºC for 6 hours.

3.1.2 Sol-gel synthesis

Sol-gel synthesis of maghemite nanoparticles was slightly modified from 

the existing method [15]. Synthesis was a two-step method: first, magnetite 

(Fe3O4) was synthesized (Formula 3.3), and secondly, it was oxidized to 

���������
 ��-Fe2O3) (Formula 3.4). Black precipitate of magnetite was 

produced when appropriate amounts of Fe(II) and Fe(III) salts in alkaline 

solution were mixed under nitrogen atmosphere. Oxidation of magnetite to 

maghemite was conducted by calcination at 250ºC for 3 hours.

2 Fe3+ + Fe2+ +8 NH3 + 4H2O � Fe3O4 (s) + 8 NH4+ (3.3)

4 Fe3O4 (s) + O2 (g) � 6 �-Fe2O3 (s) (3.4)

In magnetite synthesis, 200 ml of double deionized water was 

deoxygenated by N2 bubbling and mechanical stirring for 30 minutes. Then 

5.2 g of FeCl3`6 H2O and 2 g of FeCl2`4 H2O were added with mechanical 

stirring. When iron salts were dissolved, 1.5 M NH4OH was added drop by 

drop until the pH reached 10-11. Formed black magnetite precipitate was 

allowed to set gradually, and then it was washed 10-15 times with ultrapure 

water to obtain cleaned particles. Washed particles were collected with the 

help of an external magnet and freeze-dried (Edwards, Super Modulyo). 
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These dry particles were oxidized to maghemite with a continuous supply of 

compressed air at 250ºC for 3 hours (Carbolite). 

3.2 Characterization of maghemite nanoparticles

The structural characterization of maghemite nanoparticles was conducted 

by powder X-ray diffraction (XRD) for crystalline phase analysis (Philips 

PW1830). For verification of the crystalline phase and the composition of 

the synthesized product, Joint Committee on Powder Diffraction Standards 

files (JCPDS) were used for qualitative characterization. An X-ray

photoelectron spectroscopy (XPS) was applied to verify the iron oxidation 

state and to evaluate the bond strength of iron and arsenate (PHI 5600). 

Transmission electron microscopy (TEM) image was performed to 

determine the particle size and morphology of maghemite nanoparticles as 

well as the crystallinity of sorbed species (JEOL, 2010 TEM). A gas 

adsorption analyzer with the multipoint Brunauer, Emmett, Teller (BET) 

method was used for a specific surface area determination (Quantachrome 

Autosorb-1). The magnetic properties of maghemite nanoparticles were 

examined by a vibrating sample magnetometer (VSM) with a 9T 

superelectromagnet (LakeShore 7037/9509-P). A point of zero charge, 

pHpzc, was measured by a Zeta Plus analyzer (Brookhaven) and a Zetasizer 

Nano ZS analyzer (Malvern Instruments Ltd.). Fourier transform infrared 

spectroscopy (FTIR) was applied for molecular-level investigations (Perkin 

Elmer, Spectrum BX).

3.3 Concentration analysis of solutions

Total arsenic concentrations in the solutions were determined using 

inductively coupled plasma optical emission spectrometer (ICP-OES, 

Optima 3000XL, Perkin Elmer) and inductively coupled plasma-mass 

spectrometer (ICP-MS, Sciex Elan 6000, Perkin Elmer). A flow injection 

analyzer (FIA) was employed for analysis of phosphate (Foss FiaStar 5000). 

Silica concentrations were analyzed by ICP-OES (iCAP 6300, Thermo 

Electron Corporation). ICP-OES (Perkin Elmer) and ultraviolet-visible 

spectrophotometer (UV-VIS, UV-1201 Shimadzu) were applied for the iron 

concentration measurement.
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3.4 Batch experiments

This section reports the batch experiments conducted in the research. The 

description of the experiments are divided into four parts according to the 

order of papers presented in this thesis: Adsorption isotherm, adsorption 

mechanism, desorption of As(V) and adsorbent recycling, and competing 

anions. All three maghemites – commercial, mechanochemical, and sol-gel 

– were studied in Papers I and II, while only commercial and sol-gel 

maghemite were studied in Papers III and IV. Mechanochemical 

maghemite was excluded from the experiments in Papers III and IV due to 

weaker magnetic properties compared to other maghemites and time-

consuming preparation when washing off impurities from the synthesized 

product. 

Adsorption isotherm 

Adsorption batch tests were performed at room temperature (23 ± 2°C) 

with 200 rpm agitation (Flask Shaker, SF1, Stuart Scientific) and 50-hour 

equilibrium time. The use of equilibrium time of 50 hours is based on the 

results of adsorption kinetic study that was carried out at different time 

intervals under pH 5. The adsorption tests of mass/volume ratio for 

commercial, mechanochemical, and sol-gel maghemite were 0.25, 0.06, 

and 0.1 g/L, respectively. Adsorption isotherms were studied by varying the 

initial As(V) concentration (1–11 mg As(V)/L) and solution pH (3, 5, 7 and 

9). The pH of the solutions was adjusted by 0.1 M NaOH or HNO3 stock 

solutions. When the adsorption equilibrium was reached, the adsorbent was 

separated via an external magnet and the supernatant was collected for the 

metal analysis. Magnetic separation of maghemite nanoparticles was 

conducted by a hard magnet, Neodym (Neorem Magnets Oy). (Paper I). 

Adsorption mechanism

For adsorption mechanism studies, the adsorption batch experiments 

followed the procedure described in the previous section (Paper I). After the 

adsorption experiment, the adsorbent was filtered out by a vacuum filtering 

system with a 0.1-{�
 �����

 ���|
���
 �#}- Millipore membrane filter, 

mixed cellulose esters). The filtrand was dried overnight at room 

temperature before measurements were taken (Paper II). 
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Desorption of As(V) and adsorbent recycling

Arsenate desorption from a commercial and sol-gel maghemite surface was 

investigated by three sets of experiments: (1) determination of the best 

alkaline desorption solution among 0.1 M NaOH, Na2CO3, Na2HPO4,

NaHCO3, CH3COONa· 3H2O (NaAc) solution, (2) investigation of the 

concentration effect of the best desorption solution by NaOH 

concentrations of 0.01, 0.1, 0.5, 1, and 2 M, (3) study of the desorption 

kinetics. All adsorption batch tests were performed at room temperature 

(23 ± 2°C) with 200 rpm agitation (IKA Lortechnik, KS 501 digital) and 50-

hour equilibrium time at pH 3 with initial As(V) concentration of 3 mg/L. 

The mass/volume ratios for adsorption tests for commercial and sol-gel 

maghemite were 0.25 and 0.1 g/L, respectively. Desorption batch tests were 

performed at 23 ± 2°C with 200 rpm agitation and 50-hour equilibrium 

time. Desorption kinetics was accomplished with 0.1 M NaOH at different 

time intervals, from which the 50-hour equilibrium time was chosen. The 

mass/volume ratios used in desorption experiments were 0.2 g/L and 0.12 

g/L for commercial and sol-gel maghemite, respectively. After the

adsorption batch experiments the adsorbent was separated from the As(V) 

solution and rinsed three times with double-deionized water to remove 

residue As(V) and other possible impurities prior to the batch desorption 

experiments. With sol-gel maghemite, the separation was conducted with 

an external magnet, and the rinse water from the magnetic separation was 

vacuum-filtered to recover adsorbent possibly left in the water after rinsing. 

With commercial maghemite, the particle separation from water and 

rinsing procedure was accomplished using a vacuum filtering process. Due 

to the commercial maghemite’s high dispersion property in water, which 

leads to weakening magnetic separation, only filtration was used for the 

commercial maghemite separation to make the rinsing procedure reliable 

and the desorption experiment repeatable. The filtrand was dried overnight 

at room temperature and then separated from the filter by spatula, weighed 

and used for the desorption experiment (Paper III). 

The recycling properties of maghemites were studied with successive cycles 

of adsorption-desorption experiments. The adsorption experiments were 

conducted with three different initial As(V) concentrations: 0.5, 1, and 3 

mg/L at pH 3 followed by a desorption using 1 M NaOH. An equilibrium 

time of 48 hours was applied for both the adsorption and desorption 

experiments since it is a more convenient time than 50 hours to perform 

sequential experiments. The two-hour lack in adsorption/desorption 

equilibrium time was confirmed not to have an effect on the results when 

compared to the 50-hour equilibrium time. The mass/volume ratios for 
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experiments were the same as stated in the previous section. The separation 

of the adsorbent, both for commercial and sol-gel maghemite, was 

conducted with a vacuum filter after each adsorption and desorption 

experiment. In each round of adsorption or desorption experiments, the 

adsorbent used was the dried filtrand. The change of separation technique 

from magnet to filtration with sol-gel maghemite was due to better time 

management when the experiments were conducted in successive cycles 

(Paper III).

Competing anions 

The effect of anion competition on arsenate adsorption (0.5, 1, and 3 mg 

As(V)/L) was studied by sulphate (20 and 250 mg SO4/L) and nitrate (1 and 

12 mg NO3-N/L) at pH3, and by phosphate (0.5, 1.5, and 2.9 mg PO4-P /L) 

and silicate (10, 30, and 50 mg SiO2/L) at pH 3 and 7 with commercial and 

sol-gel maghemite. The groundwater sample spiked with 0.5 and 1 mg 

As(V)/L was also investigated both at pH 3 and 7. Solutions applied in 

batch experiments were a mixture of As(V) and one competing ion at a

certain concentration except in the case of the groundwater experiments. 

The blank experiments were run simultaneously with studied As(V) 

concentrations in double-deionised water at pH 3 and 7 with both 

adsorbents. A 50-hour equilibrium time and 200 rpm agitation at room 

temperature (23 ± 2°C) with a mass/volume ratio of 0.25 and 0.1 g/L for 

commercial and sol-gel maghemite, respectively, were applied for all 

experiments (Paper IV).
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4. RESULTS AND DISCUSSION

4.1 Characterization of maghemite nanoparticles

Nanoparticles qualitative characterization was conducted by XRD and 

FTIR, which were also utilized for crystalline phase verification together 

with a TEM image. Along with composition verification was the iron 

oxidation state determined by XPS. VSM was employed to determine the 

magnetic properties of nanoparticles. A TEM image was also applied for 

morphology observation and particle-size determination, which are 

important characteristics of adsorbent materials together with specific 

surface area and surface potential.

4.1.1 Qualitative properties

The XRD pattern in Figure 4.1 confirmed that every studied nanoparticles 

crystal orientation belonged to maghemite.

Figure 4.1. XRD patterns of commercial, mechanochemical, and sol-gel maghemite. 
(Paper I). Normalized standard peaks expressed in vertical peaks at positions (degrees 2 
theta) 15.0, 18.3, 23.9, 30.2, 35.3, 43.3, 53.8, 57.3 and 63.2.
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This was verified by comparing maghemites peak positions to the JCPDS 

standard configuration of maghemite (Figure 4.1). However, a difference in 

peak intensity and broadening was observed between maghemites. The 

XRD pattern of commercial maghemite possesses peaks with strong 

intensity and sharpness, followed by the slightly weaker and broader 

pattern of sol-gel maghemite. The broadest peaks with the weakest intensity 

are observed by mechanochemical maghemite. Change in XRD pattern 

intensity and peak broadening is explained by the decreasing particle size of 

the nanoparticles (Figure 4.4).

To exclude the existence of magnetite (Fe3O4) in particles, the oxidation 

state of iron was verified with XPS, which indicated that the electronic state 

of the iron in all maghemites was Fe3+.

Figure 4.2 shows the FTIR spectra of different maghemites. Note that the 

commercial maghemite has a more detailed spectrum than the other two 

maghemites. This is due to the crystal order in atoms: the atoms in 

commercial maghemite crystals are well-ordered while the atoms in other 

maghemites are more strongly disordered. It is worth noting that the 

characteristic absorptions for all maghemites can be found at all spectra: 

two broad absorption bands at about 400 cm-1 and 600 cm-1 [135,136].

Moreover, well-ordered maghemites show typical shoulders in the regions 

of 402 cm-1, 415 cm-1, 440 cm-1, 552 cm-1, 580 cm-1, 630 cm-1, 692 cm-1, and 

725 cm-1 [135].

Figure 4.2. FTIR spectra of different maghemites. (Unpublished data)
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Figure 4.3 shows the maghemites' magnetic behaviour under a strong 

magnetic field. None of the nanoparticles had the properties of a hard 

magnet, but all of them were paramagnetic material [63]. The 

magnetization curve of commercial maghemite showed slight hysteresis;

thus, it is a weak ferromagnetic material. Superparamagnetic behaviour was 

observed with sol-gel and mechanochemical maghemite, which can occur 

with very small particles (~10 nm) [81]. All of these maghemites would be 

suitable for magnetic separation applications since they do not possess the 

quality of a hard magnet [55].

Figure 4.3. Magnetization curves of commercial, mechanochemical, and sol-gel maghemite 

at room temperature (23±2°C). (Paper I)

4.1.2 Physical properties

The following properties of three maghemites were investigated: particle 

size, particle size distribution, magnetization value, specific surface area,

and surface potential (pHpzc) (Paper I, Table 1). Mechanochemically 

synthesized maghemite nanoparticles are the smallest in particle size (3.8 

nm) among the three maghemites studied. This was not only revealed by a

particle-size calculation from the TEM image (Figure 4.4), but was also 

supported by the specific surface area (203.2 m2/g), the smallest 

magnetization value at 5 kOe (19.6 emu/g), and the XRD pattern (Figure 

4.1). The specific surface area of mechanochemical maghemite is 40 times 
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greater, almost 20 times greater with sol-gel and 10 times greater with 

commercial maghemite compared to the bulk product (5.05 m2/g) [137].

Figure 4.4 illustrates the effect of particle-size dependence on the specific 

surface area and the magnetization value of different maghemites. The 

saturation magnetization value of commercial maghemite (71.7 emu/g) and 

sol-gel maghemite (64.3 emu/g) at 8-9 kOe is related to the literature value, 

which has a range of 60-80 emu/g [82]. The specific surface area of 

maghemites increases with declining particle size, as expected, because 

there is an inverse relationship between particle size and specific surface 

area [73]. Magnetization is known to decline when particle size decreases 

[138], which is also observed in Figure 4.3. An explanation of this behaviour 

could be the small-particle surface effect and the internal cation disorder 

[135]. However, the exact mechanism is still unknown.

Figure 4.4. The effect on specific surface area and magnetization value of maghemites 

particle size. 

Particle size and its distribution range expressed in Figure 4.4 were 

calculated from TEM images by measuring the diameter of 100 particles

randomly chosen. Sol-gel and mechanochemical maghemite had the most 

even particle size distribution, which is a common observation with these 

synthesis methods [69,70]. Morphology differences between particles were 

discovered (Figure 4.5): hexagonal, spherical, and irregular shapes were 

observed with commercial, sol-gel, and mechanochemical maghemites, 
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respectively. This variety is thought to be due to the difference in synthesis 

methods. 

Figure 4.5. TEM image of commercial maghemite with a scale bar of 50 nm (a), sol-gel 

maghemite with a scale bar of 50 nm (b), and mechanochemical maghemite with a scale bar 

of 5 nm (c). (Paper I)

Zeta potential measurements conducted at a pH range of 3-10 revealed the 

pHzpc, i.e., the pH value when the surface charge of maghemite particles is 

neutral. pHzpc for commercial, mechanochemical, and sol-gel maghemite 

were 7.5, 5.7, and 5.7, respectively. Below the pHzpc the maghemite surface 

is positively charged, and above the pHzpc the maghemite surface is 

negatively charged [35]. Moreover, the absolute value of the zeta potential 

indicates the system stability. When the zeta potential value is higher than 

25 mV, the system is stable, and repulsive forces between the particles are 

strong enough to keep particles dispersed [139]. Such high zeta potential 
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(Paper II, Figure 1).

4.2. Kinetics
4.2.1 Adsorption kinetics

Figure 4.6 shows the adsorption kinetics of three different maghemites. The 

plateau (equilibrium) of different maghemites is reached in the same time 

frame, around 30-50 hours. The kinetics of different maghemites follows 

the typical behaviour of heavy metal adsorption onto an oxide surface; the 

adsorption reaction is rapid at first, and then the rate gradually diminishes 

[35,140]. In 30 minutes, approximately 70%, 80%, and 90% of the arsenate 

has been adsorbed onto the mechanochemical, sol-gel, and commercial 

maghemite, respectively. The rapid reaction is normally interpreted as an 

50 nm50 nm

a b c
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external diffusion process, while several possible explanations exist for a

slow reaction stage: (1) formation of an inner-surface complex, (2) diffusion 

of the adsorbate into the adsorbent pores, or (3) a precipitation reaction 

[35,140].

Figure 4.6. Adsorption kinetics of commercial (dose 0.25 g/L), mechanochemical (dose 

0.06 g/L), and sol-gel maghemites (dose 0.1 g/L). Initial As(V) concentration 3 mg/L, pH 5.

(Paper I)

To investigate the possible explanation for the slow reaction stage, 

adsorption kinetics was examined with different kinetic models, such as 1st

order, 2nd order, the Elovich equation, parabolic diffusion, pseudo-first

order, and pseudo-second order [35,141]. From these, the data fit best with 

the pseudo-second order kinetic model when correlation coefficient (R2)

value was evaluated (Figure 4.7). Also, the calculated qe values agree very 

well with the experimental data, as can be seen in Table 4.1. The pseudo-

second order model considers the rate-limiting step as the formation of 

inner-sphere surface complexes [141], which is also in agreement with the 

results observed from adsorption mechanism studies with maghemites 

(Paper II).
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Figure 4.7. Pseudo-second order kinetic plots for arsenate adsorption with mechano-
chemical (unpublished data), sol-gel, and commercial maghemite (Paper III).

The kinetic rate constants (k2) (which take into account the rate-limiting 

step of adsorption) and the initial sorption rate (h) are shown for 

mechanochemical, sol-gel, and commercial maghemite in Table 4.1. The 

kinetic rate is slowest with mechanochemical maghemite, followed by sol-

gel and commercial maghemite. Commercial maghemite shows a kinetic 

rate nine times higher than that for mechanochemical maghemite and five 

times higher than that for sol-gel maghemite. In contrast, the initial 

sorption rate is the highest with mechanochemical, followed by commercial 

and sol-gel maghemite. 

Table 4.1. Pseudo-second order rate constants for adsorption with mechanochemical 
(unpublished data), sol-gel, and commercial maghemite (Paper III).

qe, exp
(mg/g)

qe, calc.
(mg/g)

h
(mg /

(g min))

k2

(g /
(mg min))

R2

Mechanochemical 22.7 22.8 0.237 0.0005 0.997
Sol-gel 10.8 11.0 0.117 0.0010 0.999
Commercial 6.0 5.8 0.152 0.0045 0.998

The important characteristics of the adsorbent that determine equilibrium 

capacity and rate are surface area, the physicochemical nature of the 

surface, the availability of that surface to adsorb molecules or ions, the 

physical size, and form of the adsorbent particles [142]. Moreover, system 

parameters such as the pH, temperature, and agitation can also influence 

the adsorption as they affect one or more of the above parameters. In this 

study the pH, temperature, and agitation were kept constant and the same 

for all maghemites. Thus, one explanation for the difference in kinetic rates 
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of maghemites is the physical size and form of the maghemite particles as 

well as their physicochemical nature. Commercial maghemite possess the 

largest particles and well-ordered crystallinity. Moreover, the hexagonal 

form of the particles differs from sol-gel and mechanochemical maghemite. 

4.2.2 Desorption kinetics

Desorption kinetics was studied with 0.1 M NaOH at varying contact times. 

NaOH was chosen for the desorption solution among following alkaline 

solutions: Na2CO3, Na2HPO4, NaHCO3, and NaAc due to its best 

performance (Paper III). Desorption kinetics was studied with sol-gel and 

commercial maghemite. Figure 4.8 shows that arsenate desorption is rapid

at first, and then the rate gradually diminishes. Maghemites reached 

equilibrium in 24 to 50 hours with 80-90% desorption efficiency. Nearly 

60% of arsenate was desorbed by commercial maghemite and 65% by sol-

gel maghemite in one hour. Desorption kinetics is similar to adsorption 

kinetics, both in equilibrium time and in graph shape. 

Figure 4.8. Adsorption and desorption kinetics of commercial and sol-gel maghemites.

Also, the data of desorption kinetics fit the best with the pseudo-second

order model (Paper III, Figure 4), the initial sorption rate showing higher 

values in desorption than in adsorption for both maghemites (Paper III, 

Table 3). This indicates that arsenate desorption from the maghemite 

surface is faster than its adsorption onto a surface. This is possible due to a

different bond formation in adsorption (bidentate binuclear) and 
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desorption (monodentate), as well as the level of surface coverage of 

maghemite. 

4.3 Arsenate adsorption on maghemite nanoparticles
4.3.1 Effect of pH and surface area

Experimental data of adsorption isotherms fit well with the Langmuir 

isotherm (Paper I), indicating that the surface of maghemites was 

homogeneous and the adsorbed As(V) molecules formed a monolayer onto 

the maghemite surface. The pH employed in experiments was effectively 

the adsorption pH because the initial (adjusted) pH and final pH at the 

equilibrium were comparable. The adsorption capacity of different 

maghemites was clearly pH-dependent, and the most efficient adsorption 

occurs at pH 3 for all maghemites: 50.0 mg/g for mechanochemical, 25.0 

mg/g for sol-gel, and 16.7 mg/g for commercial maghemite. Moreover, 

maximum adsorption capacity values declined in agreement with the 

specific surface area – the highest adsorption capacity with the largest 

specific surface area. Figure 4.9 illustrates the specific surface area and pH 

effect of different maghemites.

Figure 4.9. Surface area based As(V) adsorption maximum of different maghemites as a

function of pH with initial As(V) concentration of 7 mg/L.

It is seen that surface area based adsorption maximums (qmax) are almost 

the same at different pH values as they are between different maghemites. 

This is logical and indicates that all three materials have approximately the 
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same surface density of binding sites with a similar pH response (i.e., 

Brönsted acidity of the binding sites is similar in all three materials). The 

pH dependence is closely related to the surface charge status of the 

nanoparticles at various pH values.

The maximum adsorption capacities are difficult to compare due to 

differences in experimental conditions. However, the comparison of results 

reported here and with some conventional adsorbents (Table 4.2) and other 

nanoadsorbents (Table 2.4) for arsenate removal with batch experiments 

gives an idea about the removal capability of the studied adsorbents. With 

conventional adsorbents, ferrihydrite and mesoporous alumina are showing 

higher adsorption capacity compared the studied maghemites. The reported 

adsorption capacity of activated alumina in column experiments ranges

from 3 to 112 mg/g [29]. Among nanoadsorbents a few adsorbents (such as 

TiO2, magnetite, and crystal agageneite) overcome the maghemite's

adsorption capacity. In general, the maghemites' capability to adsorb 

arsenate is on a satisfactory level.

Table 4.2. The maximum adsorption capacity of some conventional adsorbents for the 

removal of As(V) from natural and drinking water with batch experiments.

Adsorbent pH Conc./
range
(mg/L)

Ads.
dose 
(g/L)

SSA
(m2/g)

T
(°C)

Capacity
(mg/g)

Refs.

Ferrihydrite 4.6 20-
2000

2 202 - 149.8 [143]

Activated
alumina
grains

5.2 2.85-
11.5

1-5 116-118 25 15.9 [144]

Mesoporous
alumina

5 7.5-1500 5 307 20-
25

121 [145]

Hematite 4.2 1-10 - 14.4 30 0.20 [146]
Goethite 9.0 0-60 1.6 39 22 4.0 [147]
Maghemite
Commercial
Mechano-
chemical
Sol-gel

3

3
3

1-11

1-11
1-11

0.25

0.06
0.1

51.0

203.2
90.4

23±2

23±2
23±2

16.7

50.0
25.0

Paper I

4.3.2 Effect of competing ions

The effect of sulphate (SO4) and nitrate (NO3-N) at pH 3, phosphate (PO4-

P) and silicate (SiO2) at pH 3 and 7, on arsenate adsorption onto maghemite 

was investigated by sol-gel and commercial maghemite. Moreover, the 

combined effect of ions and other water characteristics on arsenate 

adsorption capacity were examined with a natural groundwater sample 

spiked with a certain amount of arsenate (Paper IV). In order for an ion to 
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compete for the same binding sites with arsenate, it should possess the 

same adsorption mechanism (i.e., inner-sphere surface complex) [43].

Another ion can also affect arsenate adsorption by steric effects, thus 

inhibiting the arsenate attachment onto the maghemite surface or by 

affecting the surface potential [44].

Sulphate and nitrate

Sulphate and nitrate were observed to have an insignificant effect on 

arsenate adsorption capacity with both maghemites at pH 3 (Tables 4.3 and 

4.4, Paper IV). Such a result was somehow expected since nitrate adsorbs 

most likely by outer-sphere surface complexation [35], while sulphate may 

form both outer- and inner-sphere complexes [148].

Silicate

Silicate was observed to have the most effect on arsenate adsorption 

capacity at pH 7 with elevated silicate concentrations (Tables 4.3 and 4.4, 

Paper IV) with both maghemites. Slight silicate inhibition was observed 

with sol-gel (30 and 50 mg SiO2/L) and commercial maghemite (50 mg

SiO2/L) with 3 mg As(V)/L at pH 3.

Silicate differs from arsenate and phosphate in chemical properties since it 
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and even small concentrations (starting from 6 mg/L) at pH 6 and 7 

[46,149]. Polymerization is the possible explanation for the increase in 

silicate inhibition with elevated silicate concentration and pH. Polymeric 

species can coat more of the surface and the adsorption sites on the 

adsorbent surface than monomeric silica, thus inhibiting As(V) adsorption 

by steric effects or by decreasing the surface potential [44].

Phosphate

The phosphate competing effect on arsenate adsorption capacity increases 

with elevated phosphate concentrations at both pH values and adsorbents 

(Tables 4.3 and 4.4, Paper IV).
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Table 4.3. The effect of competing ions on As(V) adsorption capacity (mg/g) with sol-gel 

maghemite at pH 3 and pH 7. 

*see Paper IV, Table 3 for water quality results

                   pH 3                         pH 7
Initial
As(V)
mg/L

Anion
(mg/L)

Adsorption 
capacity
As(V) mg/g

Initial
As(V)
mg/L

Anion
(mg/L)

Adsorption 
capacity
As(V) mg/g

SO4 SO4

0.5 0 4.7 0.5 0 -
20 4.7 20 -
250 4.6 250 -

NO3-N NO3-N
0.5 0 4.7 0.5 0 -

1 4.8 1 -
12 4.6 12 -

PO4-P PO4-P
0.5 0 4.7 0.5 0 3.6

0.5 4.6 0.5 2.5
1.5 4.6 1.5 1.6
2.9 4.1 2.9 0.7

1.0 0 9.4 1.0 0 4.0
0.5 8.6 0.5 3.1
1.5 7.7 1.5 2.4
2.9 6.7 2.9 1.7

3.0 0 18.2 3.0 0 5.7
0.5 16.2 0.5 5.1
1.5 12.9 1.5 4.4
2.9 12.0 2.9 3.9

SiO2 SiO2

0.5 0 4.7 0.5 0 3.6
10 4.7 10 2.7
30 4.9 30 2.4
50 4.7 50 2.8

1.0 0 9.4 1.0 0 4.0
10 9.4 10 3.7
30 9.5 30 3.0
50 9.7 50 3.2

3.0 0 18.2 3.0 0 5.7
10 18.3 10 5.1
30 16.7 30 4.2
50 16.2 50 4.3

Ground 
water

Ground 
water

0.5 0 4.7 0.5 0 3.6
* 4.8 * 3.4

1.0 0 9.4 1.0 0 4.0
* 8.6 * 4.8
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Table 4.4. The effect of competing ions on As(V) adsorption capacity (mg/g) with 

commercial maghemite at pH 3 and pH 7.

                 pH 3              pH 7
Initial
As(V)
mg/L

Anion
(mg/L)

Adsorption 
capacity
As(V) mg/g

Initial
As(V)
mg/L

Anion
(mg/L)

Adsorption 
capacity
As(V) mg/g

SO4 SO4

0.5 0 1.9 0.5 0 -
20 1.8 20 -

250 - 250 -

NO3-N NO3-N
0.5 0 1.9 0.5 0 -

1 1.9 1 -
12 - 12 -

PO4-P PO4-P
0.5 0 1.9 0.5 0 1.7

0.5 1.8 0.5 1.2
1.5 1.7 1.5 0.8
2.9 1.2 2.9 0.4

1.0 0 3.8 1.0 0 2.2
0.5 3.3 0.5 1.5
1.5 2.8 1.5 1.1
2.9 2.4 2.9 0.9

3.0 0 6.8 3.0 0 3.7
0.5 6.4 0.5 2.6
1.5 5.6 1.5 2.0
2.9 5.2 2.9 1.5

SiO2 SiO2

0.5 0 1.9 0.5 0 1.7
10 1.9 10 1.6
30 2.0 30 1.3
50 1.9 50 1.1

1.0 0 3.8 1.0 0 2.2
10 3.8 10 2.2
30 3.9 30 1.8
50 3.9 50 1.6

3.0 0 6.8 3.0 0 3.7
10 6.7 10 2.8
30 6.8 30 2.7
50 6.3 50 2.5

Ground 
water

Ground 
water

0.5 0 1.9 0.5 0 1.7
* 1.9 * 1.7

1.0 0 3.8 1.0 0 2.2
* 3.4 * 2.8

*see Paper IV, Table 3 for water quality results
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When examined the decrease in As(V) adsorption capacity (in per cent) as a 

function of increasing arsenate concentration with a certain phosphate 

concentration, it is seen from Figures 4.10 and 4.11 that with both 

maghemites the decrease in arsenate adsorption capacity is more 

prominent at pH 7 than 3. Moreover, in general, phosphate inhibits slightly 

more arsenate adsorption onto commercial maghemite than onto sol-gel 

maghemite. With sol-gel maghemite, the decrease in As(V) adsorption 

capacity gradually increases with elevated arsenate concentration at pH 3,

but the opposite situation is observed at pH 7 (Figure 4.10, graph (b)). In 

case of commercial maghemite, the phosphate effect is similar to sol-gel at 

pH 7, while at pH 3 it shows the highest As(V) adsorption capacity decrease 

with 1 mg As(V)/L (Figure 4.11 graph (a)).

Figure 4.10. Phosphate effect on As(V) adsorption capacity decrease (%) at (a) pH 3 and 

(b) pH 7 with sol-gel maghemite.

Figure 4.11. Phosphate effect on As(V) adsorption capacity decrease (%) at (a) pH 3 and (b) 
pH 7 with commercial maghemite.
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The phosphate competing effect is influenced by the pH, which has an effect 

on phosphate and arsenate speciation as well as the electrostatic charge at 

the adsorbent surface [43]. Moreover, anion(s) concentration and the

amount of available binding sites on maghemite surface determine the level 

of the competition between these two anions. In the previous section

(4.3.1), it was stated that sol-gel and commercial maghemite have the same 

surface density of binding sites with similar pH response. Therefore, 

enhancing competition with elevated phosphate concentrations could be 

the result of decreasing the amount of surface sites on the maghemite 

surface. This explanation is possible in pH 3 when an increase in arsenate 

concentration causes a gradual decrease in the As(V) adsorption capacity 

with sol-gel maghemite (Figure 4.10, Graph (a)). In case of commercial 

maghemite, 1 mg As(V)/L shows a higher decrease in As(V) adsorption 

capacity than other concentrations. The reason for this behaviour is not 

known. 

At pH 7, the phosphate competition is higher than at pH 3, which is more 

likely due to change in the maghemite's surface charge to negative (pH > 

pHpzc, Paper I, Table 1), which decreases the available binding sites and 

enhances anions competition [150]. The surface area based maximum 

As(V) adsorption capacity, qmax (mg/m2), is threefold smaller at pH 7 than 

at pH 3, which also indicates that maghemite’s adsorption capacity is 

diminished at pH 7 (Paper I). The decrease in As(V) adsorption capacity 

was at its highest with small arsenate concentrations at pH 7 with both 

maghemites. This is possible due to the small amount of active surface sites 

that are negative in charge and the change in bonding from bidentate to 

monodentate in the case of arsenate (Paper II). Therefore arsenate is more 

freely released to the solution and replaced by phosphate. 

Groundwater

The results of adsorption capacities of arsenate from the laboratory and 

groundwater are shown in Tables 4.3, 4.4, and Paper IV for sol-gel and 

commercial maghemite. The results reveal that both adsorbents behave 

similarly. Arsenate adsorption capacity was not affected at the studied pH

values with 0.5 mg As(V)/L in groundwater, whereas the discrepancy of 

adsorption results with 1 mg As(V)/L is noticeable at pH 3 and pH 7. At pH 

3, the arsenate adsorption capacity decreases by 0.8 and 0.4 units, while at 

pH 7 it increases by 0.8 and 0.6 units with sol-gel and commercial 

maghemite, respectively, when compared with laboratory water spiked with 

As(V).
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When dealing with natural water, one of the potential factors inhibiting 

arsenate adsorption is natural organic matter (NOM), which mainly 

consists of humic and fulvic acids (HA; FA). NOM is a large, complex 

molecule which has multiple anionic functional groups with differing 

dissociation constants [151]. The arsenate adsorption capacity decrease at 

pH 3 with 1 mg As(V)/L is possible due to NOM inhibition, while with 0.5 

mg As(V)/L, NOM inhibition does not exist since maghemite has 

presumably a sufficient amount of active surface sites to adsorb. The 

increase in arsenate adsorption capacity at pH 7 could be explained by the 

combined effect of silicate and bicarbonate [152] or an ionic strength effect 

(Paper II, Figure 2). It is supposed that negatively charged NOM is not 

influencing arsenate adsorption at pH 7 due to negative adsorbent surface 

(Paper I, Table 1; and Paper II, Figure 1), which lowers its attraction 

towards the maghemite surface. Moreover, FA forms a possible outer-

sphere surface complex at pH 7, which is less favoured for competition with 

arsenate inner-sphere surface complexes [153].

4.4 Adsorption mechanism

The As(V) adsorption mechanism onto three different kinds of maghemite 

nanoparticles were studied by macroscopic characterization (zeta potential 

measurement, ionic strength effect) and microscopic characterization 

(FTIR, XPS, XRD, TEM). 

A point of zero charge, pHpzc, for different nanoparticles was estimated 

graphically by zeta potential measurements (Paper II). It was observed that 

pHpzc decreased gradually with sol-gel and commercial maghemite with 

increasing As(V) concentration onto the maghemite nanoparticle (Table 

4.5). With mechanochemical maghemite, a pHpzc decrease was noticed, but 

only with the highest As(V) loading. However, the increase of pHpzc at 2 

mg/L may be caused by experimental inaccuracy. The shift in pHpzc with 

increasing As(V) concentration is assumed to be a result of inner-sphere 

complex formation, which changes the surface charge of the particle [154].

Table 4.5. The effect  of As(V) concentration on pHpzc with different maghemites.

As(V) 
concentration

pHpzc of maghemites

(mg/L) Mechanochemical Sol-gel Commercial
0 5.7 5.7 7.5
2 6.5 4.6 5.4
8 4.1
11 3.6 4.0
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The ionic strength effect on As(V) adsorption was studied by 0.01 M and 0.1 

M NaNO3 and 8 mg/L of As(V) concentration (Paper II, Figure 2). At pH 3,

the percentage of As(V) removed in both ionic strength solutions was 

approximately 40, 30, and 40 for commercial, sol-gel, and 

mechanochemical maghemite, respectively. A different ionic strength effect 

on As(V) adsorption was the following – As(V) removal efficiency either 

stayed equal or increased slightly, but did not decrease. Since outer-sphere 

surface complex formation would lead to a decrease in removal efficiency, 

due to electrostatic interactions [155], it is clearly not the case in this study. 

Consequently, the result of ionic strength effect indicated inner-sphere 

surface complex formation in adsorption.

A molecular scale investigation was conducted by FTIR for both a 0.5 M 

As(V) solution at different pH (speciation) and solid maghemites with and 

without As(V) adsorption (Paper II, Figures 3-5). Table 4.6 summarizes the 

characteristic absorption wavenumbers of As(V) speciation. 

Table 4.6. Characteristic absorption wavenumbers of 0.5 M As(V) at different pH. 

0.5 M 
As(V)

Arsenic 
speciation

Absorption 
peak, (cm-1)

Absorption 
peak, (cm-1)

Absorption 
peak, (cm-1)

pH3 H2AsO4- 877 (s, sm)b 907 (s)
pH5 H2AsO4- 877 (s, sm) 907 (s)
pH7 Mixture of H2AsO4-/

HAsO42-
860 (s)a 907 (w)c

pH9 HAsO42- 859 (s)
a small; b small, smaller than 907 cm-1 adsorption; c weak

Single absorption at 859 cm-1 ��

�	����	
��
���
�as (As-O) of HAsO4
2-, and 

absorption at 907 cm-1 �	
 �as (As-O) of H2AsO4
-. At pH 3 and pH 5, the 

H2AsO4
- is split into two peaks, where 877 cm-1 ��

�	����	
��
�s(As-O) and 

907 cm-1 is the same as in pH 7, but with stronger absorption. Absorption 

wavenumbers of protonated As(V) species are in agreement with previous 

studies [154,156-158]

Table 4.7 shows the absorption wavenumbers of As(V) adsorbed 

maghemites. Different absorption positions and splitting of bands were 

observed compared to dissolved species. This indicates inner-sphere 

complex formation on the surface, because in an outer-sphere surface 

complex, the protonated forms exhibit spectra at similar band positions as

dissolved As(V) species at a specific pH [156].
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Table 4.7. Absorption wavenumbers of As(V) adsorbed maghemites.

Maghemite Absorption, cm-1

pH 3 pH 5 pH 7 pH 9
Mechanochemical 830-834 (s)a

860-869 
(sh,w)b

830-834 (s) 
860-869 
(sh,w)

830-834 (s)
860-869      
(sh,w)

830-834 (s) 
860-869    
(sh,w)

Sol-gel 830-835 (s) 
869 (sh,w)

826-835 (s) 826-835 (s) 826-835 (s)

Commercial 830-835 (s) 
869 (sh, w)

826-835 (s) 826-835 (s) 826-835 (s)

ashoulder; bshoulder, weak

Absorption at 830 cm-1 (826-835 cm-1, 830-834 cm-1) indicates that �as (As-

O) of 907 cm-1 at pH 3 and pH 5 and 859-860 cm-1 at pH 7 and pH 9 has 

shifted to a lower wavenumber when a metal- oxygen bond, (Fe-O-As) is 

formed. The shoulder at position 860-869 cm-1 is assigned to be another 

stretching vibration of As-O, which is an indication of a bidentate complex 

formation, (FeO)2AsO2, on the surface of the maghemite [154,156,159].

TEM and XRD measurements were conducted on both pure and As(V)

adsorbed maghemites at pH 3 to eliminate the amorphous or crystal 

precipitation occurrence in the process (Paper II, Figure 6). From a visual 

observation of the TEM image, it was concluded that no amorphous 

precipitation had formed on the surface of the nanoparticles. Crystal 

precipitation was also excluded by a XRD patterns comparison.

As(V) adsorption onto maghemite nanoparticles was discovered to form an 

inner-sphere surface complex. An inner-sphere surface complex forms a

monolayer onto the surface of an adsorbent, therefore the fit of 

experimental data to the Langmuir isotherm is in agreement with molecular 

scale investigations. Mechanochemical maghemite formed a bidentate 

binuclear complex, (FeO)2AsO2, with As(V) oxoanion at all studied pH 

values, while sol-gel and commercial maghemite only at pH 3. At pH values 

5, 7, and 9, sol-gel and commercial maghemite formed a monodentate 

complex, (FeO)AsO3
- with arsenate. Several studies have also indicated an 

inner-sphere complex formation with As(V) adsorption onto different kinds 

of iron oxides [156,159] and even with maghemite nanoparticles [160].
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4.5 Maghemite stability and regeneration

Stability of the maghemite nanoparticles were investigated by following 

iron dissolution with iron analysis in adsorbate solution after adsorption 

(Paper I) and regeneration experiments (Paper III). Iron was not detected 

after single adsorption experiments at pH values of 3, 5, 7, and 9 with 

mechanochemical, sol-gel, and commercial maghemites (Paper I). When 

studying the maghemite stability after regeneration experiments with sol-

gel and commercial maghemite, it was observed that the iron dissolution 

during the cycling experiments was minimal for both adsorbents (Paper 

III). A maximum 0.5% of iron was dissolved with sol-gel and 0.1% with 

commercial maghemite from the total mass of adsorbent used. The iron 

content was measured after all successive experiments, from which 

dissolution was observed only after adsorption experiments at pH 3.

(Desorption was conducted at pH> 12.)
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efficiencies for sol-gel and commercial maghemite when average values of 

As(V) adsorption capacity were used for efficiency calculations (Table 4.8). 

Table 4.8. Regeneration of sol-gel and commercial maghemite for As(V) by 1 M NaOH.

Maghemite Cinitial As(V) 
(mg/L)

No. of 
cycles

Adsorption capacity of 
As(V), average value

REa

(%)
Before 
regeneration
(mg/g)

After 
regeneration
(mg/g)

Sol-gel 0.5 6 4.8±0.1 4.6±0.7 96
1.0 6 9.3±0.2 9.9±1.0 106
3.0 6 17.8±0.8 17.0±0.9 96

Commercial 0.5 3 2.0±0.2 2.2±0.6 110
1.0 3 3.7±0.01 3.5±0.3 95
3.0 2 5.5±0.04 5.4±1.1 98

aRE = Regeneration Efficiency

When comparing the separate results within each cycle, the same 
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initial As(V) concentrations and 0.5 and 1 mg As(V)/L with sol-gel 

maghemite, while over 90% of its adsorption capacity was restored at an

As(V) initial concentration of 3 mg/L (Paper III, Figures 5 and 6). With 

such high regeneration efficiencies, it can be concluded that arsenate 

adsorption/desorption is a reversible process, even though arsenate is 

attached to maghemite with a strong bond forming an inner-sphere surface 

complex. Sol-gel maghemite performed two to three times more 

regeneration cycles than commercial maghemite. The reason for the poor 
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cycle performance of commercial maghemite is the heavy loss of the 

adsorbent during experiments and the filtering process, leading to a smaller 

amount of adsorbent mass and too little desorption solution volume to 

continue cycling tests further with a reliable outcome. Commercial 

maghemite disperses more in water than sol-gel maghemite and is 

therefore more difficult to operate.
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5. CONCLUSIONS

Maghemite nanoparticles were successfully synthesized by sol-gel and 

mechanochemical methods, with the sol-gel method being faster and more 

convenient to work with. The characterization of all three different kinds of 

maghemites revealed that mechanochemical maghemite possesses the 

smallest particle size (3.8 nm) of the studied magnetic nanoparticles, 

followed by sol-gel (12.1 nm) and commercial maghemite (18.4 nm). All 

maghemite particles had a crystalline phase and the cubic structure of 

maghemite. However, the crystal packing varied from well-ordered 

(commercial) to disordered (mechanochemical), which was observable in 

the FTIR spectra and XRD pattern. The particle size was found to have an 

influence on magnetic properties and the specific surface area of 

maghemites: the smaller the particle, the higher the specific surface area 

and the weaker the magnetization value. None of the studied maghemites 

possessed the quality of a hard magnet. 

Adsorption equilibrium was reached in the same timeframe of 30-50 hours 

for all maghemites, and the kinetics followed the typical behaviour of heavy 

metal adsorption onto an oxide surface. The first rapid stage of kinetics is 

presumably the fast external diffusion followed by a slower reaction stage, 

which is caused by inner-sphere complex formation. Such a complex 

formation was indicated by fitting the kinetics data to a pseudo-second 

order kinetic model, resulting in a high correlation coefficient value and 

molecular scale investigations. During the rapid stage (approx. 30 min), 70-

90% of arsenate was adsorbed onto the maghemites, with commercial 

maghemite showing the highest removal efficiency, followed by sol-gel and 

mechanochemical maghemite. Arsenate desorption was conducted by 1 M 

NaOH and desorption kinetics also obeyed a pseudo-second order kinetic 

model. The magnetic separation of maghemites with a hard magnet was

most favourable with sol-gel maghemite.

Experimental data of all maghemites fit well with the Langmuir isotherm,

and it was observed that all three maghemites adsorb arsenate with 
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reasonable capacity. The maximum adsorption capacity was the highest at

pH 3 for all maghemites. Mechanochemical maghemite achieved the 

highest adsorption capacity among these three adsorbents, 50.0 mg/g, 

while adsorption capacities for sol-gel and commercial maghemite were 

25.0 mg/g and 16.7 mg/g, respectively. The difference in capacities is due to 

the specific surface area of the nanoparticles and a pH effect. Arsenate 

adsorption capacity was affected by competing ions, such as phosphate 

(PO4-P) and silicate (SiO2), when examining the effect with initial As(V) 

concentrations of 0.5, 1.0, and 3.0 mg/L. A phosphate (0.5 , 1.5, and 2.9 

mg/L) effect was significant both at pH 3 and 7 and silicate (10, 30, and 50 

mg/L) at pH 7. The sulphate (20 and 250 mg/L) and nitrate (1 and 12 

mg/L) competing effect was insignificant at pH 3. The removal of arsenate 

(0.5 mg As(V)/L) from the groundwater sample was as efficient as from 

laboratory water, both at pH 3 and pH 7.

A molecular-scale investigation of the adsorption mechanism revealed that 

arsenate forms an inner-sphere surface complex onto iron oxide surface. At 

all studied pH values, mechanochemical maghemite formed bidentate 

binuclear complex with arsenate, (FeO)2AsO2, while sol-gel and commercial 

maghemite at only pH 3. Arsenate formed a monodentate complex, 

(FeO)AsO3, with sol-gel and commercial maghemite at pH values of 5, 7,

and 9. 

Even though arsenate forms such a strong bond with maghemite, it was 

observed that adsorption/desorption is a reversible process. Chemical 

regeneration of maghemite was conducted by 1 M NaOH and 

concentrations of 0.5, 1 and 3 mg As(V)/L, sol-gel maghemite showing a

longer cycling capability (6 cycles) than commercial maghemite (2-3 

cycles). More than 95% of the initial uptake capacity was maintained with 

both maghemites. Maghemite stability was studied by observing the iron 

dissolution during the regeneration experiments, and it was detected to be 

minimal for both maghemites. A maximum 0.5% of iron was dissolved with 

sol-gel and 0.1% with commercial maghemite from the total mass of 

adsorbent used.

When the physical and adsorptive properties of three studied maghemites 

were compared, sol-gel maghemite proved to be the most suitable one for

future studies. This is because sol-gel synthesis is convenient, fast, and 

repeatedly produces high quality particles. Sol-gel maghemite adsorbs 

arsenate satisfactorily, and there is no need for preliminary treatment(s) 

prior to adsorption experiments. It is convenient to handle and separate via 
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an external magnet. Moreover, sol-gel maghemite maintains its initial 

arsenate adsorption capacity after six regeneration cycles and is stable, 

which are important factors for cost-effectiveness. Among studied 

maghemites, mechanochemical maghemite showed the highest arsenate 

adsorption capacity at pH 3 (50 mg/g). However, its demanding synthesis 

post-treatment and weak magnetic properties do not support continuing

adsorption studies with it. Commercial maghemite showed the lowest 

arsenate adsorption capacity and was the most difficult to operate.

Activated alumina is the most common adsorbent used for arsenic removal. 

Compared to its properties over sol-gel maghemite, a couple of similarities 

can be addressed. Both of them require pH control, interfere with other 

ions, and can be regenerated by alkaline solution, thus needing careful 

monitoring. Adsorption capacities can meet the same level, but in general,

activated alumina can remove slightly more arsenate than sol-gel 

maghemite. In other properties, such as the simple and rapid separation via 

external magnet, waste formation, and adsorbent stability, sol-gel 

maghemite overcomes activated alumina. In the case of sol-gel maghemite, 

the dose (mass/volume ratio) needed to remove 0.5 mg/L of arsenate to the 

WHO guideline level (<0.010 mg/L) is 0.1 g/L. Thus, for example, if 20 

litres of water were purified daily, it would produce only 730 g of “arsenate-

maghemite” waste in a year. Accordingly, waste formation with activated 

alumina would be 7.3 kg (dose 1 g/L ), or even higher, due to dissolution of 

activated alumina. Based on the aforementioned facts, it can be concluded 

that sol-gel maghemite is able to compete with activated alumina for 

adsorbent properties.

This laboratory-scale research pointed out the suitability of sol-gel 

maghemite for arsenate removal by adsorption. These research results can 

be used as ground information for subsequent research in which sol-gel 

maghemite will be employed in the pilot/full-scale applications. Future 

studies with sol-gel maghemite should focus on four areas: (1) synthesis, (2)

further adsorption studies focusing on the pilot/full-scale applications, (3) 

arsenate-maghemite/ maghemite nanoparticles waste handling, and (4) 

development of magnetic separation. When sol-gel maghemite is used in 

industrial applications, more than a few grams are needed, so its synthesis 

should be developed so that mass production is possible. Adsorption 

studies should be conducted with natural water samples and with POU or 

pilot scale as well as on the waterworks level, for example with fixed bed 

adsorption systems. It would also be useful to study the performance of the 

maghemites in removal of arsenite species from the water. The waste
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handling of arsenate containing nanoparticles should be carefully 

investigated, since this of financial interest not only to water works plants 

but also to environmental officials. For magnetic separation with HGMC, it 

would be interesting to conduct experiments both batch and continuous 

flow processes. Consequently, research still needs to be done with 

maghemite nanoparticles to gather relevant information for their use in a

POU/full-scale application and to gain the position of a widely used 

nanoadsorbent for arsenic removal. The fundamental research presented in 

this thesis was the first step in paving the way to the use of maghemite 

nanoparticles for arsenic removal from drinking water – a global challenge 

concerning over a billion people. 
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