
 

 

 
TREBALL FI DE GRAU 

BACHELOR THESIS 
 

Grau en Enginyeria Mecànica 

Bachelor’s Degree in Mechanical Engineering 
 

MANUFACTURING OF IRON OXIDE NANOPARTICLES 

THROUGH MECHANICAL MILLING 

 
 

 

 

 

Memòria – Pressupost 

Report – Cost Estimate 

 
Autor:  Francesc Roca Cid 
Director:  José Antonio Benito Páramo 
Departament: CMEM 
Convocatòria: Setembre 2017 
 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  i 
 

 

  



Manufacturing of iron oxide nanoparticles through mechanical milling 

  ii 
 

 

Abstract 
 

Arsenic contamination in groundwater poses several public health problems worldwide. Various 

depollution techniques have been engineered and field tested during the last decade to tackle 

this issue. Some large-scale techniques based upon arsenic adsorption have been tested using 

nanoscale particles. Due to their large specific surface area, nanoparticles possess a greater 

reactivity than raw materials or conventional powders. 

In this work, natural magnetite -an iron oxide- powder has been milled through mechanical 

milling in a planetary ball mill with the aim of reducing the particle size. The variables for the 

millings will be the time, the rotational speed, the grinding media and the use of surfactant. 

These experiments will be characterised by means of laser diffraction and SEM observation. 

The several results obtained from different experiments show a clear reduction of the size of 

the particles. Generally, it has also been observed that an increase in the rotational speed leads 

to greater size reduction.  

The use of tungsten carbide balls at a speed of 200 rpm and 300 rpm leads to an individual 

particle size reduction below 1 μm. Particles can be observed through SEM microscopy but laser 

diffraction shows clearly signs of agglomeration among particles. Moreover, WC balls wore 

down during the milling and it caused tungsten contamination within the slurry.  

S110 steel balls, with smaller diameters than WC balls, prevent any contamination and a greater 

particle size reduction is achieved, with particles being within a nanometric range of around 100 

nm. However, the particles still stay agglomerated. 

When adding a surfactant, the agglomeration effect decreases considerably and SEM 

microscopy suggests that particle size is even smaller. An amount of surfactant around 0.5% and 

0.6% allows great reduction and good observation through SEM. 

Finally, an experiment using monoethylene glycol resulted in acceptable particle size reduction 

within the nanometric range, but the high viscosity impeded the characterization of particles 

size.  
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Resum 
 

La contaminació d’arsènic en aigües subterrànies representa un problema de salut pública a 

nivell mundial. Durant l’última dècada s’han desenvolupat diverses tècniques per a abordar la 

situació. Entre elles hi ha tècniques a gran escala basades en adsorbir arsènic utilitzant 

nanopartícules. Degut a la seva gran superfície específica, les nanopartícules posseeixen un 

reactivitat més gran respecte al material sense processar o a una pols convencional.  

En aquest treball hem molturat pols de magnetita natural (un òxid de ferro) mitjançant mòlta 

mecànica en un molí planetari de boles amb la finalitat de reduir la mida de partícula. Les 

variables per a la mòlta són el temps, la velocitat de rotació, l’agent de mòlta i l’ús de surfactant. 

Els experiments s’han caracteritzat mitjançant la difracció làser i la microscòpia SEM. 

Els resultats obtinguts en els diferents experiments mostren una clara reducció de la mida de 

partícula. També s’ha observat que, de forma general, un increment en la velocitat de rotació 

comporta una reducció de partícula més gran.  

L´ús de boles de carbur de tungstè a una velocitat de 200 rpm i 300 rpm permet obtenir una 

reducció de mida de partícula per sota de 1 μm. Les partícules es poden observar en el SEM però 

la difracció làser mostra senyals clars d’aglomeració entre partícules. A part, les boles de WC 

s’erosionen durant la mòlta, causant contaminació de tungstè en la mostra. 

Les boles d’acer S110, amb una diàmetre inferior al de les boles de WC, eviten la contaminació 

i permeten arribar a una reducció de partícula superior dins el rang nanomètric i per sota de 100 

nm. No obstant, les partícules encara es troben aglomerades entre elles. 

L’aglomeració es redueix considerablement en afegir surfactant a la mòlta i el SEM permet 

determinar que la mida de partícula és encara més petita. L’addició d’un 0,5% o un 0,6% de 

surfactant permet obtenir una reducció més gran i no dificulta l’observació mitjançant SEM. 

Finalment, l’experiment en què hem usat monoetilenglicol ha resultat en una reducció de 

partícula acceptable situat dins del rang nanomètric, però l’alta viscositat impedeix la 

caracterització de les partícules. 
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Resumen 
 
La contaminación de arsénico en aguas subterráneas representa un problema de salud pública 

a nivel mundial. Durante la última secada se han desarrollado varias técnicas para abordar la 

situación. Entre ellas se encuentran varias técnicas a gran escala basadas en adsorber el arsénico 

mediante nanopartículas. Debido a su gran superficie específica, las nanopartículas poseen una 

reactividad mayor respeto al material sin procesar o a un polvo convencional. 

En este trabajo hemos molturado polvo de magnetita natural (un óxido de hierro) mediante 

molturación mecánica en un molino planetario de bolas con la finalidad de reducir el tamaño de 

partícula. Las variables para la molturación han sido el tiempo, la velocidad de rotación, el 

agente de molturación y el uso de surfactante. Los experimentos se han caracterizado mediante 

a difracción láser y la microscopía SEM. 

Los resultados obtenidos en los diferentes experimentos muestran una clara reducción del 

tamaño de partícula. También se observa que, de forma general, un incremento en la velocidad 

conlleva una reducción de partícula mayor. 

El uso de bolas de carburo de tungsteno a una velocidad de 200 rpm y 300 rpm permite obtener 

una reducción de tamaño de partícula por debajo de 1 μm. Las partículas se pueden observar 

en el SEM pero la difracción láser muestra señales claros de aglomeración entre partículas. A 

parte, las bolas de WC se erosionan durante la molturación, causando contaminación de 

tungsteno en la muestra. 

Las bolas de acero S110, con un diámetro inferior al de las bolas de WC, evitan la contaminación 

i permiten alcanzar una reducción de partícula superior dentro de un rango nanométrico y per 

debajo de los 100 nm. Sin embargo, las partículas aún se encuentran aglomeradas entre si. 

La aglomeración se reduce considerablemente al añadir surfactante en la molturación y el SEM 

permite determinar que el tamaño de partícula es todavía inferior. La adición de un 0,5% o un 

0,6% de surfactante permite obtener una reducción mayor y no dificulta la observación en el 

SEM. 

Finalmente, el experimento en el que hemos usado monoetilenglicol ha resultado en una 

reducción de partícula aceptable situado dentro del rango nanométrico, pero su alta viscosidad 

impide 
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1. INTRODUCTION AND BASIC CONCEPTS  

1.1 IRON OXIDES CHEMISTRY  

1.1.1 CHARACTERISATION OF IRON OXIDES  

1.1.1.1 CHEMICAL FORMS OF IRON OXIDES  

Iron (Fe) is one of the most abundant chemical elements in the Earth’s crust (6.2% wt) (CHANG 

& GOLDSBY, 2013, p. 1000). Its atomic number is 26 and it is classified as a transition metal. It 

exists in a wide range of oxidation states, namely +2, +3, +4, +5 and +6, with +2 and +3 being the 

most common. To understand why this occurs in this manner, we will analyse the iron atom 

(PETRUCCI & al., 2011). The electron configuration of the iron is 1s2 2s2 2p6 3s2 3p6 4s2 3d6. 

As can be seen here, the subshell 3d is not full as it doesn’t have 10 electrons. In this case, Fe 

has an oxidation state of +2. Figure 1 depicts this situation: 

     

Figure 1: Oxidation state of Fe(II) 

 

However, we notice that in the event that one electron is removed, the iron atom would have a 

special stability. The result can be seen in figure 2: 

     

Figure 2: Oxidation state of Fe(III) 

 

This configuration results in a trivalent state that is more stable than the divalent state. 

The oxidation of Fe2+(aq) to form Fe3+(aq) at 1 atm within a solution [H+] = 1M is described by:  

4 Fe2+(aq)+ O2(g)+4 H+(aq)→4 Fe3+(aq)+ 2 H2O (l)      Ecel
o =0.44 V 
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Iron, combined with oxygen and hydrogen, produces 16 different chemical compounds (CORNEL 

& SCHWERTMANN, 2003). Their occurrence in the environment and their structure are given in 

table 1: 

 Oxides Oxide hydroxides 

Naturally 

occurring 

compounds 

Hematite (α-Fe2O3) 

Maghemite (γ-Fe2O3) 

Magnetite (Fe3O4) 

Goethite (α-FeOOH) 

Lepidocrocite (γ-FeOOH) 

Ferrihydrite (Fe5HO8 · 4H2O) 

Feroxyhyte (δ’-FeOOH)1 

Schwertmannite 

Bernalite [Fe(OH)3]  

Synthetic 

and non-

stable 

compounds 

β-Fe2O3 

ε-Fe2O3 

Wüstite (FeO) 

Akagenite (β- FeOOH) 

δ’-FeOOH 

Ferrous hydroxide [Fe(OH)2] 

High pressure FeOOH 

Table 1: Classification of iron oxides and hydroxides 

 

1.1.1.2 MAIN IRON OXIDE MINERALS  

1.1.1.2.A HEMATITE  

This mineral (Geology: Hematite, 2017) (Mindat: Hematite, 2017) is one of the most abundant 

minerals on the Earth’s surface and is the most important iron ore. Its chemical composition is 

chiefly Fe2O3, in which iron has an oxidation state of +3. The colour of hematite can vary from 

red to brown, and from black to grey and silver. It occurs in many forms such as micaceous, 

massive, crystalline, botryoidal, fibrous, oolitic, and others. It is found in igneous, metamorphic 

and sedimentary rocks. As it is not magnetic, it does not respond to a magnet. However, 

hematite is sometimes found along with magnetite, which displays ferromagnetic behaviour. 

This fact could lead to a confusion when trying to identify the composition. Hematite ranges 

between 5.5 and 6.5 on the Mohs scale and occupies the position 4.CB.05 in the Nickel-Strunz 

classification.  

                                                             
1 It occurs in various surface environments, but it is uncommon (CORNEL & SCHWERTMANN, 2003). 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  3 
 

 

 

Figure 3 Left: oolitic hematite. Right: micaceous hematite (Geology: Hematite, 2017) 

 

This mineral is mined throughout the world (Asturnatura: Hematites, 2017) (INVESTING NEWS: 

Types of Iron Ore, Hematite vs Magnetite, 2016), but the companies that most efficiently mine 

and process the ore are located in China, Australia2 (Reserves in Western Australia), Brasil (Serra 

dos Carajás, state of Minas Gerais), India, Russia, Ukraine, South Africa, Canada, Venezuela and 

the US (Tennessee, Minnesota and Michigan). In Spain3, some deposits are already exhausted, 

but in some other like in Guadix (Granada), El Pedroso (Seville) and Ortuella-Somoristro (Basque 

Country) the mining activity is still operational (Asturnatura: Hematites, 2017). In the majority 

of hematite mines, the ore is found as a so-called Direct-Shipping Ore (DSO), which means that 

the ore, after being crushed and screened, it is ready to be shipped out to the production site. 

The iron content in mined hematite ranges between 56% and 64% Fe, which is deemed 

acceptable for steel production.  

 

1.1.1.2.B MAGNETITE  

Magnetite is the mineral with which we will work throughout this project. This mineral (Geology: 

Magnetite, 2017) (Mindat: Magnetite, 2017) is another source of iron and it has the highest iron 

content (72.4%). Its composition is Fe3O4 (Fe2+Fe3+
2O4), containing iron atoms with an oxidation 

state of +3 and atoms with oxidation state of +2. It is mainly black and opaque, and has a Mohs 

hardness ranging between 5 and 6.5. It is categorised as 4.BB.05 in the Nickel-Strunz 

classification. Magnetite can be found in igneous, metamorphic and sedimentary rocks. It is also 

                                                             
2 For a more thorough reading of the hematite mining and occurrence in Australia, see: 
http://investingnews.com/daily/resource-investing/base-metals-investing/iron-investing/types-of-iron-
ore-hematite-vs-magnetite/  
3 For a detailed list for each autonomous region in Spain, see 
http://www2.uned.es/cristamine/fichas/hematites/hematites.htm  

http://investingnews.com/daily/resource-investing/base-metals-investing/iron-investing/types-of-iron-ore-hematite-vs-magnetite/
http://investingnews.com/daily/resource-investing/base-metals-investing/iron-investing/types-of-iron-ore-hematite-vs-magnetite/
http://www2.uned.es/cristamine/fichas/hematites/hematites.htm
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found in the form of black sand banks (figure 4) on the shore of some seas and rivers as a result 

of erosion4. 

 

Figure 4 Left: Magnetite rock sample. Right: Magnetite sand 

 

Magnetite is perhaps the most well-known ferrimagnetic5 material (INSTITUTE FOR ROCK 

MAGNETISM, 2015). In ferrimagnetism, two magnetic sublattices (A and B) are separated by 

oxygens. The exchange interactions result in an antiparallel alignment of spins between 

sublattices A and B. The magnetic moments of the A and B sublattices are not equal and result 

in a net magnetic moment. However, it exists a form of magnetite known as loadstone which is 

able to attract small pieces of iron, small pieces of magnetite and other magnetic objects. This 

effect is shown in the image below: 

 

Figure 5: A specimen of loadstone attracting little pieces of iron.  

This specimen is about 10 cm across. 

 

                                                             
4 In the following link you can read the curious occurrence of the rich-magnetite sand in Ocean Beach (San 
Francisco, US): http://www.sfgate.com/news/article/What-s-with-the-black-sand-at-Ocean-Beach-
7232305.php#photo-9453780  
5 Magnetite was considered a ferromagnetic material until the 1940’s, when Louis Eugène Félix Néel 
provided the theoretical framework to understand ferrimagnetism.  

http://www.sfgate.com/news/article/What-s-with-the-black-sand-at-Ocean-Beach-7232305.php#photo-9453780
http://www.sfgate.com/news/article/What-s-with-the-black-sand-at-Ocean-Beach-7232305.php#photo-9453780
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 Figure 6: Magnetite crystal structure  

 

Large deposits of magnetite are found (Asturnatura: Magnetita, 2017) (Reade: Magnetite, 2016) 

in Chile, Uruguay, Sweden, Norway, Mauritania and Australia, but it is also mined in the rest of 

the world. In Spain6, the major deposits are located in San Pablo de los Montes (Toledo) and Los 

Cotos Wagner y Vivaldi (León). Rich-magnetite sands banks are located in the Galician rias, 

Marbella and Cabo de Gata. The amount of Fe found in magnetite ores is normally lower than 

in hematite, varying between 25% and 40 % Fe. It needs to be processed before being used for 

iron production (figure A1). The different steps (MAGNETITE NETWORK: Who we are, 2011) in 

this expensive beneficiation process involve magnets that attract the magnetite particles 

previously ground. The final product contains between 68% and 70% of iron and few impurities, 

which provides a higher quality product that can be sold at a higher price, thus offsetting the 

final cost. Moreover, the above-mentioned process leads to a decrease in the amount of carbon 

emissions. 

 

1.1.2 APPLICATIONS OF IRON OXIDES 

1.1.2.A IRON AND STEEL PRODUCTION 

The production of iron and steel (CHEMISTRY LIBRETEXTS: Iron Production, 2014) (CITY 

COLLEGIATE: Extraction of Iron, 2015) from its ores involves an oxidation-reduction reaction that 

takes place in a blast furnace at high temperatures. Iron ore is a mixture of iron and impurities 

                                                             
6 For a detailed list for each autonomous region in Spain, see 
http://www2.uned.es/cristamine/fichas/magnetita/magnetita.htm  

http://www2.uned.es/cristamine/fichas/magnetita/magnetita.htm
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like sand and clay, which adopt the name of gangue. The iron present in the ore is usually in the 

form of magnetite and hematite. According to INVESTING NEWS: Types of Iron Ore, Hematite vs 

Magnetite, 2016, approximately 98% of the different types of iron ore mined around the world 

is used for steel production. 

The extraction of iron is carried out in the following steps: 

1. Beneficiation: The ore is concentrated by crushing, screening, removing soil and 

impurities. This process can involve more steps as explained above for the case of 

magnetite beneficiation. 

2. Ore roasting: Pre-heating with air to remove moisture and impurities such as sulphur 

and arsenic. Oxidation of Fe(II) is oxidised into Fe2O3. 

3. Ore reduction: The ore is reduced in a blast furnace containing coke and a proportion of 

limestone.  

 

1.1.2.B PIGMENTS 

Iron oxides display a range of colours from yellow to black with pure hues and high tinting 

strength. They are highly resistant to acids and alkalis, which makes outdoor exposure feasible. 

Pigments remain thermally stable when heated at high temperatures between 180ºC for yellows 

and 1200ºC for reds. They also offer a good protection against solar degradation as they are 

capable to absorb UV radiation. A low-cost production, either of natural or synthetic pigmented 

iron oxides, stands as a strong advantage for industrial purposes.  

The most common natural iron oxide pigments are the reds, containing hematite; the ochres, of 

a yellow hue containing goethite, and the blacks, consisting of magnetite.  Frequently found in 

natural pigments, the occurrence of SiO2 and MnO2 (BRITISH GEOLOGY SURVEY: Iron Ore and 

Ochre Mines, 2016), along with organic matter, leads to an undesirable effect on the final 

product’s properties. A high quantity of MnO2 induces brittleness and excessively fast drying. 

Silica, on the other hand, can’t be present in food colouring agents. 

Towards the end of the XXth century, the industry of synthetic iron oxide-based pigments started 

to develop, reaching a current annual production of ca. 600,000 t. The major synthetic iron oxide 

pigments are the yellows (goethite), the oranges (lepidocrocite), the reds (hematite), the browns 

(maghemite) and the blacks (magnetite). These industrially synthesised pigments have a greater 

tinting strength due to a better particle shape control and a narrower particle size distribution.  
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Different applications of iron oxide pigments may be found at present day for different 

purposes:  

• Decoration and tinting in the ceramic industry: tiles, bricks, ceramic objects, glass…, as 

well as in the building sector mixed with mortar or colouring façades. 

• Paper and rubber tinting. 

• Protection of steel structures, car panels, and marine coating against corrosion 

problems. 

• In animal feedstuffs as an iron supplement. 

 

1.1.2.C MAGNETIC PIGMENTS 

Magnetic pigments have been used in electronic recording devices since the late 1940’s. Due to 

its moderate cost and chemical stability, maghemite, γ-Fe2O3, is far more used than magnetite, 

which possesses a greater magnetic instability. As a high purity is required, magnetic pigments 

are always synthetically produced. 

 

1.1.2.D FERRITES 

A ferrite is a type of ceramic compound composed of an iron oxide combined chemically with 

one or more additional metallic elements. The iron oxide used to obtain these ceramic ferrites 

is normally hematite. They are ferrimagnetic and electrically non-conductive. Depending on 

their magnetic properties, they can be classified into two groups: 

• Hard ferrites: They have a high coercivity and a high remanence. The most common hard 

ferrites are: barium ferrites (BaFe12O19), strontium ferrites (SrFe12O19) and cobalt ferrites 

(CoFe2O4). They are used to make permanent magnets at low price. 

• Soft ferrites: By contrast, they have a lower coercivity. The most common are 

manganese-zinc ferrites and nickel-zinc ferrites. They are found in electromagnetic 

cores and transformers to diminish Foucault current losses. 
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1.1.2.E CATALYSTS 

Magnetite and hematite can be used as catalysts for various industrial syntheses, including 

synthesis of NH3, hydrogen production, desulphuration of natural gas, dehydrogenation of ethyl 

benzene to styrene, the Fischer-Tropsch synthesis, etc. They can catalyse both 

oxidation/reduction reactions and acid/base reactions. 

 

1.2 ARSENIC CHARACTERISATION 

1.2.1 PROPERTIES OF ARSENIC 
Arsenic (JEONG, 2005) is a metallic grey metalloid, number 33 in the periodic table. It is not 

soluble in water and its chemical compounds have poisonous effects on living organisms. When 

heated, it rapidly oxidises to arsenious oxide, which smells of garlic.  

Combined with carbon and hydrogen, it forms organic arsenic compounds and is found in marine 

animals and certain plants. Inorganic arsenic, on the other hand, is found alongside oxygen, 

chlorine or sulphur and can only occur in water. The most common oxidation states of arsenic 

are +3 and +5. The concentration of arsenic species mainly relies on redox potential and pH. As 

shown in figure 7, under reducing conditions As(III) is the dominant form; by contrast, As(V) 

forms occur in a well-oxygenated environments7.  

As(III) gradually evolves to As(V) in the presence of oxygen from air. This is beneficial since As(V) 

is more efficiently removed by adsorption. However, when aiming to rapidly remove arsenic 

from drinking water, a previous conversion step will be necessary in order to oxidise As(III) to 

As(V) in case the former is present in high concentrations. In a basic solution, this process could 

last for weeks before air oxidation occurs. The equations presented here describe the process 

mentioned above when using the most commonly used oxidising agents: 

2H3AsO3+O2 ↔2H2AsO4
- +2H+ 

H3AsO3+HClO ↔HAsO4
-2+Cl-+3H+ 

 

                                                             
7 For a more thorough reading of arsenic chemistry, see PAL, 2015, pp. 2-5 
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Figure 7: Eh-pH diagram for aqueous As species in the 
system As-O2-H2O at 25ºC and 1 bar total pressure (JEONG, 2005) 

 

Arsenic is used in making agricultural pesticides and insecticides, in the arms industry for 

hardening and improving the sphericity of shots as well as in wood paintings. It is also present 

in electronic devices such as transistors as a doping agent, as well as a laser material in the form 

of gallium arsenide to transform electricity directly into coherent light. When used for 

agricultural and outdoor purposes, it could end up in the soil or the water. This increases the 

arsenic pollution in ecosystems and could lead to toxicity or health problems if it is not readily 

removed or is taken up by living organisms. This point will be discussed later in the following 

section.  

 

1.2.2 PATHWAYS OF ARSENIC EXPOSURE AND RELATED HEALTH PROBLEMS  

Exposure to arsenic (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004) may occur in different 

situations but the common pathway into living organisms is water, in the form of drinking water, 

using it for cooking or for irrigating crops and fields. Contaminated drinking water remains the 

major arsenic-related health problem in humans, mainly in poor countries in South and East 

Asia. Long-term irrigation with high concentrations of arsenic leads to a build-up in crops and 

fields. The uptake of arsenic from soils in plants and vegetables is visible since the highest 
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concentrations of arsenic have been identified in roots, along with lower arsenic traces in leaves, 

stems or fruits. Both drinking water and contaminated plants for grazing leads to arsenic intake 

in farm animals. This contamination will ultimately end up in human organisms. Arsenic-

contaminated air exposure can also be a severe health problem, resulting from human activity 

when burning coal containing high concentrations of arsenic. Such a problem has been 

documented in some Chinese provinces where people use local coal for household heating.  

In order to reduce the intake of arsenic, the World Health Organization (WHO) reduced the 

guideline value from 50 µg/L to 10 µg/L in 1993. This value is not mandatory, but a provisional 

recommendation to follow until further scientific survey provides more information on human 

health effects. However, this guideline has been adopted as the maximum allowable limit in 

drinking water in some developed countries, such in the US or the EU members, or even lower 

with a value of 7 µg/L in Australia. By contrast, developing countries in Asia haven’t adopted the 

new standard value and still use the limit of 50 µg/L. This fact is due to the economic costs that 

lowering the maximum value would represent for the populations, who couldn’t afford the 

expenses of water treatment and purification systems. 

Arsenic is a carcinogenic substance, inorganic arsenic compounds being more toxic that organic 

compounds. The most prominent human health problems associated with arsenic are skin 

disorders (melanosis, keratosis and skin cancer), internal cancers (bladder, lung, kidney), 

cardiovascular diseases, respiratory problems and diabetes (figure 8 and A2). 

 

Figure 8: Arsenic effects on human body (HRW, 2016) 
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1.2.3 OCCURRENCE OF ARSENIC 
Most occurrences of highly contaminated groundwater are undoubtedly of natural origin 

(SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004). However, human activity has also been an 

important polluting agent, releasing arsenic to the environment. Some of the highest 

concentrations of arsenic occur where iron oxides and sulphides are abundant in soils and rocks, 

and some geothermal water may also contain significant arsenic concentrations. Mining 

activities, combustion of fossil fuels, pesticides, herbicides crop desiccants, additives in 

feedstuffs (PEEPLES, 2012) and the formerly used chromated copper arsonate (CCA) wood 

preservative release arsenic to environment8. All these activities involve a build-up of this 

element in groundwater, which may cause a major health and environmental hazard. The world 

distribution of arsenic contamination in groundwater is shown in figure 9. 

 

Figure 9: Summary of the world distribution of documented problems with arsenic in the groundwater and the 
environment 

In some of these aquifers, unacceptable high concentrations of arsenic have been identified. 

However, the scale of contamination is normally not of large extent given that the presence of 

iron oxides and sulphurs possess a strong adsorption ability, which reduces the arsenic 

contamination downstream. Although many differences exist between the regions shown in the 

map, some common ground appears. In the majority of these regions there is a noticeable 

evidence of unconsolidated sediments of Quaternary age and often of Holocene age. The 

affected regions in the American continent correspond to large inland closed basins in arid or 

semiarid lands (figure A3). 

                                                             
8 For a thorough reading about industrial and human activity-related pollution, see EPA, 1998 
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On the other hand, in South and East Asian countries the aquifers are found within large alluvial 

and deltaic plains, which are also densely populated settings. Amid the Asian affected areas, the 

alluvial plains formed by the Ganges and the Brahmaputra rivers in Bangladesh are the worst 

case identified, especially in the southern areas (figure A4 and A5). This is the reason why the 

arsenic-related problems in this country have been largely surveyed. In Bangladesh, 

groundwater from Holocene aquifers contains arsenic at concentrations up to 2,300 µg/L. These 

aquifers are shallow and easy to access for local people. More than 90% of shallow and tube 

wells tested before 2014 contained higher levels of arsenic, beyond the national limit of 50 µg/L. 

Conversely, older and deeper aquifers (100-200 m deep) had a much lower concentration of 

arsenic, even below 10 µg/L. This situation is depicted in figure 10. Access to groundwater from 

deeper aquifers represent, to a significant extent, a safer short-term alternative for local 

populations. 

As for measured data on wells, it has been observed that little variation in arsenic concentrations 

occurs in contaminated wells over time, as shown in figure 11 This fact provides us with reliable 

information without the need of carrying out repeated measurements. By contrast, large 

variations in concentrations exist when measuring from well to well, and results for one well 

cannot be extended to other contaminated wells even at the same depth. Thus, an individual 

analysis must be undertaken for each well.  

 

Figure 10: Schematic diagram of the aquifers in southern Bangladesh showing the 
distribution of arsenic concentration in wells (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004, p. 63) 
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Figure 11: Groundwater data analysis from selected wells in Faridpur Area, 
Central Bangladesh. (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004, p. 71) 

 

1.2.4 HYDROGEOCHEMISTRY OF ARSENIC  
Arsenic occurs naturally in minerals and rocks. The most abundant arsenic ore minerals are 

arsenopyrite (FeAsS) and arsenian pyrite (Fe(S,As)2). Given that its chemistry follows closely that 

of sulphur, sulphides are normally rich in arsenic. Pyrite is the most abundant arsenic-bearing 

sulphide mineral, which has represented a severe problem for the mining industry. Moreover, 

arsenic occurs adsorbed in oxide minerals and hydrous metal oxides, especially in iron-based 

oxide minerals (table A1 and A2).  

This arsenic retained in rocks and soils is released from oxides and sulphides where reducing 

conditions appear (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004). Researchers believe that 

the onset of reducing conditions is the cause of naturally-occurring arsenic-contaminated 

groundwater. The occurrence of these conditions may be caused by the burial of organic matter 

along with young rapidly-accumulated sediments, as it seems to take place in the sedimentary 

aquifers of Asia. 

On the other hand, under neutral to alkaline conditions in natural environments As(V) reduces 

to As(III), which has a lower adsorption capacity. This results in a release of arsenic to the 

environment. These processes are deemed the cause of arsenic-contaminated aquifers in the 

arid inland basins of Argentina, in the southwest of the US and in Pakistan. 
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1.3 GROUNDWATER ARSENIC REMEDIATION 

1.3.1 ARSENIC REMOVAL METHODS OVERVIEW 
In order to tackle the challenge of arsenic contamination in groundwater and the related health 

issues, various depollution methods have been engineered.  They can be classified into 4 main 

groups: chemical precipitation, adsorption, ion exchange and membrane filtration (PAL, 2015). 

Oxidation of As(III) to As(V) is needed for effective removal of arsenic from groundwater by most 

treatment methods (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004).  

Traditionally, off-site techniques have been used to treat polluted groundwater. However, these 

techniques don’t allow for rapid treatment. Moreover, areas such as the East and South Asian 

countries don’t have alternative water supplies. This fact and the prevalence of high 

contamination has brought about a change in arsenic-contaminated groundwater treatment 

technologies. In situ remediation methods have been developed to guarantee an immediate and 

continuous access to clean drinking water. 

 

  



Manufacturing of iron oxide nanoparticles through mechanical milling 

  15 
 

 

1.3.2 ON-SITE ARSENIC REMOVAL TECHNOLOGIES 
In situ, contaminated groundwater remediation technologies have been recently developed to 

supply pollutant-free drinking water. The World Bank arsenic-focused report (SMEDLEY, TALBI, 

AHMED, & KOUNDOURI, 2004), compiled some on-site techniques that have been engineered 

to remediate contaminated groundwater in Southern and Eastern Asia. These technologies are 

summarised in table 2. In addition, PAL, 2015 provides a more in-depth study and information 

on controlling and monitoring some arsenic-removal techniques. 

 

TECHNOLOGY ADVANTAGES DISADVANTAGES 

Oxidation & 
sedimentation: 
- Air oxidation 
- Chemical oxidation 

- Relatively simple 
- Low cost, but slow process 
(air) 
- Relatively simple and rapid 
process (chemical) 
- Oxidizes other impurities and 
k ll  b  

- Removes only some of the 
arsenic 
- Used as pretreatment for 
other processes 

Coagulation and 
filtration: 
- Alum coagulation 
- Iron coagulation 

- Relatively low capital cost 
- Relatively simple in operation 
- Common chemicals available 

- Not ideal for anion-rich water 
treatment (e.g. containing 
phosphates) 
- Produces toxic sludge 
- Low removal of As(III) 
- Preoxidation is required 
- Efficiencies may be inadequate 
to meet strict standards 

Sorption techniques: 
- Activated alumina 
- Iron- coated sand 
- Ion exchange resin 
- Other sorbents 

- Relatively well known and 
commercially available 
- Well-defined technique 
- Many possibilities and scope 
for development 

- Not ideal for anion-rich water 
treatment (e.g. containing 
phosphates) 
- Produces arsenic-rich liquid 
and solid wastes 
- Replacement/regeneration is 
required 
- High-tech operation and 
maintenance 

l l  h h  Membrane techniques: 
- Nanofiltration 
- Reverse osmosis 

- Well-defined and high 
removal efficiency 
- No toxic solid wastes 
produced 
- Capable of removal of other 
contaminants 

- High capital and running costs 
- High-tech operation and 
maintenance 
- Arsenic-rich rejected water is 
produced 

Table 2: Comparison of main arsenic removal technologies (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004) 

 

 

Besides these technologies, large scale applications have been developed to act directly on the 

contaminated groundwater flows or polluting plumes from industrial sites. This results in a cost-
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effective depollution of arsenic alongside some other elements downstream. These techniques 

are permeable reactive barriers and injection. 

 

1.3.2.1 PERMEABLE REACTIVE BARRIERS 
PRB stands for permeable reactive barrier and it is an effective on-site technique. The North 

American Environmental Protection Agency (EPA) defines the PRB as “a wall created below 

ground to clean up contaminated groundwater. The wall is permeable, which means that 

groundwater can flow through it. Water must flow through the PRB to be treated. The reactive 

materials that make up the wall either trap harmful contaminants or make them less harmful. 

The treated groundwater flows out the other side of the wall” (EPA, 2012).  This functioning is 

depicted in figure 12.  

 

Figure 12: Functioning of PRB 

 

A PRB is usually built by digging a long, narrow trench in the path of contaminated groundwater 

flow, which is typically no deeper than 15 metres. The trench is filled with a granular reactive 

material (nanoscale materials are normally not used in a PRB) such as iron, limestone, carbon, 

or mulch, to clean up contamination. This reactive material depends on the typology of 

contaminants found in groundwater for each specific case, and how the reactive materials and 

these contaminants interact.   

Pollutants can be removed by different processes, i.e. adsorbing to the surface of the reactive 

material, reacting with it, precipitating and getting trapped within the wall or being biodegraded 

by microbes contained in the PRB. EPA, 2008 contains valuable information for field application 

in arsenic-contaminated groundwater.  
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1.3.2.2 INJECTION WELLS 
Injections wells represent also an effective method to depollute contaminants in groundwater, 

as they are less bulky and burdensome than permeable reactive barriers. Injection wells in 

groundwater remediation are made by digging in the ground until reaching a groundwater flow 

(figure 13). Afterwards, a solution with a suspended material is injected through the hole as 

depicted in figure 14. The suspended material will react with the pollutants contained in the 

groundwater or industrially-caused plumes, cleaning it up while it flows through the subsoil.  

 

 

Figure 13: Detailed approach of an injection well (CRANE & SCOTT, 2011) 

 

 

Figure 14: Schematic of the injection process (NANOREM, 2017) 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  18 
 

 

In order to depollute a large amount of water, several injection wells are installed. Their 

distribution and quantity rely on the geology and the geochemistry of a specific contaminated 

site (CRANE & SCOTT, 2011, p. 119). For this reason, a careful study of the site must be 

undertaken before the installation of a well, determining the geologic, hydraulic and chemical 

parameters to state the specifications of the well and the materials’ composition in the solution 

injected. To increase the total surface area, the particle size of the reactive material must be as 

small as possible. And this is the reason to work with nano-sized materials which, at the same 

time, can be suspended with ease for a long period of time. And this is the aim of our 

experimental process. 

 

1.4 NANOPARTICLES CHARACTERISATION 
1.4.1 NANOPARTICLES: CHARACTERISTICS AND APPLICATIONS 
Nanoparticles are tiny pieces of matter with dimensions within the 1-100 nm range. The use of 

nanometric particles for technological purposes introduced a spread of a so-called 

nanotechnology, term which was first proposed by N. Taniguchi (Tokyo University of Science, 

Japan) in 1974 (HORIKOSHI & SERPONE, 2013). Over the last few years, important breakthroughs 

in nanotechnology have been achieved due to the progress of microscopy, such as scanning 

electronic microscopes (SEM) and laser diffraction particle size analysers, which have enabled 

researchers to obtain more information from these particles and understand the phenomena at 

that scale.  

At the nanometric scale, the properties of materials change considerably in respect of those at 

a larger scale (NNI, 2014). The behaviour of matter at nanoscopic dimensions relies on quantum 

physics. Therefore, physical and chemical properties such as the melting point, electrical 

conductivity, magnetic permeability, chemical reactivity, fluorescence and the specific surface 

area may be expressed as a function of the particle size. This opens possibilities for the 

researchers and manufacturers to engineer and develop new processes and methods to 

enhance their work in various disciplines, such as, inter alia, medicine, chemical catalysis, 

material synthesis, imaging, computing and printing.  

In medicine, nanotechnology brings the opportunity to design more precise and personalised 

treatments, therapies and tools that could diminish the adverse side-effects of traditional 

medicine. Furthermore, the greater specific surface area has a proven potential in fields such as 

chemical catalysts and chemical reactions because as the overall surface area increases (figure 

15), a larger quantity of material comes into contact to the reactant nanoparticles. This effect 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  19 
 

 

has been found to remove chemical contaminants from water. This will be the objective of our 

project: focusing on reducing the particle size of magnetite to remove arsenic from 

contaminated water. For thorough reading on the applications please see NNI 2014. 

      

Figure 15: Evolution of the total surface area when the particle size decreases (NNI, 2014). 

 

    

Figure 16 Left: New solar panel films incorporate nanoparticles to create lightweight, flexible solar cells. Right: This 
image shows the bamboo-like structure of nitrogen-doped carbon nanotubes for the treatment of cancer. (NNI, 

2014) 

1.4.2 RISKS AND SAFETY ISSUES 
Research with animals and humans exposed to nanoparticles indicates that inhalation, ingestion 

or skin contact may result in intake of nanoparticles (MANDAL, 2012) (AITKEN, CREELY, & TRAN, 

2004). Since they are of a tiny size, they can move through the body and reach vital organs. In 

addition, the significant specific surface area leads to a high reactivity as stated before. These 

two properties combined may cause a serious health hazard provided that cellular interactions 

also occur at a nanoscale level. Thus, interactions with biological systems is the major danger of 

nano-sized materials. Figure 17 shows the diseases in which nanoparticles are involved.  

In order to assess possible hazards, the US National Nanotechnology Initiative has proposed an 

environmental, health and safety (EHS, or nanoEHS) research strategy in 2011 (NNI, 2014) 

depicted in figure 18. This state-funded organisation has developed collaborative policies with 

the European Union through the US-EU Communities of Research (US-EU CoRs, 2017). 
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Nanotechnology-based consumer products don’t pose a threat for the users’ health. However, 

the way by which these nanomaterials are produced do represent a major risk mainly for 

manufacturers and workers in industrial environments (JONES & ANDERSON, 2010). Long-term 

exposure conditions are found in industrial processes like grinding, micronizing, milling, mixing 

or pouring, and even in cleaning dust collection systems.  

 

Figure 17: Health effects of nanoparticles on human beings (MANDAL, 2012)  

 

 

Figure 18:  Product lifecycle showing different points for EHS evaluation (NNI, 2014) 
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1.4.3 NANOPARTICLES SYNTHESIS 
Manufacturing of nanoparticles, or nanomanufacturing, can be achieved by a breakdown 

method (top-down) or by a build-up method (bottom-up) (HORIKOSHI & SERPONE, 2013, p. 8). 

These approaches are depicted in figure 19. 

 

Figure 19: Typical synthetic methods for nanoparticles for the top-down and bottom-up approaches (HORIKOSHI & 
SERPONE, 2013, p. 8) 

 
 

The bottom-up strategy consists of an aggregation of suspended atoms to form ultrafine 

particles using an external physical or chemical force. Nanoparticles are formed in a gaseous 

phase or a liquid phase and the use of specialised machines and tools is needed. As seen in figure 

19, a multitude of techniques exist within the bottom-up approach and they will not be 

explained thoroughly in this work as they are not our main objective.  

Conversely, we will discuss the top-down approach since it is the method by which we will 

manufacture the magnetite nanoparticles. Top-down procedures have been hitherto developed 

for materials in an initial solid state. They can be performed in an either wet or dry environment 

using a diverse range of mills (ibid). It consists of breaking up bigger particles into nano-sized 

particles by impact, friction or compression. To assist the sub-division, a grinding media such as 

balls can be added along with the material into the mill.  Here, the particle size achieved is not 

as small as it could be using bottom-up techniques. However, the technology used in the top-

down approach is less expensive and thus, more suitable in certain applications. 
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1.4.4 NANOTECHNOLOGY RESEARCH OVERVIEW 
Although great leaps in nanotechnology have been made in the recent years, there is still a long 

way to go in this field. There are currently many surveys in various science and technology 

disciplines aiming at enhancing the existing nanomanufacturing techniques and developing new 

ones. Moreover, further research will provide us much more understanding on the EHS issues 

regarding nanotechnology. All these actions seek to pave the way for the forthcoming 

technologies and its application of tomorrow. 

The scientific undertaking is fostered and funded by governmental initiatives, technology 

associations, private companies and researchers in universities worldwide. In this context, 

scientific information exchange is crucial to deepen the knowledge in nanotechnology and to 

improve the beneficial applications for societal purposes. In the United States, the national 

government has undertaken the National Nanotechnology Initiative (NNI, 2014) aiming at 

expediting the research on nanotechnology, transforming the results into commercial products 

and developing educational resources on this field. Besides this, the National 

Nanomanufacturing Network comprises of several nanomanufacturing centres across the US: 

CHM, CHN, SINAM, NanoCEMMS, CINT and CNST. Its instrument for scientific information 

dissemination is the InterNano website (NNN, 2015), where publications on nanomanufacturing 

may be consulted. Within America, we can also find the International Association of 

Nanotechnology (IANT, 2015) and the American Nano Society (ANS, 2013). 

In the EU, the European nanotechnology landscape report analysed in 2011 the panorama of 

nanoscale-related activities and projects (ObservatoryNano, 2012). The conclusion drawn from 

the gathered information was that nearly all the efforts were oriented towards the early stages 

of research and prototype, but more emphasis was needed on market entry and later maturity 

of nano-enabled products. The chemical and the materials sector is the one with the largest 

number of patents on nano-engineered solutions, followed by the ICT sector. By contrast, the 

number of publications is generally low as shown in figure 20. 
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Figure 20: Publication/patent comparison by sector (ObservatoryNano, 2012, p. 28) 

 

In addition, figure 21 shows how in the European region, Germany takes the lead in publications 

and patenting nano-enabled solutions, followed by the United Kingdom and France. In terms of 

patent applications in the field of materials and chemistry, the report sets forth that the United 

States registers nearly half of all the patents in nanoscale science and technology and the EU 

comes in second (figure 22). 

 

Figure 21: Publication/patent comparison by country (ObservatoryNano, 2012, p. 26) 
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Figure 22: Comparison of nano-related patent applications in the chemistry 
and materials sector since 1972 (ObservatoryNano, 2012, p. 98) 

 

To achieve this position, or even to move up to first place in the coming years, the EU has 

launched9 several generalist projects over the last years such as ObservatoryNano 2008-2012 

(SAFENANO, 2016), FutureNanoNeeds 2014-2017 (FUTURENANONEEDS, 2014), Nano2all 

(NANO2ALL, 2014) or NanoDiode 2013-present (NANODIODE, 2013), and single field-focused 

projects like NanoRem or Reground, which are going to be discussed in the following sections. 

Furthermore, communitarian countries have also developed national state-funded initiatives to 

deepen the knowledge in the field. Disseminations websites such as nanowerk.com and 

nanotech-now.com have also appeared during the recent years to provide information for 

businesses or researches. 

 

1.4.5 NANOPARTICLES MANUFACTURING BY MEANS OF MECHANICAL MILLING 

1.4.5.1 PLANETARY BALL MILL FUNCTIONING PRINCIPLE  

As mentioned above, there are several types of mills to manufacture nanoparticles through 

mechanical milling. We will mainly discuss how a planetary ball mill works since it is the type of 

mill with which we have worked. Figure 23 shows a Pulverisette planetary ball mill available in 

our laboratory. It has 4 supports in which we can place up to 4 vials. A vial is a resistant container 

where we will add the powder -up to a few hundred grams-, the size of which we want to reduce 

to nanometric dimensions; the balls used as the milling media and a liquid, such as water, if 

necessary (SURYANARAYANA, 2001).  

                                                             
9 EUROPEAN COMISSION, 2013 provides an overview thoughout the text of several EU-supported 
projects. 
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The planetary ball mill owes its name to the planet-like movement of vials. They are arranged 

on a clockwise rotating circular disc and an internal mechanism makes the vials rotate anti-

clockwise around their own axes at the same time (figure 23, right). 

Since the vials and the supporting disc rotate in opposite directions, the centrifugal forces act 

alternately and the balls are moving freely through the inner chamber of the vial (figure 24). 

When they are moving, they collide with each other as well as with the powder. These impacts 

crush the powder during the process, thus reducing the particle size. Since the diameter of the 

balls is much bigger then the diameter of the powder particles, the balls’ faces act like a flat 

surface smashing the particles10 (figure 25).  

 

 

Figure 23 Left: Pulverisette planetary ball mill. Right: Rotation of the vials (in red) and the platform (in blue) 

 

                                                             
10 This technology is also used in mechanical alloying, since the impacts of the balls bring together to the 
metallic powders, creating, thus, nanoparticles containing proportions of different element. 
(SURYANARAYANA, 2001) 
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Figure 24: Schematic depicting the ball motion inside the ball mill (SURYANARAYANA, 2001) 

 

 

Figure 25: Types of ball-powder collisions during the mechanical milling 

 

1.4.5.2 PROCESS VARIABLES 

The most important parameters (SURYANARAYANA, 2001) that take part in the milling process 

are: 

• Type of mill 

• Vial or milling container (dimensions and material) 

• Milling speed 

• Milling time and milling sequences 

• Grinding medium (material, size and size distribution) 

• Ball-to-powder weight ratio 

• Extent of filling the vial 

• Milling atmosphere composition 

• Process control agent or surfactant 

• Milling temperature  
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These parameters are not completely independent each other. Among them, the diameter of 

the balls plays a preponderant role when aiming at reducing the particle size. This fact has also 

been experienced in this project and will be discussed later. The relation between this diameter 

and the average diameter of the particles is called the ball to powder ratio.  

 

1.4.5.3 SURFACTANTS IN NANOPARTICLES PRODUCTION 

A surface-active agent, or surfactant, also called process control agent (PCA) or lubricant, is an 

organic substance that modifies the surface energy when added onto a second substance or 

mixture (NOURI & WEN, 2013). Surfactants are found in detergents and soaps because they help 

to break down the interface between water and oil. A surfactant molecule possesses an 

amphiphilic character, namely, their structure consists of a hydrophobic non-polar tail, normally 

a hydrocarbon (chain length often C16 or18), and a hydrophilic polar head, which can be ionic or 

non-ionic (figure 26).  

 

Figure 26: Schematic illustration of a typical surfactant molecules 

When used in mechanical milling, the hydrophobic tail of the surfactant molecule sticks onto the 

particle when this particle is also hydrophobic (figure 28). Conversely, the head will stick onto 

the particle when this particle is of hydrophilic material (figure 28). In this case, the fact that the 

hydrophobic tails are in contact with water (if working within an aqueous environment) could 

bring about some annoyance for the surfactant molecules. This may cause the union of two 

different particles, bringing about agglomeration between particles (figure 29 left). If surplus 

surfactant is added into the aqueous environment, the tails of free surfactant molecules will 

stick to the tails of other molecules stuck on solid particles (figure 29 right). This creates an 

external layer of hydrophilic heads that impedes clean particle-to particle contact and allows for 

dispersion. Therefore, the particle size reduction11 rate will increase. 

                                                             
11 This effect is positive when the agglomeration is to be reduced, but it could be a drawback when used 
in mechanical alloying if the quantity of surfactant added is not controlled. 
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The quantity of surfactant may range between 1-5 wt% of the total powder charge according to 

NOURI & WEN, 2013. The required amount of surfactant should be calculated by considering 

the complete surface area of the final milled mixture, but this amount may depend on several 

factors: brittleness, chemical and thermal stability, amount of powder, conditions of the milling 

tools… 

 

Figure 27: Schematic illustration on the role of surfactants in mechanical milling process. (NOURI & WEN, 2013) 

 

 

 

 

Figure 28: Arrangement of surfactant molecules depending on the nature of the particle 
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Figure 29 Left: Agglomeration between particles. Right: Arrangement12 of surfactant molecules leading to 
dispersion.  

 

1.4.5.4 MONO ETHYLENE GLYCOL IN MECHANICAL MILLING 
Mono ethylene glycol, or MEG, is a transparent, hygroscopic, odourless, liquid organic 

compound which possesses a high viscosity. It is not very volatile. Its chemical composition is 

HOCH2CH2OH (figure 30) and is produced when water molecules react with ethylene oxide. It is 

used as an antifreeze in engines, as a brake fluid, as a solvent for paints and in plastic synthesis 

to produce polyesters, PET and polyester resins. 

Our research team carried out successfully a milling experiment using MEG as the wet medium 

(RIBAS, CERNIK, MARTÍ, & BENITO, 2016). In it, zero-valent iron powder was added into 100 ml 

of mono ethylene glycol. The experiment resulted in a smaller loss of zero-valent iron since this 

one does not react with MEG. By contrast, using purified water as the wet medium do entailed 

corrosion of nano zero-valent iron. However, due to its high viscosity, the size reduction rate 

was not as high as it was when performed inside water. 

 

Figure 30: Chemical structure of mono ethylene glycol  

                                                             
12 This effect is also found as lipid bilayers in cell membranes 
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1.5 NANOPARTICLES IN SOIL & WATER REMEDIATION 
1.5.1 NANOPARTICLES RESEARCH FOR ARSENIC DEPOLLUTION 
As stated before in this report, nanoparticles stand as a proficient tool to depollute 

contaminants, including arsenic. The research in the nanoparticles-based remediation field 

dates back some years. In order to tackle the arsenic problem, some research programmes have 

been launched in the recent years within the framework of scientific cooperation in the 

European Union. 

One of these research projects was NanoRem (figure A6). The so-called Taking 

Nanotechnological Remediation Processes from Lab Scale to End User Applications for the 

Restoration of a Clean Environment project (extended name of NanoRem) (NANOREM, 2013) 

aimed at developing nanotechnology for in situ groundwater remediation focusing chiefly on 

chlorinated contaminants using zero-valent iron nanoparticles (nZVI) 

Though focused on chlorinated pollutants, one of the last field studies carried out within 

NanoRem consisted of using the injection well technique to depollute arsenic-contaminated 

groundwater in an abandoned industrial site in Asturias, Spain; applying nZVI particles 

(NANOREM, 2017). The results from this site showed that not all the wells exhibited the same 

behaviour, most likely due to differences in the hydrogeological conditions of each well. The 

evolution of As (figure 31 left) in turn, was measured and it showed 2 different phases. In phase 

I (0-24 days after application), arsenic was efficiently removed due to the high levels of Fe(figure 

31 right) dissolved, low values of redox potential, low levels of dissolved oxygen and alkaline 

conditions. The presence of iron would bring about adsorption of As, thus reducing its 

concentration. However, in phase II (24-180 days after application) arsenic levels increased 

again, though remaining lower than at the beginning. This could be due to some degree of 

desorption of leaching of As caused by rainfall. 

 

Figure 31 Left: Arsenic concentration evolution. Right: Iron concentration evolution 
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A second nanotechnology research project for on-site arsenic depollution, which is still ongoing, 

is Reground (REGROUND, 2016) and it is funded by the European Union’s Horizon 2020 research 

and innovation programme. Reground focuses on restoring contaminated groundwater from 

aquifers by means of the injection wells method. The final goal of this project is to develop a 

low-cost market-ready application to enable the removal of arsenic -and other pollutants- from 

groundwater and to be able to perform satisfactorily under a wide range of hydrogeochemical 

conditions. Now Reground works on the potential of iron oxides to mitigate arsenic when 

applied by way of several injection wells.  

Like Reground, the Spanish Ministry of Science and Innovation launched the project 

Nanoattenuation “Estudio de los procesos de atenuación de metales y compuestos inorgánicos 

en aguas subterráneas mediante minerales” (Survey on methods for metal and inorganic 

compounds attenuation in groundwater by means of minerals, in English). It has been funded 

with € 60,000 (NANOSPAIN, 2016) and several research groups at the UPC participate in this 

project. Last year, a final-year project (NAVALÓN, 2016) was carried out within the 

Nanoattenuation research framework. NAVALÓN, 2016 sought to reduce the particle size of a 

portion of hematite powder by way of mechanical milling, and he also tested out the reactivity 

of some manufactured hematite slurries with some samples of arsenic-contaminated water13 

retrieved from Langreo, Asturias, Spain.  One year later, BORRAS 2017 followed up the previous 

research, still working with hematite, but modifying some parameters in order to enhance the 

size reduction performance.  

 

 

 

  

                                                             
13 These samples were obtained from the same site where researchers in the Reground project tested out 
the injection wells using nZVI. 
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1.5.2 MAGNETITE NANOPARTICLES FOR ARSENIC DEPOLLUTION 
The use of Fe3O4 nanoparticles for arsenic removal has not been thoroughly studied, although 

some experiments have been performed by the scientific community. Two of these experiments, 

(MAYO & al., 2006) and (YU & CHANG, 2011), were carried out with synthetic magnetite powders 

whose particle sizes were less than 300 nm. 

MAYO and al. 2006 carried out some different sorption and desorption studies in arsenic-

contaminated water samples using 3 sizes of synthetic magnetite powder. In figure 32 the 

authors plot the As(V) concentration in the solution on axe X, and the quantity of moles of As(V) 

adsorbed par mass of magnetite on axe Y. We can observe that as the particle size decreases, 

the mols of As(V) adsorbed par mass of magnetite increases considerably. 

 

Figure 32: As(V) adsorption on different magnetite 
nanoparticles. (MAYO & al., 2006) 

 

Furthermore, YU and CHANG 2011 determined the amount of As(V) and As(III) removed from 

water using magnetite powders of less than 4 nanometres. Table 3 shows the removal rates 

obtained after the sorption experiments. 

 As(V) As(III) 
Under anaerobic conditions 35.6-39% 36.8-71.8% 

Under aerobic conditions 27.6-79.9% 21.7-79.4% 
Table 3: Amount of arsenic removed from water using magnetite nanoparticles. (YU & CHANG, 2011) 

 

From this table, we can infer that nanosized Fe3O4 can effectively remove ions from 

contaminated water and, as stated before in this project, As(V) can be adsorbed more efficiently 

than As(III). The data that these studies provide gives us some valuable information on assessing 

the efficiency of Fe3O4 removing arsenic from water. 
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2. OBJECTIVES 

This final-year project aims at reducing the particle size of magnetite powder up to a nanometric 

range in order to use the nanoparticles to depollute arsenic-contaminated groundwater. The 

size reduction will be carried out through mechanical milling in a planetary ball mill following a 

top-down approach. In our experiments, a mineral magnetite powder will be used since it is 

more economical and environmentally friendly than the ones produced using synthetic 

methods. 

We seek to obtain the best production conditions that ensure the highest particle size reduction 

to make the final specific surface as large as possible. The variables in our experiments will be 

the milling time, the rotational speed, the grinding media and the use of surfactant. This work 

has been partially funded by the Nanoattenuation project. 

In addition, this work presents a diverse literature that enables the reader to develop an 

awareness of the pollution problems caused by arsenic and the related issues and challenges 

going forward. 
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3. EXPERIMENTAL PROCEDURE 
3.1 RAW MATERIALS 
The magnetite used in our project to manufacture magnetite nanoparticles comes from a single 

rock -a skarn- retrieved from Mina de Cala, Huelva, Spain. Up to 60 million tonnes (MOLINA, 

2010) of iron ore have been extracted from the mine, but the activity was stopped in the 1980s 

and it is still abandoned. The magnetite powder used in this project was provided by a researcher 

at Universitat de Barcelona, Spain, who milled two different portions of the mineral at two 

different times. The milling was carried out in a RS 100 Retsch vibratory disc mill (figures A7 to 

A9). The mineral was sieved using a sieve of 30 μm for the first portion of rock milled and a sieve 

of 106 μm for the second portion. Throughout this report and our project, the former powder 

will be called magnetite A and the latter will be called magnetite B (figure 33).  

Along with the magnetite powder, we will also add purified water and the milling balls, which 

we will discuss in the following section in this report. For our last experiments, we have also 

added a surfactant: sodium polyacrylate. This surfactant was provided by Quimicos Globales 

Ltda. (Chile) and further information can be found in figure A10.  

 

Figure 33: Milled magnetite powder 

 

 

Figure 34: Sodium polyacrylate chemical structure 
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In the last experiment, we have used mono ethylene glycol as the wet medium, replacing water 

and sodium polyacrylate, in order to assess the size reduction achieved using this medium. This 

decision stems from the results obtained in a previous experiment (RIBAS, CERNIK, MARTÍ, & 

BENITO, 2016) to mill iron nanoparticles (nano zero-valent iron nZVI) using MEG. This product 

has been supplied by Scharlau S.L. 

 

3.2 LABORATORY EQUIPMENT 
3.2.1 MILL 
Throughout our project, we have worked with two four-station Pulverisette 5 planetary mills. 

One of them is shown in figure 35. Pulverisette is a registered trademark of the German firm 

Fritsch GmbH (figure A11).  It can work using 2 or 4 vials at the same time in order to maintain 

proper stability when spinning. When the mill is programmed, two different variables can be 

adjusted: time and speed. The working speed of the main disk ranges between 50 and 400 rpm 

(revolutions per minute). The higher the speed is, the more energy is provided to the system, 

thereby producing more impacts between the balls and the powder in the inner chamber of the 

vials. However, an excess of speed, and thus of energy, could bring about agglomeration or even 

cold welding between particles and an increase in temperature. 

To minimise the side effects of a rise in temperature, the mill works at intervals, pausing 

between each milling period. The pause time and the milling time are both configurated before 

starting the machine. One pause period and one milling period make up a milling cycle. For this 

project, twenty-minute periods have been used for the pause time and the milling time. 

In some cases, an excessively long total milling time could also lead to agglomeration and cold 

welding.  This means that there is a trade-off between size reduction and agglomeration, or even 

cold welding; and since our goal is to reduce the particle size, an optimal time and rotational 

speed configuration is crucial to achieve it.  
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Figure 35: Left, Pulversette P5 Fritsch ball mill available in tha laboratory. Right, Detail of the control pannel. 

 

3.2.2 VIALS 
To perform our milling, we have used two stainless steel vials, showed in figure 36. The steel is 

a type of AISI 304 (X5CrNi18-10). During the milling, the balls will wear out the internal walls of 

the vials into little particles of iron. In our case, this doesn’t pose a problem since our milled 

material will be an iron oxide. However, a small amount of contamination of chromium could 

happen since there is a fraction of this element in the vial’s steel composition.  

The vials come with a lid and a rubber gasket to prevent the material leaking out. Every lid 

encompasses two different types of valves, by means of which we could create the vacuum in 

the inner chamber or create an inert atmosphere to hinder or prevent chemical reactions during 

the milling process.  
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Figure 36: Vial, lid and gasket 

 

3.2.3 BALLS 
Two different types of balls to carry out the millings have been used. We have started with 

tungsten carbide (WC) balls (see figure 37 on the right) and then switched to hardened medium 

carbon steel (S110) balls (see figure 37 on the left). The WC balls measure 0.6 mm in diameter. 

On the other hand, the steel balls have an average diameter of 0.4 mm. The specifications for 

S110 balls are attached below and have been provided by Pometon España S.A. 

S110 40-51 HRC 0.8-1.2 % C 0.6-1.2 % Mn < 0.05 % S < 0.05 % P < 0.4-1.2 % Si 
 

 

Figure 37: S110 balls (on the left) and WC balls (on the right) 
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3.2.4 SIEVING MACHINE 
To take the balls out of the slurry, we have used a Analysette 3 sieving machine (Fritsch GmbH) 

placed at the furnaces room in the research building number I at EEBE (see figure 38). The 

vibration amplitude can be regulated and the sieving time can be configured. The sieve used in 

this project can separate particles of up to 180 μm. It was used before in other projects with iron 

nanoparticles but, since we are working with iron oxide, it won’t be worring if little 

contamination occurs within the slurry.  

Despite not used in this project, the sieve’s design allows for a combination of various sieves 

with different sizes placed on top of one another. This procedure is useful when having a 

relatively coarse powder because it allows to obtain several quantities of powder with more 

homogeneous particle sizes. A lid may be used to prevent particles from being thrown off. 

             

Figure 38: Sieving machine and sieve specifications 

 

3.2.5 SCANNING ELECTRON MICROSCOPE 
Scanning electron microscope (SEM) enables researchers to analyse the properties of tiny 

particles of matter and to obtain a vast amount of information from the surface of these particles 

(FRONTIER LAB, 2011). The development of SEM dates back in the 1950s and, currently, this 

microscopy stands as a great source of information in various technologies and science fields. 

SEM uses a thin beam of high-energy electrons that is focused into the sample of interest, as 

depicted in figure 39. The beam of electrons moves across the sample describing parallel 

movements. When the electrons impact onto the sample’s surface, they scattered depending 

on the relief and the size of the sample. Two types of interaction may occur at this moment: 

secondary electrons and back-scattered electron. A detector converts the information provided 

by these scattered electrons into a signal, which is later transformed into an image on a 
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computer screen. This information contains its morphology, chemical composition, crystal 

structure…  

 

Figure 39: SEM principle description (FRONTIER LAB, 2011) 

 

3.2.6 LASER DIFFRACTION FOR PARTICLE SIZE ANALYSIS 
A laser-diffraction particle-size analyser uses the principles of diffraction to obtain information 

from small particles in a liquid environment, usually water or ethanol. By means of a laser beam 

that intercepts the small particles, this device can work out the particle size (expressed in 

volume) distribution from a light pattern and an optical model. The light patter is compared with 

the scattered light created by particles. Big particles scatter light forming narrow angles but 

small particles creates wider angle. 

The laser diffraction analyser used to characterise our experiments was a Beckman Coulter, 

model LS13.320, whose detection range varies from 2,000 μm to 0.04 μm. This equipment is 

located at Parc Científic de Barcelona (UB).  

 

 

Figure 40: Laser diffraction analyser principle description 
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3.3 MILLING  
PERSONAL PROTECTION:  

In this section, we present the steps that we have taken when preparing the millings. Before 

going ahead, we need to be aware of the risks that the milling preparation entails. The use of 

personal protective equipment is compulsory: a pair of disposable latex gloves, safety glasses, 

an FFP3 mark and a laboratory coat. 

 

PREPARING THE VIALS 

Then we will prepare the vials (2 or 4 of them). After the first use, some little remnants of 

magnetite powder may be adhered to the internal walls of the vials and be transformed into a 

reddish iron oxide (possibly a combination of hematite and goethite, see figure 41). We have to 

remove this undesired rust using a sandpaper and, finally, washing the vials and drying them. 

 

Figure 41: Rust on the internal walls of the vial 

 

FILLING THE VIALS 

By means of a weighing scale we will weigh out 100 grams of balls (either S110 or WC) and they 

will be put into one of the vials. We will repeat this step for the other vials. Afterwards, we will 

weigh the magnetite powder using a precise weighing scale. We will take a watch glass and place 

it onto the weighing scale. Then we will add the magnetite powder onto the watch glass by 

means of a scraper until weighing out 2 grams. We will add this powder into one vial and we will 

repeat this step again for the other vials. 

After that, we will need to prepare 100 mg of purified water for each vial using a beaker. If there 

is no specified quantity of surfactant to be added for the experiment, we can directly pour the 

100 mg into the vial alongside the balls and the powder. Otherwise, if a little amount of 

surfactant must be added, we will put the beaker with the water aside. Then we will put a little 
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beaker onto the weighing scale and, using a pipette, we will weigh out the indicated quantity of 

surfactant form the container stocked in the research laboratory. If, for example, an amount of 

1% is required, we will weigh 1 g of surfactant. Since it is very viscous, we will use some water 

from the beaker to help the surfactant to pour into the vial. When no traces of surfactant are 

left in the beaker, we will add the rest of the water into the vial. Finally, we will proceed to close 

the vials with the lids and the rubber gaskets. 

If we decide to use mono ethylene glycol as the wet medium, we will prepare 100 ml of it in a 

beaker and we will follow the same steps as explained for water. 

 

PLACING THE VIALS INTO THE MILL: 

Once we have finished with these steps, the two or four vials will be placed onto the station in 

the mill. Then we will use a locking system (figures 42 and 43) which generates a great pressure 

onto the lid of the vial and prevents the liquid inside from leaking out. Finally, we will put down 

the lid of the mill and go ahead with the configuration. 

      

Figure 42: Method to fix the vial inside the mill 
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Figure 43: Lock system detail to fix the vials into the mill’s supports. 

 

CONFIGURING AND LAUNCHING THE MILL 

First, we will specify the rotational speed of the main disk on the left top of the panel. Secondly, 

we will configure the milling time of the cycle and then the pause time of the cycle using the 

buttons on the bottom of the panel. For all our milling, we have decided that both times will be 

20 minutes. Then, regarding the total milling time, we will add the number of cycles that the mill 

has to perform. 

To compute this number of cycles we have to take into consideration that, in order to perform 

one hour of milling, we need 3 on-off cycles of 20 minutes each (20 min ON x 3 cycles = 1 h). 

Therefore, if we have to mill for 15 hours, 45 cycles will be required. However, the number of 

cycles to configurated in the mill will be 44 since cycle number 0 is the first one. 

Once the number of cycles is introduced, we launch the milling. The stability of the mill must be 

verified, and after 30 seconds we will switch it off. We will open the lid of the mill and check out 

if there are some possible liquid traces on the internal walls of the mill that could have leaked 

out of the vials. If not, we close the lid and switch it on again. 
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3.4 MILLING EXTRACTION 
Once the milling has finished, we will proceed to separate the balls and the obtained slurry out 

of the vials. This time again, the personal protective equipment is compulsory. Then we will 

prepare a beaker with 100 ml of purified water for each vial. 

We will place the tray and sieve onto the sieving machine. Then we will pour the slurry with the 

balls into the sieve. The balls will not pass through the sieve, but the slurry will. After that, we 

will take a pipette and we will use it to take some water from the beaker. We will use the water 

to clean up the vial. We will try to make all the rests stuck on the walls fall off and pour it again 

into the sieve. We will repeat this step until little or no signs of material are visible on the vial. 

Afterwards, we will turn on the sieving machine and then clean the sieve using some water from 

the beaker so that no sign of magnetite powder is visible. We will still have to keep some water 

in the beaker for the next step, which is to pour the slurry in the tray into a bottle. We will use 

a funnel so that the slurry cannot spill off the bottle. As some rests of the mixture will remain 

stuck on the tray, we will use the leftover water to clean it up. At the end, we will have 

approximately 2 grams of magnetite powder contained in 200 ml of water. We must admit that 

in some experiments, a bit more of water was added since, due to the particle size, the powder 

particles stuck onto the walls and they didn’t flake off. 

If we have used MEG as the wet medium, we will use no water and we will fill the beaker with 

100 ml of MEG. Then we will repeat all the steps presented above, remembering that mono 

ethylene glycol is more viscous than water, and it will be harder to clean up the vials, the sieve 

and the tray. 

After this, we will write down the code of the experiment on the bottle and keep it aside for 

analysis. Finally, we must wash all the tools used. 
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3.5 ENCODING OF THE EXPERIMENTS 
For this project, we have prepared 17 experiments as showed in table 4. As explained in last 

section, we finally get 2 grams of milled magnetite powder contained into 200 ml of water. The 

variables in our experiment will -initially- be the type of magnetite (either A or B), the grinding 

medium (either S110 or WC), the use of surfactant, the wet medium, the rotational speed (200-

300 rpm) and the milling time (5-10-15 hours).  

Date Exp. no 
Short 

code 
Magnetite Balls Surfactant (%) rpm 

milling 

time (h) 

9/2/2017 EXP 1 A1, A2 A WC No 200 5 

14/2/2017 EXP 2 A3, A4 A WC No 200 10 

16/2/2017 EXP 3 A5, A6 A WC No 200 15 

20/2/2017 EXP 4 A7, A8 A WC No 300 5 

21/2/2017 EXP 5 A9 A WC No 300 10 

23/2/2017 EXP 6 B1, B2 B WC No 200 10 

27/2/2017 EXP 7 B3, B4 B WC No 200 15 

1/3/2017 EXP 8 B5 B S110 No 200 10 

1/3/2017 EXP 9 B6 B S110 No 200 15 

6/3/2017 EXP 10 B7 B S110 No 300 10 

6/3/2017 EXP 11 B8 B S110 No 300 15 

23/3/2017 EXP 12 B9 B S110 0,5 % 300 10 

23/3/2017 EXP 13 B10 B S110 1 % 300 10 

5/4/2017 EXP 14 B11 B S110 0,6 % 300 10 

5/4/2017 EXP 15 B12 B S110 1 % 300 10 

25/4/2017 EXP 16 B13 B S110 2 % 300 10 

25/4/2017 EXP 17 B14 B S110 MEG 300 10 

10/5/2017 EXP 18 B15 B S110 no 300 10 

10/5/2017 EXP 19 B16 B S110 no 300 10 

Table 4: List of all the experiments carried out throughout the project 

 

The bottles and the experiments’ results have been encoded using a consecutive system. As can 

be seen in the table above, for the first experiments we have two codes together (for example 

A1 and A2) because we have used two vials in the same milling in order to check that we finally 

obtained the same particle size reduction in both vials. With regard to this, experiments A1 and 

A2 are totally identic, but just from different vials. 
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3.6 EXPERIMENTAL CHARACTERISATION  
Once we have obtained and encoded the slurry containing the magnetite powder, we must 

observe the magnetite particles to verify that their size is within the nanometric range. 

Moreover, we need to characterize the size distribution and to check the existence of 

agglomeration among the particles. 

 
3.6.1 SEM ANALYSIS 
The particle size observation can be done with a SEM. To prepare the samples for the 

observation we will take a piece of copper that has several numbered holes (figure 44). In each 

hole, we will introduce a drop of the slurry that is to be analysed. For the experiments containing 

no surfactant, it is not necessary to dilute the slurry. However, the experiments bearing some 

surfactant must be diluted since, if not, a nanoscopic white layer is formed onto the magnetite 

particles and it does not allow for the observation. We will dilute one part of slurry per -at least- 

nine parts of water. The same process needs to be done with the MEG experiment. We will let 

the drops on the copper plate dry and then we will proceed with the SEM analysis. The image 

that the SEM will provide gives us information about the particles sizes and their morphology. 

However, as the samples are dry, we cannot determine how the magnetite particles are 

arranged in the slurry, whether they are agglomerated or not.  

 
Figure 44: Copper plate used to prepare the samples for SEM observation 

 
3.6.2 LASER DIFFRACTION FOR PARTICLES SIZE ANALYSIS 
In addition to SEM analyses, we have carried out some laser-diffraction particles-size analyses 

to know more about the size distribution of the milled magnetite. Before introducing slurry into 

the machine, we have to dilute it in a beaker. We will need a small beaker since just a few drops 

of sample will be added into the machine. Once again, the rule will be to dilute one part of slurry 

per nine parts of water. Once diluted, we will introduce the beaker into an ultrasonic cleaner for 

four or five minutes so that that the ultrasounds can split any agglomerated particles (see figure 

A12). Meanwhile, we can configure the software to prepare the machine for the analysis. The 
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software will say to us when to add the sample and then, we will start to add some sample to 

the machine using a pipette. Two values on the screen will indicate to us when we must stop 

adding the sample. They are the obscuration, with an optimal value being around 3 %, and the 

PIDS (Polarized Intensity Differential Scattering), when being at a value between 40 and 50%. 

The results of the size distribution on the screen can be modified depending on the optical model 

used. For our experiments, we have considered taking the Fraunhofer model as the most 

appropriate. 

 

3.6.3 OPTICAL MICROSCOPE OBSERVATION 
As we will comment later in the results section, we have encountered the agglomeration 

phenomenon between particles. Unfortunately, the laser diffraction for particles size analysis 

technique is not able to work out whether this phenomenon is taking place and, in the event of 

having agglomerated particles, this won’t be shown explicitly in the results. For this reason, we 

decided to observe the sample with an optical microscope using a x400 magnification. This 

technique is very easy, accessible and fast. It is not able to tell us how small the particles are, 

but it enables us to watch whether the particles are dispersed or agglomerated. Before the 

observation, the sample from which we will take the drop to analyse must pass through the 

ultrasonic cleaner. 

 

3.6.4 OTHER ANALYSES 
In addition to these characterisations, we decided to perform a specific surface area analysis 

using the BET method. To do this, we decided to dry up one half of the slurry from experiment 

B7. Using natural drying but we finally got patches of magnetite (figure 45). We expected to 

obtain a fine powder. In the end, we considered that the conditions of this dried material would 

not be suitable to perform the BET analysis and, for this reason, we decided to rule it out. 

However, when weighing the dried magnetite, we realised that a change in the mass of the 

magnetite powder had occurred. We present the results later in this project. 

 

Figure 45: Magnetite powder dried 
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4. RESULTS 
4.1 ANALYSIS OF RAW MATERIALS 
First, the two raw materials have been analysed using laser diffraction and SEM. Although, 

initially, magnetite A and magnetite B were milled and sieved separately, the laser diffraction 

analysis (figure 46) and the SEM images (figures 47 and 48) suggest that both materials have 

experienced the same size reduction when being milled and sieved. This fact gives us some 

confidence to state that the experiments carried out with magnetite A will have, to a significant 

extent, the same results as if they were performed using magnetite B, and vice versa. 

 
Figure 46: Particle size distribution for magnetite A and B 

 
 

 

Figure 47: SEM image of A 
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Figure 48: SEM image of B 

 

 

4.2 THE EFFECT OF THE BALLS 
4.2.1 WC balls at 200 rpm 
The results obtained from experiments A1 to A6 are presented in table 5 and all they have been 

performed at 200 rpm with WC balls a grinding media. Figure 49 shows the distribution of the 

equivalent diameter of the particles and figures 50 to 52 show the morphology of our magnetite 

particles.  

 Balls Rotational speed Milling time D50 

A1-A2 

WC 

200 rpm 5 h 1,981 μm 

A3-A4 200 rpm  10 h 0,556 μm 

A5-A6 200 rpm 15 h 1,195 μm 

Table 5: Conditions and particle size obtained (d50) for each experiment (from A1 to A6) 
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Figure 49: Particle size distribution for A2, A3 and A5 

 
 
 
 
 

 
Figure 50: SEM image of A1 
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Figure 51: SEM image of A3 

 
 
 

 
Figure 52: SEM image of A5 
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Figure 53: Agglomeration in A3/A4 sample after being in the ultrasonic cleaner. 
X400 magnification in microscope (micrometric range) 

 

When we look at the laser diffraction results (figure 49), we observe that, A3 contains the 

smallest particles since its curve is placed further to the left. Moreover, figure 49 suggests that 

an increase in milling time does not entail a proportional size reduction since A5 is not on the 

left side of A3. These suggestions should be verified looking at the SEM images (figures 50-52). 

However, this is not true when we observe that A5 sample contains smaller particles than A1 

and A3. After this observation, we may think of repeating some more times the laser diffraction 

analyses. If after several runs we obtain similar results, as in this case and with other samples 

throughout this project, we have to consider the presence of agglomeration among the 

magnetite nanoparticles, and this is proved in figure 53. In it we can see how, even after passing 

some minutes in the ultrasonic cleaner, the particles remain agglomerated. We regret not 

having taken images from millings A1 and A5, but according to the curves’ form and the SEM 

images, we can state that the agglomeration phenomenon is also taking place.  

Thus, it can be stated that an increase in milling time leads to a higher reduction of individual 

particles. Therefore, A5/A6 experiment (15 h at 200 rpm) contains the smallest particles so far, 

despite the laser diffraction is not able to provide accurate information about the size 

distribution because of the agglomeration. It is the SEM results that show the particle size 

reduction, although it is not possible to observe the agglomeration effect through it. 
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4.2.2 WC balls at 300 rpm 
For the next experiments, we will still use the WC balls as grinding medium but the rotational 

speed has been increased to 300 rpm. Table 6 presents the 3 experiments carried out. The 

distribution of the equivalent diameter of the particles can be observed in figure 54. The 

morphology is shown in figures 55 and 56. 

 Balls Rotational 

speed 

Milling time D50 

A7-A8 
WC 

300 rpm 5 h 1,877 μm 

A9 300 rpm 10 h 1,859 μm 

Table 6: Conditions and particle size obtained (d50) for each experiment (from A7 to A9) 
 

 
Figure 54: Particle size distribution for A7 and A9 

 
Figure 55: SEM image of A7 
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Figure 56: SEM image of A9 

 

Although no image of agglomeration in A7 or A9 was taken, we can observe that the size 

distribution has a similar form (a large quantity between 1 and 3 μm approximately) than the 

ones before -at 200 rpm- and, once again, the individual particles are very small (clearly less than 

1 μm) in the SEM images. This compels us to speculate that the same agglomeration 

phenomenon occurring in experiments A1, A3 and A5 is also present in these experiments. 

In addition to this, a mass spectrometry for some WC-milled samples was undertaken when 

analysing these samples with the SEM to check the composition of the particles (figures 57 and 

58). It was observed that a lot of WC nanoparticles were spread throughout the sample 

alongside the magnetite particles. In figure 58, WC particles are white in colour. This presence 

of tungsten points undoubtedly to the carbide balls as the source of this contamination. We can 

deduce that the WC balls have been worn down during the several experiments because of the 

brittleness of the material. Such WC contamination is not tolerable and the decision to replace 

the WC balls with steel balls was taken. 
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Figure 57: Mass spectrometry of a region in the sample. We notice the presence of tungsten (coming from the 

balls), iron and copper (from the plate) 

 
 

 
Figure 58: Sample A5. Notice the white WC particles 
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4.2.3 S110 balls at 200 rpm and 300 rpm  
Because of the contamination of tungsten occurred during the milling, the grinding media has 

been changed. From now on, steels balls will be used for the rest of our experiments, which are 

listed in table 7. Figure 59 shows the distribution of the equivalent diameter of the particles and 

figures 60 to 63 show the particles’ morphology. 

 Balls Rotational 

speed 

Milling time D50 

B5 

S110 

200 rpm 10 h 1,143 μm 

B6 200 rpm 15 h 1,129 μm 

B7 300 rpm 10 h 1,422 μm 

B8 300 rpm 15 h 0,674 μm 

Table 7: Conditions and particle size obtained (d50) for each experiment (from B5 to B8) 
 

 
Figure 59: Particle size distribution for B5, B6, B7 and B8 

 

 
Figure 60: SEM image of B5 
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Figure 61: SEM image of B6 

 

 
Figure 62: SEM image of B7 
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Figure 63: SEM image of B8 

     

Figure 64:   Agglomeration in B5 (left) and B8 (right) samples after being in the ultrasonic cleaner. 
X400 magnification in microscope (micrometric range) 

 

After changing the WC for S110 steel balls, we can see in the SEM images (figures 60 to 63) that 

the individual particle size has been considerably reduced (please note that the scale and the 

magnification is different from the previous images) with respect to the experiments using WC 

balls. However, this fact is not clearly reflected in the laser diffraction results. It can be seen that 

the B5 and B7 had no portion of particles on the left part of the graph. Moreover, B5 shows a 

“tail” with particles bigger than 4 μm. From these symptoms, we can infer that agglomeration is 
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still present in these samples. One again this phenomenon can be observed using an optical 

microscope (figure 64).  

From the SEM images, it can also be observed that an increase in the rotational speed leads to 

a higher reduction of individual particles. Moreover, it can be noted that an increase in the 

milling time do not entail a severe particle size reduction. 

In order to eliminate the agglomeration effect, we considered the use of a surfactant to help the 

particles to be separate to each other and achieve a higher rate of reduction. This agglomeration 

is maybe due to the magnetic effects that the magnetite possesses.  

 

4.3 THE USE OF SURFACTANT 
Now we will proceed to add a little variable amount of surfactant in each milling using S110 balls 

at 300 rpm. The experiments are listed in table 8. We will finally assess whether this product 

helps the particles to disperse or not. The distribution of the equivalent diameter of the particles 

is shown in figure 65. Figure 66 presents the evolution of d50 with respect to the amount of 

surfactant added. The morphology of the nanoparticles can be observed in figures 67 to 70. 

 

 Balls % Surfactant Rotational 

speed 

Milling time D50 

B9 

S110 

0.5 % 300 rpm 10 h 0,138 μm 

B10 1 % 300 rpm 10 h 0,125 μm 

B11 0.6 % 300 rpm 10 h 0,110 μm 

B13 2 % 300 rpm 10 h 0,126 μm 

Table 8: Conditions and particle size obtained (d50) for each experiment (from B9 to B13) 
 

 
Figure 65: Particle size distribution for B9, B10, B11 and B13 
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Figure 66: d50 evolution as a function of the percentage of surfactant  

 

 
Figure 67: SEM image of B9  
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Figure 68: SEM image of B10 

 

 

Figure 69: SEM image of B11 
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Figure 70: SEM image of B13 

 

 

Figure 71: Observation of B13 using an optical microscope. 
Particles are dispersed and smaller. 

X400 magnification in microscope (micrometric range) 
 

After performing the laser diffraction in these analyses, it can be seen that the curves are placed 

further to the left, which suggests that the particles size is very small for all the experiments 

containing surfactant. We see in figure 66 that, presumably, the highest particle reduction rate 

is achieved with 0.6 % of surfactant. In addition, 0.5% and 0.6% experiments (figures 67 and 69) 
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allow a better observation when observed through SEM. On the other hand, a surplus addition 

of surfactant, i.e. 2 % (figure 66), does not result in smaller particles and the SEM image appears 

blurred. Besides, figure 71 shows how agglomeration is drastically reduced, despite little sign of 

agglomeration may still be present. We can see how at x100,000 magnification at SEM, the 

particles are considerably small, with particles measuring less than 100 nm.  

It must be noted that the drying of the samples to characterise the surfactant-bearing 

experiment in the SEM was difficult due to the presence of residue of surfactant, as can be seen 

in figures 67 to 70. Further dilution with water has been undertaken as explained before in this 

work. As a result for this dilution, the individual particles are easy to observe for 0.5% and 0.6%. 

Another aspect that must be commented is the difficulties that we have encountered when 

trying to characterise the experiments by means of laser diffraction. Different and contradictory 

information has been obtained after repeating several times the characterization. However, the 

laser diffraction results presented above have been obtained with the laser diffractometer 

working without problems and using polypropylene balls as pattern samples to erase any 

possible doubts or suspicion.14  

All in all, the results obtained with the SEM and the optical microscope matches the ones 

obtained with the laser diffraction. The particles size reduction rate using a surfactant has been 

hitherto the most proficient. This fact makes perfect sense with relation to the scientific 

literature read about this subject. 

 

4.4 THE USE OF MEG 
Finally, we want to check what happens when the wet media is changed. Mono ethylene glycol 

will be used to carry out one experiment and to have a first glance whether it would be a good 

option for future prospects. This milling will be performed using S110 balls at 300 rpm. The 

distribution of the equivalent diameter of the particles is presented in figure 72. Figures 73 and 

74 show the morphology of the particles. 

 Balls Rotational speed Milling time D50 

B14 S110 300 rpm 10 h 0,129 μm 

Table 9: Conditions and particle size obtained (d50) for the experiment with MEG 

 

 
                                                             
14 The specifications to characterise the experiments using laser diffraction are described in section 3.6.2 
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Figure 72: Particle size distribution for B14 

 
 
 

 
Figure 73: SEM image of B14 (x 50,000) 
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Figure 74: SEM image of B14 (x 100,000) 

 

 

Figure 75: Observation of B14 using an optical microscope. 
X400 magnification in microscope (micrometric range) 
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From the analyses for this experiment, we can see that the individual particles size has been 

reduced considerably. Laser diffraction analysis shows that a large quantity of small particles is 

present in the slurry, but some agglomeration still exists in it, as the peak on the right suggest 

(figure 72). When we look at the optical microscope image (figure 75) we can see that the 

particles are suspended, although some dark shades seem to be some agglomerated material.  

Mono ethylene glycol poses some problems for the experiment’s characterisation. First the 

cleaning of the vials and the sieve to obtain the slurry takes some more time compared to the 

milling using water. This is due to the high viscosity of MEG and, hence, the fact that some 

material sticks temporarily onto the vial’s wall. In addition, it is difficult to dry up a MEG sample 

for SEM analysis using simple drying; and this impedes a clear observation of the particles.   

 

4.5 MASS VARIATION 
In order to check out the possible presence of some material coming from vials or grinding 

media, a study of variations in mass of the solid product in the slurry was carried out. Half of the 

slurry from B7 in a watch glass was put to dry, which could contain about 1 gram of magnetite 

powder and we finally obtained a weight exceeding 2 grams. Therefore, and similarly as in other 

milling studies carried out by our research group, a mass variation was detected in the 

experiment.  

For that reason, we decided to carry out two more experiments, B15 and B16, to determine 

what happened. It was supposed that this increase in the magnetite powder mass should be 

brought about by the erosion of the S110 balls into little particles of iron that could pass through 

the sieve and end up in the slurry alongside the magnetite powder. Hence, in these two 

experiments we have carefully weighed the mass of the balls and the magnetite powder before 

the milling and after drying both. The results are presented in table 10. 

 Magnetite S110 Balls 

B15 Initial 2.0407 g 100.2170 g 

Final 3.1791 g 99.5352 g 

Variation 1.1384 g - 0.6818 g 
 

B16 Initial 2.2040 g 100.2760 g 

Final 3.3021 g 99.6319 g 

Variation 1.0981 g - 0.6441 g 

Table 10: Mass values for experiments B15 and B16. 
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As can be seen can see in the table above, the final mass of magnetite has increased. And the 

final mass of the balls has decreased. Although the mass variations do not match strictly, we feel 

certain to state that the mass of the finally dried magnetite powder contains little fragments 

scattered from the steel balls. This was also first-hand verified when we sieved these two 

millings and saw that little solid particles remained on the bottom of the sieving machine tray, 

which could not correspond to magnetite powder, but to metal iron particles. 

The fact that the loss of mass in the balls is not as great as it is the gain in the final magnetite 

mass could be explained by a light mass increase when the balls got dried. The balls were dried 

wrapped by paper after being washed with water. The contact with the air oxidised the surface 

of the balls, creating, in turn, an agglomeration among them (figure 76). The gain of oxygen 

atoms could have bought about the gain in mass. 

 

 

Figure 76: S110 balls oxidised after being naturally dried. 
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5. CONCLUSIONS 
This project aims at reducing the particle size of magnetite up to a nanometric range. This will 

increase the specific surface area and will, in turn, increase its reactivity. For this reason, the 

results obtained in this project will be useful for further research on the depollution of arsenic 

from water. The problems related to this element have been explained in this work to raise our 

own consciousness about this environmental issue. 

Some conclusions can be drawn after carrying out several experiments through mechanical 

milling and analysing their results.  

Firstly, S110 steel balls perform very well on reducing the individual particle size of magnetite 

without leading to serious contamination, as occurred when using tungsten carbide balls. 

However, little contamination of iron still exists since it has been proved that steel balls wear 

down during the milling process and part of the eroded material ends up among the magnetite 

powder. 

Besides this, an increase in the rotational speed leads to a higher individual particle size 

reduction, but an increase in milling time has little effect over it. 

It can also be observed that surfactant plays an important role in reducing the agglomeration 

phenomenon. Moreover, surfactant allows higher particle size reduction, with particles being 

finally of around 100 nm according to SEM images. The smallest particles are obtained with an 

amount of surfactant around 0.5% and 0.6%, according to the laser diffraction, and SEM can 

provide fairly clear images. By contrast, an increase in surfactant up to 2% does not entail further 

particle size reduction and SEM has some difficulty in providing clear images due to the dry 

residue.  Despite individual particle size reduction, the presence of surfactant within the slurry 

could be a drawback when using it to depollute arsenic from groundwater, as the external layer 

of surfactant over the magnetite particles would reduce the adsorbance. Therefore, further 

research about the effectiveness of these samples depolluting arsenic should be carried out to 

determine which experiment performs best.   

Furthermore, the results obtained in the experiment using mono ethylene glycol show that a 

good particle size reduction has been achieved. However, its high viscosity hinders the process 

to obtain the slurry, adding more time to the manufacturing process. In addition, MEG samples 

are more difficult to dry for SEM observation than the ones carried out using water 
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6. COST ESTIMATE 
 

6.1 RAW MATERIALS  
Unit cost Quantity Total cost 

S110 steel balls 10 €/batch 1 batch € 10.00 

WC balls 150 €/batch 1 batch € 15.00 

Sodium polyacrylate 30 €/bottle 1 bottle € 30.00 

Mono ethylene glycol 98 €/L 1 litre € 98.00 

Table 11: Raw materials costs 

6.2 EQUIPMENT RENTAL 
 Unit cost Quantity Total cost 

Planetary ball mill 30€/day 19 days € 570.00 

Sieving machine 10€/day 19 days € 190.00 

Weighing scale 2€/hour 14 hours € 28.00 

Table 12: Equipment rental costs 

6.3 LABORATORY TOOLS 
 Unit cost Quantity Total cost 

Watch glass 6 €/unit 4 units € 24.00 

Amber glass bottles and caps 56 €/batch 1 batch € 56.00 

Sieve  60€/unit 1 unit € 60.00 

Table 13: Laboratory tools costs 

6.4 SERVICES 
 Unit cost Quantity Total cost 

Laser diffraction analysis 50 €/hour 15 hours € 750.00 

SEM observation  310 €/hour 5 hours € 1,550.00 

Table 14: Services costs 

6.5 PERSONAL PROTECTIVE EQUIPMENT 
 Unit cost Quantity Total cost 

Latex gloves 4,35€/box 1 box € 4.35 

FFP3 mask 8,4€/unit 1 unit € 8.40 

Protective glasses 20,60 €/unit 1 unit € 20.60 

Table 15: PPE costs 
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6.6 INVESTIGATION COSTS 
 Unit cost Quantity Total cost 

Investigation fee 15€/hora 620 hours € 9,300.00 

Table 16: Investigation costs 

6.7 OVERALL COST 
 Total cost 

Raw materials € 153.00 
Equipment rental € 788.00 
Laboratory tools € 140.00 
Services € 2,300.00 
Personal Protective Equipment € 33.35 
Labour costs € 9,300.00 
TOTAL € 12,714.35 

Table 17: Overall cost 

 

 

  



Manufacturing of iron oxide nanoparticles through mechanical milling 

  70 
 

 

LIST OF FIGURES 
 

Figure 1: Oxidation state of Fe(II) .................................................................................................1 
Figure 2: Oxidation state of Fe(III) ................................................................................................1 
Figure 3 Left: oolitic hematite. Right: micaceous hematite (Geology: Hematite, 2017) ...............3 
Figure 4 Left: Magnetite rock sample. Right: Magnetite sand ......................................................4 
Figure 5: A specimen of loadstone attracting little pieces of iron. ...............................................4 
Figure 6: Magnetite crystal structure ...........................................................................................5 
Figure 7: Eh-pH diagram for aqueous As species in the ...............................................................9 
Figure 8: Arsenic effects on human body (HRW, 2016) ..............................................................10 
Figure 9: Summary of the world distribution of documented problems with arsenic in the 
groundwater and the environment ............................................................................................11 
Figure 10: Schematic diagram of the aquifers in southern Bangladesh showing the .................12 
Figure 11: Groundwater data analysis from selected wells in Faridpur Area, ............................13 
Figure 12: Functioning of PRB ....................................................................................................16 
Figure 13: Detailed approach of an injection well (CRANE & SCOTT, 2011) ...............................17 
Figure 14: Schematic of the injection process (NANOREM, 2017) .............................................17 
Figure 15: Evolution of the total surface area when the particle size decreases (NNI, 2014). ...19 
Figure 16 Left: New solar panel films incorporate nanoparticles to create lightweight, flexible 
solar cells. Right: This image shows the bamboo-like structure of nitrogen-doped carbon 
nanotubes for the treatment of cancer. (NNI, 2014) .................................................................19 
Figure 17: Health effects of nanoparticles on human beings (MANDAL, 2012) .........................20 
Figure 18:  Product lifecycle showing different points for EHS evaluation (NNI, 2014) ..............20 
Figure 19: Typical synthetic methods for nanoparticles for the top-down and bottom-up 
approaches (HORIKOSHI & SERPONE, 2013, p. 8) ......................................................................21 
Figure 20: Publication/patent comparison by sector (ObservatoryNano, 2012, p. 28) ..............23 
Figure 21: Publication/patent comparison by country (ObservatoryNano, 2012, p. 26) ............23 
Figure 22: Comparison of nano-related patent applications in the chemistry ............................24 
Figure 23 Left: Pulverisette planetary ball mill. Right: Rotation of the vials (in red) and the 
platform (in blue) .......................................................................................................................25 
Figure 24: Schematic depicting the ball motion inside the ball mill (SURYANARAYANA, 2001) .26 
Figure 25: Types of ball-powder collisions during the mechanical milling .................................26 
Figure 26: Schematic illustration of a typical surfactant molecules ...........................................27 
Figure 27: Schematic illustration on the role of surfactants in mechanical milling process. 
(NOURI & WEN, 2013) ................................................................................................................28 
Figure 28: Arrangement of surfactant molecules depending on the nature of the particle .......28 
Figure 29 Left: Agglomeration between particles. Right: Arrangement of surfactant molecules 
leading to dispersion. .................................................................................................................29 
Figure 30: Chemical structure of mono ethylene glycol .............................................................29 
Figure 31 Left: Arsenic concentration evolution. Right: Iron concentration evolution ..............30 
Figure 32: As(V) adsorption on different magnetite ...................................................................32 
Figure 33: Milled magnetite powder ..........................................................................................34 
Figure 34: Sodium polyacrylate chemical structure ...................................................................34 
Figure 35: Left, Pulversette P5 Fritsch ball mill available in tha laboratory. Right, Detail of the 
control pannel. ...........................................................................................................................36 
Figure 36: Vial, lid and gasket .....................................................................................................37 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  71 
 

 

Figure 37: S110 balls (on the left) and WC balls (on the right) ...................................................37 
Figure 38: Sieving machine and sieve specifications ..................................................................38 
Figure 39: SEM principle description (FRONTIER LAB, 2011) ......................................................39 
Figure 40: Laser diffraction analyser principle description .........................................................39 
Figure 41: Rust on the internal walls of the vial .........................................................................40 
Figure 42: Method to fix the vial inside the mill .........................................................................41 
Figure 43: Lock system detail to fix the vials into the mill’s supports. .......................................42 
Figure 44: Copper plate used to prepare the samples for SEM observation ..............................45 
Figure 45: Magnetite powder dried ...........................................................................................46 
Figure 46: Particle size distribution for magnetite A and B ........................................................47 
Figure 47: SEM image of A .........................................................................................................47 
Figure 48: SEM image of B..........................................................................................................48 
Figure 49: Particle size distribution for A2, A3 and A5 ...............................................................49 
Figure 50: SEM image of A1 .......................................................................................................49 
Figure 51: SEM image of A3 .......................................................................................................50 
Figure 52: SEM image of A5 .......................................................................................................50 
Figure 53: Agglomeration in A3/A4 sample after being in the ultrasonic cleaner. .....................51 
Figure 54: Particle size distribution for A7 and A9 .....................................................................52 
Figure 55: SEM image of A7 .......................................................................................................52 
Figure 56: SEM image of A9 .......................................................................................................53 
Figure 57: Mass spectrometry of a region in the sample. We notice the presence of tungsten 
(coming from the balls), iron and copper (from the plate).........................................................54 
Figure 58: Sample A5. Notice the white WC particles ................................................................54 
Figure 59: Particle size distribution for B5, B6, B7 and B8 ..........................................................55 
Figure 60: SEM image of B5........................................................................................................55 
Figure 61: SEM image of B6........................................................................................................56 
Figure 62: SEM image of B7........................................................................................................56 
Figure 63: SEM image of B8........................................................................................................57 
Figure 64:   Agglomeration in B5 (left) and B8 (right) samples after being in the ultrasonic 
cleaner. ......................................................................................................................................57 
Figure 65: Particle size distribution for B9, B10, B11 and B13 ....................................................58 
Figure 66: d50 evolution as a function of the percentage of surfactant ....................................59 
Figure 67: SEM image of B9........................................................................................................59 
Figure 68: SEM image of B10......................................................................................................60 
Figure 69: SEM image of B11......................................................................................................60 
Figure 70: SEM image of B13......................................................................................................61 
Figure 71: Observation of B13 using an optical microscope. ......................................................61 
Figure 72: Particle size distribution for B14 ................................................................................63 
Figure 73: SEM image of B14 (x 50,000) .....................................................................................63 
Figure 74: SEM image of B14 (x 100,000) ...................................................................................64 
Figure 75: Observation of B14 using an optical microscope. ......................................................64 
Figure 76: S110 balls oxidised after being naturally dried. .........................................................66 
 

 

  



Manufacturing of iron oxide nanoparticles through mechanical milling 

  72 
 

 

LIST OF TABLES 
 

Table 1: Classification of iron oxides and hydroxides ...................................................................2 
Table 2: Comparison of main arsenic removal technologies (SMEDLEY, et al. 2004) ...........15 
Table 3: Amount of arsenic removed from water using magnetite nanoparticles. (YU and 
CHANG 2011) .............................................................................................................................32 
Table 4: List of all the experiments carried out throughout the project ....................................44 
Table 5: Conditions and particle size obtained (d50) for each experiment (from A1 to A6) ......48 
Table 6: Conditions and particle size obtained (d50) for each experiment (from A7 to A9) ......52 
Table 7: Conditions and particle size obtained (d50) for each experiment (from B5 to B8) .......55 
Table 8: Conditions and particle size obtained (d50) for each experiment (from B9 to B13) .....58 
Table 9: Conditions and particle size obtained (d50) for the experiment with MEG ..................62 
Table 10: Mass values for experiments B15 and B16. ................................................................65 
Table 11: Raw materials costs ....................................................................................................68 
Table 12: Equipment rental costs ...............................................................................................68 
Table 13: Laboratory tools costs ................................................................................................68 
Table 14: Services costs ..............................................................................................................68 
Table 15: PPE costs .....................................................................................................................68 
Table 16: Investigation costs ......................................................................................................69 
Table 17: Overall cost .................................................................................................................69 
 

  



Manufacturing of iron oxide nanoparticles through mechanical milling 

  73 
 

 

REFERENCES 
AITKEN, R., CREELY, K., & TRAN, C. (2004). Nanoparticles: An occupational hygiene review. 

Retrieved from Health and Safety Executive: 
http://www.hse.gov.uk/research/rrpdf/rr274.pdf 

ANS. (2013). Retrieved from American Nano Society: http://nanosociety.us/ 

Asturnatura: Hematites. (2017). Retrieved from 
https://www.asturnatura.com/mineral/hematites/716.html 

Asturnatura: Magnetita. (2017). Retrieved from Asturnatura: 
https://www.asturnatura.com/mineral/magnetita/883.html 

BORRAS, X. (2017). Optimització del procés de mòlta de nanoparticules d'òxid de ferro. 
Barcelona: UPC. 

BRITISH GEOLOGY SURVEY: Iron Ore and Ochre Mines. (2016). Retrieved from British Geology 
Survey: https://www.bgs.ac.uk/mendips/minerals/Mins_Mines_6.htm 

CHANG, R., & GOLDSBY, K. (2013). Química. México: Mc Graw Hill Education. 

CHEMISTRY LIBRETEXTS: Iron Production. (2014, December 7). Retrieved from Chemistry 
LibreTexts: 
https://chem.libretexts.org/Core/Inorganic_Chemistry/Descriptive_Chemistry/Elemen
ts_Organized_by_Block/3_d-
Block_Elements/1b_Properties_of_Transition_Metals/Metallurgy/The_Extraction_of_I
ron/Iron_Production 

CITY COLLEGIATE: Extraction of Iron. (2015). Retrieved from City Collegiate: 
http://www.citycollegiate.com/extraction_iron.htm 

CORNEL, R., & SCHWERTMANN, U. (2003). The Iron Oxides: Structure, Properties, Reactions, 
Occurences and Uses. Weinheim: Wiley-VCH. 

CRANE, R., & SCOTT, T. (2011). Nanoscale zero-valent iron: Future prospects for an emerging. 
Récupéré sur Elsevier: 
https://www.researchgate.net/publication/221805652_Nanoscale_Zero-
valent_Iron_Future_Prospects_for_an_Emerging_Water_Treatment_Technology 

EPA. (1998). Locating and estimating air emissions from sources of arsenic and arsenic 
compounds. Retrieved from EPA: https://www3.epa.gov/ttnchie1/le/arsenic.pdf 

EPA. (2008). Field application of a permeable reactive barrier for treatment of arsenic in ground 
water. Retrieved from Clean-Up Information: https://clu-
in.org/download/techfocus/prb/Field_Application_600R08093.pdf 

EPA. (2012). A Citizen's Guide to Permeable Reactive Barriers . Retrieved from Clean-up 
Information: https://clu-
in.org/download/Citizens/a_citizens_guide_to_permeable_reactive_barriers.pdf 

EUROPEAN COMISSION. (2013). Nanotechnology: the invisible giant tackling Europe's future 
challenges. Retrieved from ec.europe.eu: 
https://ec.europa.eu/research/industrial_technologies/pdf/nanotechnology_en.pdf 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  74 
 

 

FRONTIER LAB. (2011). Principle of SEM. Retrieved from 
https://sites.google.com/site/frontierlab2011/scannig-electron-microscope/principie-
of-sem 

FUTURENANONEEDS. (2014). A framework to respond to the regulatory needs of future 
nanomaterials and markets. Retrieved from FUTURENANONEEDS: 
https://www.futurenanoneeds.eu/ 

Geology: Hematite. (2017). Retrieved from Geology: 
http://geology.com/minerals/hematite.shtml 

Geology: Magnetite. (2017). Retrieved from Geology: 
http://geology.com/minerals/magnetite.shtml 

HEATH, D. (2014). How politics derailed EPA science on arsenic, endangering public health. The 
Center for Public Integrity. 

HORIKOSHI, S., & SERPONE, N. (2013). Micrwaves in Nanoparticle Synthesis: Fundamentals and 
applicacions. Wiley-VCN Verlag. 

HRW. (2016). Bangladesh: 20 Million Drink Arsenic-Laced Water. Human Rights Watch. 

IANT. (2015). Retrieved from International Association of Nanotechnology: 
http://www.ianano.org/ 

INSTITUTE FOR ROCK MAGNETISM, . (2015). Classes of magnetic materials. Retrieved from 
University of Minnesota: http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html 

INVESTING NEWS: Types of Iron Ore, Hematite vs Magnetite. (2016, August 28). Retrieved from 
INVESTING NEWS: http://investingnews.com/daily/resource-investing/base-metals-
investing/iron-investing/types-of-iron-ore-hematite-vs-magnetite/ 

JEONG, Y. (2005). THE ADSORPTION OF ARSENIC (V) BY IRON (Fe2O3) AND ALUMINIUM 
(Al2O3) OXIDES. Retrieved from Book Depository (Iowa State University): 
http://lib.dr.iastate.edu/rtd/1743/ 

JONES, A., & ANDERSON, A. (2010). Environmental, health, safety and societal concern with 
nanotechnology. Retrieved from Institute for chemical education: 
http://ice.chem.wisc.edu/NanoDecisions/PDF/RiskAndSafety.pdf 

MAGNETITE NETWORK: Who we are. (2011). Retrieved from Magnetite Network: 
http://www.magnetitenetwork.com.au/who-we-are/magnetite/ 

MANDAL, A. (2012). Safety of nanoparticles. Retrieved from News medical life sciences: 
http://www.news-medical.net/life-sciences/Safety-of-Nanoparticles.aspx 

MAYO, J., & al. (2006). The effect of nanocrystralline magnetite size on arsenic removal. 
Retrieved from Elsevier: 
http://www.sciencedirect.com/science/article/pii/S146869960600194X 

Mindat: Hematite. (2017). Retrieved from Mindat: https://www.mindat.org/min-1856.html 

Mindat: Magnetite. (2017). Retrieved from Mindat: https://www.mindat.org/min-2538.html 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  75 
 

 

MOLINA, R. (2010). Las minas de Cala cierran con 60 millones de toneladas de hierro en su 
interior. Hoy.es. 

MUÑOZ, M. (2015). Características y usos de los diagramas de Pourbaix. Retrieved from 
Universitat Politècnica de València: 
https://riunet.upv.es/bitstream/handle/10251/13708/Caracter%C3%ADsticas%20y%2
0usos.pdf 

NANO2ALL. (2014). About us. Retrieved from NANO2ALL: 
http://www.nano2all.eu/content/about-us 

NANODIODE. (2013). About NanoDiode. Retrieved from NanoDiode: 
http://www.nanodiode.eu/about-nanodiode/ 

NANOREM. (2013). Retrieved from NanoRem: http://www.nanorem.eu/ 

NANOREM. (2017, January). NanoRem Pilot Site - Nitrastur, Spain: Remediation of Arsenic in 
Groundwater Using Nanoscale Zero-valent Iron. Retrieved from NanoRem Bulletin: 
http://www.nanorem.eu/Displaynews.aspx?ID=938 

NANOSPAIN. (2016). Nanotechnology Activities Survey in Spain. Retrieved from Nanospain.org: 
http://www.nanospain.org/MemberDescription.php?member=430 

NAVALÓN, M. (2016). Fabricació de nanopartícules d'òxid de ferro mitjançant mòlta mecànica. 
Barcelona: UPC. 

NNI. (2014). About the NNI. Retrieved from United Stated National Nanotechnology Initiative: 
http://www.nano.gov/about-nni 

NNI. (2014). Benefits and applications. Retrieved from United Stated National Nanotechnology 
Initiative: http://www.nano.gov/you/nanotechnology-benefits 

NNI. (2014). Environmental, Health and Safety Issues. Retrieved from United States Nationa 
Naotechnology Initiative: http://www.nano.gov/you/environmental-health-safety 

NNI. (2014). What is so special about the nanoscale? Retrieved from United States National 
Nanotechnology Initiative: http://www.nano.gov/nanotech-101/special 

NNN. (2015). About the National Nanomanufacturing Network. Retrieved from InterNano: 
http://www.internano.org/nnn 

NOURI, A., & WEN, C. (2013). Surfactants in Mechanical Alloying/Milling. Retrieved from Taylor 
and Francis: 
https://www.researchgate.net/publication/259998290_Surfactants_in_Mechanical_Al
loyingMilling_A_Catch-22_Situation 

ObservatoryNano. (2012). European nanotechnology landscape report. Retrieved from 
Nanotech: http://www.nanotec.it/public/wp-
content/uploads/2014/04/ObservatoryNano_European_Nanotechnology_Landscape_
Report.pdf 

PAL, P. (2015). Groundwater arsenic remediation: treatment, technology and scale-up. Oxford: 
Elsevier. 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  76 
 

 

PEEPLES, L. (2012). Arsenc in agriculture enjoys comeback in poultry feed, pesticides. The 
Huffington Post. 

PETRUCCI, R., & al. (2011). Química general. Madrid: Pearson Educación. 

Reade: Magnetite. (2016). Retrieved from Reade: http://www.reade.com/products/magnetite-
black-iron-oxide-fe304-powder 

REGROUND. (2016). Reground. Retrieved from http://reground-project.eu/ 

RIBAS, D., CERNIK, M., MARTÍ, V., & BENITO, J. (2016). Improvements in nanoscale zero-valent 
iron production by milling through the addition of alumina. Springer, pp. 181-191. 

SAFENANO. (2016). European observatory on nanotechnologies. Retrieved from SAFANANO: 
http://www.safenano.org/research/observatorynano/ 

SAULS, B., & SAULS, F. (1998). Closed Packed Structures. Retrieved from King's College: 
http://departments.kings.edu/chemlab/animation/clospack.html 

SCHWERTMANN, U. (2008). Iron oxides. In W. CHESWORTH, Encyclopedia of soil science (pp. 
363-369). Dordrecht: Springer. 

SHAMSUDDUHA, M. (2008). Quaternary stratigraphy, sediment characteristics and 
geochemistry of arsenic-contaminated alluvial aquifers in the Ganges-Brahmaputra 
floodplain in central Bangladesh. Retrieved from 
https://www.researchgate.net/figure/5346827_fig1_Fig-1-Map-of-groundwater-
arsenic-concentration-in-Bangladesh-Tubewell-arsenic 

SMEDLEY, P., TALBI, A., AHMED, F., & KOUNDOURI, P. (2004). Towards a more effective 
operational response: arsenic contamination of groundwater in south and east Asion 
countries. The World Bank, Washington. 

SURYANARAYANA, C. (2001). Mechanical Alloying and Milling. Elsevier. 

UNICEF. (2009). Bangladesh national drinking water quality survey. Retrieved from Unicef: 
https://www.unicef.org/bangladesh/BNDWQS_2009_web.pdf 

University of Cambridge. (2007). The Nernst equation and Pourbaix diagrams. Retrieved from 
University of Cambridge: https://www.doitpoms.ac.uk/tlplib/pourbaix/index.php 

US-EU CoRs. (2017). US-EU Bridging nanoEHS research efforts. Retrieved from US-EU Bridging 
nanoEHS research efforts: http://us-eu.org/ 

YU, Y.-H., & CHANG, S.-C. (2011). High arsenic adsorption capacity of sub-4 nanometer 
magnetite nanoparticles. Retrieved from IPCBEE.com: 
http://www.ipcbee.com/vol6/no1/24-F00039.pdf 

 

  



Manufacturing of iron oxide nanoparticles through mechanical milling 

  77 
 

 

APPENDIX 

 

 

Fi
gu

re
 A

1:
 M

ag
ne

tit
e 

be
ne

fic
ia

tio
n 

pr
oc

es
s d

ia
gr

am
 (M

AG
N

ET
IT

E 
N

ET
W

O
RK

: W
ho

 w
e 

ar
e,

 2
01

1)
 

 



Manufacturing of iron oxide nanoparticles through mechanical milling 

  78 
 

 

 

Figure A2: Skin disease cause by arsenic intake 

 

 

Figure A3: Detailed map of the US depicting the concentration of As in groundwater (HEATH, 2014) 
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Figure A4: Map of Asia showing the affected regions by As contamination in groundwater (SMEDLEY, TALBI, AHMED, 
& KOUNDOURI, 2004) 

 

  

Figure A5: Spatial distribution of arsenic in drinking water in Bangladesh. Image on the left was in 2001 
(SHAMSUDDUHA, 2008) and image on the right was in 2009 (UNICEF, 2009, p. 86) 
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Mineral 
Arsenic 

concentration 
range (mg·kg-1) 

Sulfide minerals 

Pyrite 

 

100–77,000 
Pyrrhotite 5–100 
Marcasite 20–126,000 

Galena 5–10,000 
Sphalerite 5–17,000 

Chalcopyrite 10–5,000 
Oxide minerals 

Hematite 
 

up to 160 

Fe oxide (undifferentiated) up to 2,000 

Fe(III) oxyhydroxide up to 76,000 

Magnetite 2.7–41 
Ilmenite <1 

Silicate minerals 

Quartz 

 

0.4–1.3 

Feldspar <0.1–2.1 
Biotite 1.4 

Amphibole 1.1–2.3 
Olivine 0.08–0.17 

Pyroxene 0.05–0.8 

Carbonate minerals 

Calcite 
 

1–8 

Dolomite <3 

Siderite <3 

Sulfate minerals 

Gypsum/anhydrite 

 

<1–6 

Barite <1–12 
Jarosite 34–1,000 

Other minerals 

Apatite 
 

<1–1,000 

Halite <3–30 
Fluorite <2 

Table A1: Typical arsenic concentrations in rock-forming minerals (SMEDLEY, TALBI, AHMED, & KOUNDOURI, 2004) 
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Classification Rock/sediment type Arsenic range 
(mg·kg-1) 

Igneous rocks Ultrabasic rocks 0.03–16 
Basic rocks 1.5–110 
Intermediate 0.09–13 
Acidic rocks 0.2–15 

Metamorphic 
rocks 

Quartzite 2.2–7.6 
Hornfels 0.7–11 
Phyllite/slate 0.5–140 
Schist/gneiss <0.1–19 
Amphibolite/greenston

 
0.4–45 

Sedimentary 
rocks 

Shale/mudstone 3–490 
Sandstone 0.6–120 
Limestone 0.1–20 
Phosphorite 0.4–190 
Iron formations and 
iron-rich sediment 

1–2,900 

Evaporite deposits 0.1–10 
Coal 0.3–35,000 
Bituminous shale 100–900 

Unconsolidated 
sediments and 
soils 

Sediments 0.5–50 
Soils 0.1–55 
Soils near sulphide 
deposits 

2–8,000 

Table A2: Typical Arsenic Concentration Ranges in Rocks, Sediments, and Soils (SMEDLEY, TALBI, AHMED, & 
KOUNDOURI, 2004) 

 

 

Figure A6: NanoRem project work packages (NANOREM, 2013) 
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Figure A7: RS 100 Vibratory disc mill description (1)
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Figure A8: RS 100 Vibratory disc mill description (2) 
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Figure A9: RS 100 Vibratory disc mill description (3) 
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Figure A10: Sodium polyacrylate specifications 
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Figure A11: FRITSCH Planetary ball mill description 
 
 

 

Figure A12: Particle size distribution for B8 before and after being in the ultrasonic cleaner. It can be observed the 
effect that the ultrasounds have upon the agglomeration. Before being in the ultrasonic cleaner (red line) the particle 
size given is greater since the particles are very agglomerated. The ultrasounds break downs this agglomeration. 
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