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SUMMARY 

The studies that have been carried out in the present PhD thesis Project are based on the 

development of an improved adsorption process for oxoanions removal, specifically arsenic and 

antimony due to their toxicity and commercial value. The upgrades are focused on the possibility 

of adsorbent reuse (As), and on synthetic methods that could endow materials scientists with 

tools to precisely tailor their structures/pores and have accurate control of adsorption (Sb). For 

this, adsorption-desorption studies of arsenic and antimony have been performed using a 

commercial polymeric adsorbent, Metalzorb® sponge, and its modification by 

SuperParamagnetic Iron Oxide Nanoparticles (SPION).  

Adsorption-desorption studies will be performed in batch mode. Analytical techniques (ICP-MS, 

UV-Vis spectrometry) were used to obtain information regarding the Sb and As content in 

solution. Microscopy techniques (TEM and SEM) were applied to characterise the nanoparticles. 

Spectroscopic techniques (FTIR and XAS) were used to characterise the adsorption process 

mechanisms.  

Arsenic desorption process has been performed by applying an electrochemical potential to the 

solution containing the adsorbent loaded with As(V) to achieve its reduction to As(III) and its 

desorption from Metalzorb® sponge. This reduction process is not possible without a chemical 

reagent. The use of inert electrodes does not produce any As(V) reduction. Whereas a 

combination of Sn and Sn coating on stainless steel mesh as working and counter electrode, 

respectively, present the best results (60% of As(V) reduction), also forming a white precipitate 

(As-Sn compound properly characterised), which indicate that Sn plays a key role in As removal.  

Concerning the Metalzorb® sponge, a new application of enhanced adsorbent material for Sb 

removal is envisaged. The pathway used for SPION loaded into sponge influences the 

physicochemical properties of the adsorbent and the sorption process. Among the different 

synthesis evaluated, direct synthesis shows the best characteristics, producing SPION 

nanoparticles diffusion inside of the matrix of the sponge, increasing the adsorbent stability and 

their sorption properties. Furthermore, it is the fastest adsorbent due to the NP placement on 

the external sponge surface, as well as the presence of smaller NPs internally (≈ 4.75 nm). There 

is an increase of the adsorption sites, creating a larger contact area between loaded-

SPION/target solution, and enhancing the adsorption kinetics and producing a decrease in the 

diffusion layer.  

Comparison of this material with Metalzorb® sponge suggest that both are appropriate 

adsorbents for antimony (Sb(III) and Sb(V)). However, the presence of SPION improves the 

removal process enhancing bare sponge adsorption properties. Sb adsorption on the sponge is 

influenced by pH, contact time, initial concentration and temperature. The strong pH influence, 

S-type isotherm profiles, the strong effect of interfering anions, and the easy chemical 

desorption using ionic and complexation stripping agents indicate that Sb(III) and Sb(V) are 

adsorbed to the sponge by weak interactions. The presence of SPION reduce the pH influence 

and the influence of interfering anions and shows an L-type isotherm. These evidence, together 

with almost inexistent desorption with the stripping agent used indicates that Sb(III) and Sb(V) 

are adsorbed to the sponge+SPION system by strong interactions. XAS and FTIR measurements 



 

 

 

 

confirm these results. With a lower affinity, Sb(III) and Sb(V) are absorbed into the bare sponge 

through H-bonding and electrostatic interaction, which indicates the formation of outer-sphere 

complexes. The presence of SPION facilitates the formation of the Fe-O-Sb bonds. For Sb(III), 

adsorption is independent of the pH, indicating that inner-sphere complexes are formed with a 

partial Sb(III) oxidation. On the contrary, Sb(V) adsorption depends on the pH, reducing its 

sorption capacity up to 40 % when the pH increases from 8 to 9. This pH dependency indicates 

that inner- and outer-sphere complexes are generated during Sb(V) adsorption. 



 

 

 

 

RESUMEN 

Los estudios que se han llevado a cabo en la presente tesis doctoral se basan en el desarrollo de 

mejoras del proceso de adsorción para la eliminación de oxoaniones, en concreto arsénico y 

antimonio, por su toxicidad y valor comercial. Las mejoras se centran en la posibilidad de 

reutilizar el adsorbente (arsénico), y en los métodos sintéticos de adsorbentes que permitan 

controlar el proceso de adsorción (antimonio). Para ello, se han realizado estudios de adsorción-

desorción en discontinuo, de ambos oxoaniones, utilizando un adsorbente comercial polimérico, 

Metalzorb® sponge y su modificación mediante Nanopartículas de Oxidos de Hierro 

Superparamagnéticos (SPION). Diferentes técnicas analíticas (ICP-MS, espectrofotometría UV-

Vis) se han utilizado para obtener la concentración de As y Sb en las disoluciones. Técnicas de 

microscopía como SEM y TEM se aplicaron para la caracterización de las nanopartículas y 

diferentes técnicas espectroscópicas (FTIR y XAS) han sido utilizadas para caracterizar el proceso 

de adsorción y su mecanismo. 

La desorción del As se ha llevado acabo mediante la aplicación de un potencial a una solución 

que contenía la esponja cargada con As(V), para intentar reducirlo a As(III) y con ello conseguir 

su desorción de la esponja. No ha sido posible llevar a cabo este proceso de reducción sin un 

reactivo químico que actúe como agente reductor. El uso de electrodos inertes no ha dado 

resultados favorables. Los mejores resultados se han obtenido con el uso combinado de un 

electrodo de estaño y una rejilla de acero recubierta de estaño como electrodos de trabajo y 

contraelectrodo, respectivamente, alcanzando un 60% de eliminación de As. Durante este 

proceso se observa la formación de un precipitado blanco (compuesto por As y Sn) que indica 

que el estaño juega un papel clave en este proceso. 

En relación con la esponja, se ha desarrollado un nuevo material como adsorbente para la 

eliminación de Sb. La forma de inmovilizar el SPION en la esponja influye en las propiedades 

fisicoquímicas del adsorbente y en el proceso de adsorción. Entre las diferentes síntesis 

evaluadas, la síntesis del SPION directamente sobre la superficie de la esponja presenta las 

mejores características, ya que favorece la difusión de las nanopartículas en la matriz de la 

esponja, aumentando la estabilidad del adsorbente y mejorando su capacidad de adsorción. 

Además, presenta la cinética de adsorción más rápida debido a la presencia de nanopartículas 

tanto en la superficie como en el interior (≈ 4.75 nm), aumentando la superficie de contacto 

entre el SPION de la esponja con la solución de antimonio, y mejorando tanto la cinética de 

adsorción como el proceso de difusión.  

La comparación de este material con la esponja sugiere que ambos materiales son adecuados 

para la adsorción de Sb (Sb(III) y Sb(V)). Sin embargo, la presencia de SPION mejora el proceso. 

La adsorción del Sb en la esponja esta fuertemente influenciada por el pH, el tiempo de contacto, 

la concentración inical y la temperatura. Esto, junto a su facil desorción mediante compuestos 

anionicos y agentes complejantes en solución indica que el Sb(III) y el Sb(V) interaccionan 

debilmente con la esponja. La presencia del SPION dinminuye la dependencia de la adsorción de 

Sb de estos factores, lo que junto a su dificil desorción, indica que interacciona de una forma 

mas estable con el SPION. Las medidas de XAS y FTIR confirman estos resultados. El Sb(III) y Sb(V) 

debido a su menor afinidad en la esponja modificada se absorben en la esponja a traves de 

puentes de H o interacciones electrostáticas, lo que indica la formación de complejos de esfera 

externa. La presencia del SPION facilita la formación de enlaces Fe-O-Sb, formádose complejos 

de esfera interna. 
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1. BACKGROUND         
 

The removal and recovery of metals and metalloids from soils and waters are important 

due to their toxicity (i.e., chromium, arsenic, antimony, platinum, among others) and/or 

their commercial value as a result of their inclusion in the Critical Raw Material (CRM) 

European list. The CRM list includes those raw materials which are economically and 

strategically important for the European economy but have a high-risk associated with 

their supply1, such as antimony, indium or vanadium, and their recovery is essential. 

Intensive industrial development has contributed to the increased pollution of the 

environment with these hazardous metals and metalloids. Most of these elements are 

redox sensitive, and some of their oxidation states can form oxyanions in solution2. 

Oxyanions (or oxoanions) are polyatomic negatively charged ions containing oxygen 

with the general formula AxOyz- (where A represents a chemical element and O 

represents an oxygen atom) which are characterised by a central atom, A, which is a 

Lewis acid3. Those compounds represent a range of different species depending both on 

pH and redox potential4. Oxyanions of As, Se, Sb, Cr, V and Mo are commonly found 

trace pollutants in various waste streams2, accompanied by large amounts of more 

common anions (CO32-, Cl-, NO3-, PO43- and SO42-)5. These oxyanions have considerable 

commercial value as a result of their various industrial applications and some present 

significant environmental challenges because of their toxicity towards living organisms5. 

Sources of oxyanions contamination in the environment can come from both 

anthropogenic activities and natural geochemical cycles. The main sources of hazardous 

oxyanions are alkaline wastes originating from high-temperature processes with the 

thermal treatment of waste, fossil fuel combustion, and ferrous or non-ferrous metal 

smelting4. However, they are also produced in microelectronics, electroplating, metal 

finishing, battery manufacturing, tannery, metallurgy, and fertiliser and pesticides 

industries2,6. The anthropogenic pollution generated by these industrial activities joint to 

the natural pollution formations promotes dissolution of weak-acid oxyanion species, 

like arsenic, vanadium, or antimony, which pollute groundwater sources used by local 

communities. Past research initiatives and the legislation in waste management have 

focused on contaminants of high concentration and toxicity such as Cu, Cd, Hg, Pb and 

Zn whereas oxoanionic species have received considerably less attention because of their 

much lower total solid phase concentrations. However, they are often found in relatively 

high concentrations in leachates compared to the cationic species due to their high 

solubility4.  
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These metal and metalloid oxyanions are toxic, nonbiodegradable6–9 and present a high 

solubility in water10, which gives them the ability to bioaccumulate in the environment 

and the food chain10–12. Thus, these species are hazardous even at low concentrations. 

They can be transferred into living organisms via inhalation, ingestion, and skin 

adsorption, causing irreversible effects6. Considering the harmful properties of metal 

and metalloid oxyanions, their effective elimination from water and wastewater is 

becoming a key issue for the environment and public health protection.  

 

2. PROBLEM DESCRIPTION       
 

A detailed study of the oxyanions removal is a very large experimental work and become 

unapproachable for a Spanish PhD thesis period. Therefore, a selection has been made 

taking into account both the previous work in our research group (mainly concerning 

As and Se) and the European Union priorities, previously indicated. For these reasons, 

arsenic and antimony, in wider extension, have been the target elements in the present 

studies. As and Sb are potentially toxic contaminants, with millions of individuals 

affected by As toxicosis and tens to hundreds of thousands of individuals likely affected 

by mine waste-derived Sb13. Both are metalloids, having properties of metals and non-

metals, and belong to Group VA of the periodic table (third and fourth elements, 

respectively). These trace elements with similar chemistry and toxicity are naturally 

occurring and commonly present together14,15.  

Arsenic is mostly present in natural waters as dissolved As(III)-bearing species 

[As(OH)3] or dissolved As(V)-bearing species [AsO(OH)3] and dissociated species, with 

As(V) being considered less toxic6,13. Typical concentrations of As in unpolluted waters 

are <10 μg/L and frequently <1 μg/L. On the other hand, typical Sb concentrations in 

unpolluted waters are <1 μg/L, but concentrations can reach 100 times these levels in 

areas close to anthropogenic sources16. Sb is present in natural waters as both dissolved 

Sb(III), predominantly as Sb(OH)3, and dissolved Sb(V), predominantly as Sb(OH)6−, the 

latter being considered less toxic13,16.  

Despite the naturally occurring of both elements in the environment, anthropogenic 

sources are the main responsible for their presence in the environment. The significance 

to human health and the impact in the environment have explained the recent increasing 

interest for arsenic and antimony abundance, behaviour and remediation17. Arsenic and 

antimony are both considered pollutants of priority interest by the European Union and 

by the Environmental Protection Agency of the United States. The World Health 

Organization (WHO) established, in 1993, 10 g/L as the guideline value for arsenic in 

drinking water18. This value was defined considering the treatment performance, 

analytical achievability and the risks related to human health. For antimony, UE and 

USA limits are 5 g/L and 6 g/L, respectively17,18. The more stringent maximum 
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contaminant level along with the severe contamination crisis occurring worldwide have 

driven researchers and authorities to upgrade treatment technologies to remove arsenic 

and antimony from waste streams19. 

Existing technologies for water As and Sb remediation include precipitation, membrane 

technology, coagulation/flocculation, biological processes, advanced oxidation 

processes (AOPs) and adsorption17. Each method has advantages and inconveniences 

and, in some of them, there are decontamination protocols implemented in sequence to 

mitigate its drawbacks10. Conventional decontamination and disinfection methods, 

currently used, suffer from high operating cost and generation of secondary pollutants 

and, even more importantly, are not able to eliminate the generate waste of waters 

decontamination. Adsorption of pollutants with porous materials is a suitable 

alternative to remove contaminants from our water ecosystems in an efficient manner. 

Mesoporous clay materials, zeolites, bioadsorbents, polymeric resins and carbonaceous 

materials have demonstrated, to some extent, good performances towards different 

contaminants present in aqueous media. One of the main advantages of the adsorption 

process is the possibility of adsorbent reuse, enhancing the economical quotation in a 

real application. For this reason, it is necessary to accomplish for a cheap, easy and 

environmentally friendly desorption process integrated into the adsorption system to 

enable the adsorbent reuse.  On the other hand, their main drawback is the lack of 

synthetic methods that could endow materials scientists with tools to precisely tailor 

their structures/pores, and consequently to provide an accurate control of the adsorption 

kinetics, capacity and selectivity for pollutants, which is of main relevance towards 

increasing the performances of adsorbents and implementing efficient water 

reclamation protocols10.  

In order to enhance the adsorption advantages and to study a novel adsorbent, two main 

studies will be developed in this PhD thesis.  

Initially, the As adsorption/desorption process for adsorbent reuse will be performed. A 

widely studied adsorbent, Metalzorb® sponge, will be employed20–22. Previous studies 

have characterised the As adsorption process, indicating that As(V) present a higher 

affinity to this material than As(III). Thus, the desorption process has been designed, 

taking advantage of this affinity difference. Muñoz et al.20 and Morillo et al.22 used 

chemical desorption whereas Liu et al.23 improve the thermic and redox desorption using 

tin. The next step is used here, applying a potential to the solution containing the sponge 

loaded with As(V) in order to achieve the As reduction to As(III) followed with its 

desorption, facilitating and marking down the process. 

As far as the adsorbent preparation is a concern, a novel material for Sb adsorption has 

been developed. It consists of the Metalzorb® sponge modification by loading 

SuperParamagnetic Iron Oxide Nanoparticles (SPION). This material has been 

previously and satisfactorily used for As adsorption, and its efficiency for Sb removal 
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has been described in the present study. Also, the synthesis pathway is evaluated in 

order to determine the conditions for a most favourable adsorbent and to characterise 

the interactions between SPION and the sponge. 

 

3. RESEARCH OBJECTIVES       
 

This research aims to provide a better understanding of the adsorption mechanism of 

oxoanions, mainly for Sb, on the sponge and sponge+SPION adsorbents, and to develop 

a new desorption process for the adsorbent reuse. To achieve these objectives, the 

followings tasks have been envisaged: 

1) To demonstrate the feasibility of an electrochemical As(V) desorption system for the 

adsorbent regeneration taking advantage of the different As(III) and As(V) 

adsorption affinity 

 

2) To study the interaction between SPION and the sponge to form the nanostructure 

adsorbent for Sb removal, identifying most appropriate synthesis pathway to obtain 

the highest adsorbent properties, and improving the technical weakness of the 

original material.  

 

3) To evaluate the capacity of the sponge and sponge+SPION system to adsorb 

antimony, as Sb(III) and Sb(V) and their possible application to the recovery and 

removal of this metalloid with enhanced selectivity from wastewater effluent. To 

determine the optimal parameters and best conditions for the Sb removal in batch 

mode. 

 

4) To elucidate the mechanisms of interaction between the sponge and the 

sponge+SPION system with Sb from aqueous systems, combining macroscopic and 

spectroscopic techniques.  

 

4. STRUCTURE OF THE THESIS       
 

The present studies are described in three blocks of contents containing seven chapters. 

An overview of the structure of this dissertation is given in Figure 1.1. The following 

paragraphs outline the content of the individual chapters. 

Chapter 1 presents a general overview of this dissertation, including background, 

problem description, research objectives and thesis structure. 
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The first part contains the Chapter 2, which provides a literature review of  As and 

previous studies about As adsorption-desorption process using Metalzorb® sponge as 

adsorbent material. Also, the investigation of the possible As(V) reduction to As(III) to 

produce the As desorption from the sponge, is here presented, together with the 

evaluation of the different operational conditions involved. 

The second part contains Chapter 3, 4, 5 and 6, is focused on Sb adsorption/desorption 

processes. Chapter 3 presents a literature review of the importance of Sb removal 

according to its toxicity, commercial value and available technologies for the 

remediation of Sb-laden wastewaters. The challenges and limitation encountered while 

applying Sb removal technology in practice are highlighted. Chapter 4 gives an insight 

into the effect of the adsorbent preparation pathways on Sb adsorption capacity and 

establishing the methodology providing maximum adsorption in order to determine the 

preliminary working conditions to use the related materials as adsorbents. 

Characterisation of the different target materials is studied, and the interaction between 

the SPION and sponge that allows the SPION binding is also investigated. Chapter 5 

characterises Sb adsorption process in both adsorbents, studying kinetic and isotherm 

performance. The effect of different ions (most common anions present in water such as 

nitrates or sulphates and metallic cations) and temperature on Sb adsorption are also 

investigated. Finally, in this chapter is also evaluated the chemical Sb desorption using 

different anionic and complexant compounds as stripping agents. Chapter 6 study the 

Sb adsorption mechanism in both adsorbents by including the results obtained in 

Chapter 5 with the characteristics of the pH influence on the adsorption process and the 

results of a XAS spectroscopy study. 

Chapter 7 summarises the research performed and draws general and specific 

conclusions on the knowledge gained from this dissertation. It also discusses and 

recommends future research trends. 
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Figure 1.1. Overview of the chapters in this PhD thesis Chapter 
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1. INTRODUCTION         

Antimony (Sb) is a natural element, located in group 15 of the periodic table, just after 

arsenic, which occurs naturally in rocks, water and soils at the levels of 0.15-2 mg/kg,       

< 1 mg/mL and 0.3-8.6 mg/kg, respectively1,2. However, Sb can be present at elevated 

concentrations in different natural compartments due to its mobilisation from minerals 

and related rocks as well as human-induced activities such as mining, military training, 

smelting and use of pharmaceuticals and pesticides2. 

The history of Sb goes back to Ancient Egypt, where it was used as a cosmetic. However, 

until the 16th century, it was not properly isolated. Nowadays it is used in a wide variety 

of products and processes. Its production comes from stibnite ore (Sb2S3) but also occurs 

as oxide (Sb2O3), and as antimonides and sulphoantimonides of different metals (lead, 

copper, zinc, silver, or gold). Due to the industrial demand and the fact that over 90% of 

the supplies of this metalloid comes from China, there is a growing interest in Sb removal 

and recovery, so the European Union and EE.UU are import-dependent of this product3. 

These observations have led the European Commission to highlight antimony as a 

critical raw material in 2014, with an expected supply-demand gap exceeding 10 % over 

the period 2015–2020, which is the highest amongst all critical metals4. 

Apart from this, Sb has no beneficial biological role. It has high acute toxicity, can induce 

chronic health effects and is a potential carcinogenic. Due to their toxicity, Sb compounds 

are considered pollutants of primary concern by the Environmental Protection Agency 

and the Council of the European Communities. The European Union established a 

maximum admissible concentration of antimony in drinking water of 5 g/L, and 

USEPA set the national primary drinking water standard at 6 g/L5.  

 

Why is antimony important? 

In the past, antimony was not considered as a worrying component in wastewater 

treatment compared to heavy metal contaminants or organic pollutants. However, the 

awareness concerning antimony pollution has increased in recent years due to the more 

studies related to its toxicity. Countries of particular concern where the contamination 

of Sb has been described so far to be significantly associated with geogenic sources, such 

as mine ores, geothermal and volcanic systems include the USA, China, Australia, New 

Zealand, Japan, Mexico, Spain and Slovakia2,6–8. However, due to geological similarities 

among different countries, Sb occurrence and its adverse effects can be expected in many 

other countries around the world where the problem has not been described so far. In 

addition, the increasing use of products containing Sb inevitably leads to the release of 

Sb into the environment, for example, the use of Sb as flame retardant in plastic, batteries 
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and electronic devices, which are landfilling causing the leaching of Sb to soils and 

water9,10. Moreover, since its consideration as Critical Raw Material in 2010, special 

interest has emerged related to secondary sources of Sb and valorisation method for 

recovery and reuse Sb from solid and wastewater. 

To reach this goal, it is necessary first, remove Sb from polluted water and then recover 

it for reuse. For these reasons, this PhD thesis will be focused on the first step of this 

“big” goal, that is to remove Sb from wastewater. 

 

2. ANTIMONY CHEMISTRY       

Sb is a unique trace element which main chemical characteristics are summarised in 

Table 3.1 

Table 3.1 Properties of the element antimony relevant to 
the understanding of its solution chemistry (modified from 

Filella et al.11) 
Property (unit) Value 

General 
Atomic number 
Periodic Table Group 
Periodic Table Block 
 

 
51 
15 

p-block 
 

Electronic configuration 
Ground state electron 
configuration 
Shell structure 
 

 
[Kr]. 4d10.5s2.5p3 

 
2.8.18.18.5 

Atomic mass 121.760 
Natural occurring isotopes 121Sb (57.21%) 

123Sb (42.79%) 

 

Antimony shares many similar physiological and chemical properties with arsenic 

(which has been studying deeper than Sb); both have a strong affinity for sulfur than 

oxygen (chalcophile). However, the coordination of Sb(V) with oxygen differs greatly 

from that of As(V). In contrast to As(V) which is smaller and thus tetrahedrally 

coordinated, Sb(V) coordinates octahedrally with oxygen. 

Table 3.2 lists the classes and individual Sb compounds found in environmental and 

biological systems. As it is observed, antimony exists in four oxidation states (-3,0,+3,+5) 

but is mainly found in two oxidation states (+3 and +5) in environmental, biological and 

geochemical samples12. Inorganic species predominate over organic species in most 

environmental systems. 
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Table 3.2. Common Sb chemical species found in natural system13 

 Name Formula 

Minerals 

Stibinite 
Valentinite 
Senarmonrire 
Cervantite 

Sb2S3 
Sb2O3(orthorhombic) 
Sb2O3 (cubic) 
Sb2O4 
 

Aqueous species (+5 
oxidation state) 

Antimonic acid 
Antimonate 

Sb(OH)5 
Sb(OH)6

- (or SbO3
-) 

 
Aqueous species (+3 

oxidation state) 
Antimonous acid 
Antimonite 

Sb(OH)3 (or HSbO2) 
Sb(OH)2

+ 
Sb(OH)4

- 
 

Sulfidic complexes H2Sb2S4 
HSb2S4

- 
Sb2S4

2- 
 

Gases Stibine 
Trimethylstibine 

SbH3 
Sb(CH3)3 
 

Other methylated species Methylstibonic acid (MSA) 
Dimethylstibonic acid 
(DMSA) 
Trimethylstiboxide 
 

(CH3)SbO(OH)2 
(CH3)2Sb(O)OH 
(CH3)3Sb 
 
 

 

Focussing on aquatic systems, chemical equilibrium of Sb(III) and Sb(V) species is 

schematically presented in Figure 3.1, according to solution pH. Both Sb(III) and Sb(V) 

ions hydrolyse easily in aqueous solution, thus making it difficult to keep antimony ions 

stable in solution except in highly acidic media. Among Sb(V) species, antimonic acid 

(Sb(OH)5) cannot be isolated as a pure phase; it is a relatively strong acid that condenses 

to form polymer as the pH increases11. According to thermodynamic equilibrium 

calculations (Figure 3.1b), the antimonate ion Sb(OH)6– is the predominant species in 

aqueous solutions at pH values above 2.714. Trivalent Sb(III) predominates as the neutral 

antimonite Sb(OH)3 (Figure 3.1a) between pH 1.4 and 11.8. Accordingly, significant 

formation of Sb(OH)2+ only occurs at very low pH values and formation of Sb(OH)4
– only 

at very high pH values5. Also, the possible formation of polymerised species (Sb6O102- 

and Sb4O72-) has been suggested in solutions containing 10-1 – 10-2 mol/L antimony (8.3-

16-1 mol/L NaOH), at far from environmentally significant concentration levels11,14. 
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Figure 3.1. a) Speciation Sb diagram in aqueous solution as a function of pH, 25◦C using HYDRA and 

MEDUSA software15; a) Sb(III) diagram; b) Sb(V) diagram. c) Eh(V)-pH diagram for aqueous Sb species (+3 

and +5) in the Sb-S-H2O system ([Sbtot]= 0.01 M and [Stot]= 10mM). Areas of predominance of Fe species 

are indicated by grey dashed lines.5 

 

2.1. Sb redox chemistry 

Since the solubility, mobility, bioavailability, and toxicity of Sb depend on its oxidation 

state, it is essential to understand the redox chemistry of Sb. The Eh(V)-pH (redox 

potential-pH) diagram illustrates the redox behaviour of antimony (Figure 3.1c). 

According to this diagram, antimony is presented as soluble Sb(OH)6- in oxic system and 

as soluble Sb(OH)3 in anoxic ones at natural pH values. Under reducing conditions, and 

in the presence of sulfur, stibnite, Sb2S3(s) is formed at low to intermediate pH values. At 

higher pH values, the SbS2
- species replaces stibnite11. For very dilute systems, such as 
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the one depicted in Figure 3.1c, the dominant species are said to be independent of 

antimony concentrations16. However, where more concentrated solutions are concerned, 

Sb(V) may form polynuclear species under acidic conditions (pH < 7)16. Actually, several 

sources have reported the presence of both Sb(III) and Sb(V) in both oxic and anoxic 

waters, which contradicts the calculated thermodynamic data16,17, due to biological 

process or slow redox reaction. 

Concerning slow redox reactions, it is well known that interconversion of different redox 

species under changing redox conditions does not necessarily occur instantaneously. 

This slow conversion is often the reason why no thermodynamic equilibrium is observed 

between ionic species of different oxidation states. According to Latimer et al.18, the 

Sb(V)/Sb(III) couple is capable of attaining rapid equilibrium in both acid and basic 

solutions. However, if the redox process is accompanied by hydrolysis reactions or if the 

acidity of the solution increases19,20, the overall process can be much slower. No 

systematic studies exist on Sb(III) oxidation kinetics under natural water conditions. 

Published observations seem to indicate that, at natural antimony levels, Sb(III) is gently 

oxidised to Sb(V). However, the addition of organic substances such as EDTA, tartaric 

acid, lactic, citric, ascorbic acids21 to natural or synthetic solutions has been shown to 

have a stabilising effect on Sb(III). Solutions of Sb(III) prepared from potassium 

antimonyl tartrate have been reported to be stable for long periods. Not much 

information is available on Sb(V) reduction kinetics in anoxic media. 

Microbial redox processes also can directly control the speciation, mobility and transport 

of Sb species in the environment. Antimony oxidising bacteria such as Stibiobacter 

senarmontii, Pseudomonas, Agrobacterium tumefaciens, among others,  play a crucial role in 

the biogeochemical cycling of Sb, transforming toxic Sb(III) to less toxic Sb(V) species22. 

In contrast, some microorganism as the anaerobic metal reducer Shewanella oneidensis 

strain MR1 is capable of using Sb(V) as a terminal electron acceptor23. 

As regarding this PhD thesis, iron oxides will be used for Sb removal. Thus it is necessary 

to study the redox relation between Sb and iron (Fe). Redox reactions between Sb and Fe 

were found to be particularly complex. Iron can act as a reducing as well as an oxidising 

agent of Sb. In accordance with the Eh-pH diagram (Figure 3.1c), there is evidence that 

Fe(II) in solution reduced Sb(V) to Sb(III) in alkaline, anaerobic waters24. Also, Sb(V) 

reduction has been observed when Fe is in the form of magnetite (Fe3O4) and 

mackinawite (FeS)25 or by green rust26 at acidic to alkaline pH in the absence of oxygen. 

On the contrary, Fe(III) (and other metals such as Mn(IV)) present in the form of 

(hydr)oxides oxidised Sb(III) under aerobic conditions at both alkaline and acidic pH27,28. 

The latter reaction was assumed to be catalysed by the metal(hydr)oxides, which form 

intermediate products such as hydroxyl ions or Fe(IV) radicals when reacting with 

oxygen29.  
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2.2. Complexation with Dissolved Organic Ligands 

As it was introduced before, organic ligands can complex with Sb stabilising it in 

aqueous solution. Dissolved organic carbon that potentially interacts with Sb in the soil 

solution can be divided into: 

• low molecular weight (l.m.w.) organic ligands such as citric or tartaric acid  

• high molecular weight (h.m.w.) fulvic and humic acids. 

In this work, we only will consider low molecular weight organic ligands because we 

will use them mainly as desorbing agents. Also, the Sb(III) compound used for 

adsorption studies is potassium antimonyl tartrate due to its good stability in solutions.  

 

In aquatic systems, a part of total Sb was found as complexes with low-weight organic 

ligands in the dissolved fraction. Regarding hard-soft 

behaviour, Sb(III) is commonly classified as a borderline 

metal, which makes its interaction with a soft ligand like -SH, 

and a hard ligand such as -COOH, both possible11. A 

comprehensive overview of the available thermodynamic 

data for Sb(III) complexes with carboxyl-, phenyl-, tiol-, and 

amine-bearing ligands was given by Filella et al. (2005)30. Also, 

some studies have been done regarding the solution 

chemistry of Sb(III)-polyaminocarboxylic acids (CDTA, 

DTPA, EDTA)31. Although significant complexation has been 

observed at acidic pH values, these ligands do not prevent 

Sb(III) hydrolysis from occurring at pH>6 at the antimony 

concentrations used in these studies.  

 

A well known Sb(III) complex, used in this PhD thesis, is potassium antimonyl tartrate 

or tartar emetic, K2[Sb2(C4O6H2)2]·3H2O (Figure 3.2). It has been known in medicine for 

over 300 years and is used for the treatment of schistosomiasis and leishmaniasis. This 

bis[tartrato(4-)]-bridged dimmer anion has been extensively studied in solid phase. It 

exists in an essentially neutral form in compounds with both uni- and divalent-counter 

ions. In aqueous solutions, potassium antimonyl tartrate maintains its structure, and 

Sb(III) comes out as the anionic Sb(III)-tartrate complex32–34. 

 

Although Sb(V) is known to form complexes with various l.m.w. organic acids, 

practically no thermodynamic data are available for Sb(V)30. It is known that Sb(V) forms 

complexes with polyhydric alcohols, polyhydric phenols, and a- hydroxy acids30. 

 

Tella and Pokrovski (2008, 2009)34,35 determined the stability and structure of aqueous 

complexes formed by Sb(III) or Sb(V) with simple organic ligands over a wide pH range 

Figure 3.2 Potassium 

antimonyl tartrate 

structure 
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using X-ray absorption fine-structure (XAFS) spectroscopy combined with 

potentiometric measurements. Both Sb(V) and Sb(III) showed negligible complexation 

with monofunctional organic ligands (acetic acid) or with dicarboxylic acids in which 

the carboxylic groups are nonadjacent (adipic acid). In contrast, organic ligands with 

adjacent carboxylic or hydroxyl groups (e.g., oxalic or citric acid) formed stable bidentate 

chelates with both species in a pH range from 3 to 9. 

 

3. GLOBAL MARKET AND USES OF Sb     

Figure 3.3 summarises the main Sb uses. As it can be observed, antimony is mainly used 

in the form of Sb2O3, as flame retardant in plastics, coatings, and electronics, due to its 

synergetic effect with halogenated flame retardants, which minimises the amount of 

halogenated flame retardant required since they are recognized as global contaminants 

and are associated with adverse health effects in animals and humans. This application 

takes up most of the world’s antimony production. Antimony is also used in catalysts 

for the production of polyethylene terephthalate (PET) polymers and as an additive in 

glass in the form of sodium antimonite, which acts as a decolorising agent for optical 

glass in cameras, photocopiers, binoculars, and fluorescent light tubes. Antimony metal 

is used as a hardener in lead alloys such as the lead electrodes in lead-acid (LA) batteries. 

The average antimony content of automotive battery alloys has declined from 7 to 1.6 % 

in recent years, as Ca, Al, and Sn alloys have been used as replacements. Other minor 

uses include paint pigments, semiconductors (including in Li-ion batteries present 

nowadays in most electronic devices36), pesticides, ammunition and medicines (i.e. 

leishmaniasis treatment37)3,38.  

Figure 3.3. Estimated global antimony consumption (modify from Dupont et al. 2016)3 
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During the past 110 years, China has been the main Sb provider in the world, accounting 

for over 78% of the global Sb production which is predominantly associated with the 

major mined ore deposit located in the province of Hunan2. China also holds the largest 

reserves. The dependence on China, combined with the strong industrial demand for 

antimony, has raised concerns over the supply security, especially due to its abundance 

in the earth’s crust is quite low what make that the current reserves (1,800,000 t) allow 

for only 10–11 more years of production at the current speed3,39. 

Figure 3.4 shows the distribution of primary and secondary production as well as the 

portion of illegal (non-reported) primary mining based on a 2011 consulting report3. 

Despite the presence of some deposits, no antimony is currently mined in Europe or the 

U.S.A. These observations have led the European Commission to highlight antimony as 

a Critical Raw Material in 2014, with an expected supply-demand gap exceeding 10 % 

over the period 2015–2020, which is the highest amongst all critical metals. The 

processing of antimony ores and the production of antimony metal is also concentrated 

in China due to its high smelting capacity. Most of the antimony industry in Europe and 

the U.S.A. is therefore dependent on the import of Chinese antimony metal and is 

focused on the production of high-purity products and applications. 

Secondary supply, through recycling and valorisation of industrial residues, could be a 

solution to ensure a more secure long-term supply of antimony and could also make 

Europe and the U.S.A. less reliable on Chinese antimony, thus lowering geopolitical 

risks. Today, secondary production of antimony is mainly restricted to the recycling of 

antimony-containing lead alloys from lead-acid battery recycling plants. However, 

interesting future secondary sources could include industrial residues (e.g., mine 

tailings, process residues, manufacturing scrap) from the production of lead, copper, 

gold, and antimony.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Distribution of antimony ore production in 2010 (196,484 t)3 
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4. ANTIMONY IN THE ENVIRONMENT     

More than 200 antimony minerals are found in nature. Primary antimony minerals are 

typically sulfides, mainly because antimony has a higher affinity for sulfur than oxygen 

(chalcophile). Under ambient pH and temperature, most primary antimony minerals are 

fairly stable and thus are relatively insoluble. However, in oxygen-rich environments, 

sulfide minerals react with oxygen to produce secondary minerals. These can become 

unstable and result in antimony release16. 

Due to increased antimony-bearing mineral mining/processing over the past few 

decades, there has been increased deposition of antimony into the environment40 as is 

reflected in Figure 3.5. The anthropogenic sources, such as mining, military training, 

smelting and use of pharmaceuticals and pesticides2, contribute to a significant portion 

of the pollution. Soil concentrations close to these sources can reach values of 15,000 

mg/kg and even 80,200 mg/kg16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Pollution sources of Sb in the environment41. 

As a result of these natural and anthropogenic sources, Sb exists in the particle form in 

the atmosphere in concentration from several ng/m3 to scores of ng/m3. Although Sb is 

not the main pollutant in the atmosphere, the continuous mining, smelting, and burning 

fossil fuels led to a mass increase of Sb into the atmosphere40.  
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Antimony is also present in the aquatic environment as a result of rock weathering, soil 

runoff and anthropogenic activities. Typical concentrations of dissolved antimony in 

unpolluted waters are less than 1 mg/L, except for hot springs where the concentrations 

can sometimes exceed 500 mg/L, although the likelihood of encountering this situation 

is low16. However, in the proximity of anthropogenic sources, concentrations can reach 

up to 100 times natural levels12. 

Furthermore, Sb has been detected in plants, animals, and humans. Sb can enter 

humans and animal bodies through breathing, eating or body surface contact, and exists 

in the form of organic antimony. The usual proportion of antimony in the human body 

is 0.1 μg/g where it can be found in human's bone, hair and blood. It was reported that 

a certain amount of Sb in algae and other freshwater plants was detected, confirming 

that Sb could be transferred and accumulated in plants. Sb is not a necessary element for 

plants, but plants can absorb the dissolved Sb where exists in the organic form, being 

monomethyl Sb the main organic form. In the untreated terrestrial plants, the 

concentration of Sb was between 0.2 ng/g and 50 ng/g, but in contaminated areas, the Sb 

content in plants was much higher40 (reaching Sb concentration of 400 mg/kg or higher42). 

 

5. ANTIMONY TOXICITY AND HEALTH EFFECTS   

Sb is toxic to human and organisms and even suspected as a carcinogen. Besides, 

antimony and its compounds were considered as pollutants of priority interest by the 

Environmental Protection Agency of the United States and the European Union12. The 

World Health Organization, China, USEPA and European Union drinking water 

standards are set to 10 μg/L, 5 μg/L, 6 μg/L and 5 μg/L, respectively. Antimony is on the 

list of hazardous substances under the Basel convention concerning the restriction of 

transfer of hazardous waste across borders. 

In general, inorganic compounds of Sb are more toxic than its organic species and the 

Sb(III) compounds are predicted to be approximately 10-fold more toxic than Sb(V) oxo-

anionic species12. As it was introduced in the previous section, significant exposure to 

antimony occurs through both, anthropogenic and natural sources. Then, antimony and 

antimonide enter into human body. Human exposure routes are shown in Figure 3.6. Sb 

uptake occurs by breathing air, drinking water, and eating foods that contain it. Also by 

contact with soils, water and other substances where Sb is presented. Great concern is 

increasing due to human exposure to antimony for antimony migration from plastics 
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used in plastic bottles or food packaing43–46. Occupational exposure to Sb is common in 

smelting and mining industry and antimony process workers47.   

 

Figure 3.6. Sb exposure media and pathways40 

 

If the Sb uptake is performed by inhalation, Sb particles are deposit in lungs where pass 

through the lining of the lungs and enter the bloodstream. This process could take days 

or weeks. On the other hand, if Sb is incorporated into the body by oral uptake, it enters 

the blood after few hours. The amount and the form of antimony in the food or water 

will affect the amount of antimony entering in the blood. Once in the blood, it will be 

distributed throughout the body with the highest amounts in the blood, spleen, liver, 

and kidneys, causing Sb poisoning (Table 3.3). Antimony will leave our body in faeces 

and urine over several weeks48. 

Furthermore, antimonide is potentially toxic to the human body's immune system (e.g., 

nervous system, gene, and physique growth). It is toxic and carcinogenic to humans and 

organisms, leading harms to the liver, skin, lungs and even cardiovascular system. 

Excessive Sb can lead to acute heart diseases, which is suspected to be one of the tensions 

concerning sudden infant death syndrome.  
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Table 3.3 Principal harmful antimony effects in human health2,40,48 

Exposure Toxic effect 

Acute exposure  
 
Inhalation 
 
 
Oral uptake 

 
Irritation of skin and eyes (antimony spots) 
Ocular conjunctivitis 
 
Irritation of gastrointestinal mucosa 
(vomiting, abdominal cramps, diarrhoea, 
cardiac toxicity) 
Muscle pain 
Enuresis and urine toxin and even causes 
liver cirrhosis, muscle necrosis, nephritis, 
pancreatitis 
 

Chronic exposure  
 
Inhalation 
 
 
 
 
 
Oral uptake 

 
Infection of the respiratory tract, myocardial 
and liver 
Lung function changes, bronchitis, 
emphysema, early tuberculosis, pleural 
adhesions and even pneumoconiosis 
 
Destruction of optic nerves, uveitides and 
retinal bleeding  
Headache coughing, anorexia, troubled 
sleep and vertigo 

 

6. OVERVIEW OF ANTIMONY REMOVAL 

TECHNOLOGIES 

As it was introduced in the previous sections, antimony and its compounds were 

considered as pollutants of priority interest by the Environmental Protection Agency of 

the United States and the European Union12. Typical concentrations of antimony 

encountered in wastewater are dependent on anthropogenic activities and are produced 

by various industrial activities such as mining, lead-acid batteries production, car brake 

linings production, PET production, recycling plants (due to flame retardants in 

consumer electronics) 49,50. Apart from sources mentioned above, antimony can be found 

in wastewaters from glass production facilities (up to the 450 mg/L, depending on the 

technology), in streams from incineration plants (up to the 4 mg/L) and in wastewaters 

from anode sludge treatment (up to the 500 mg/L)51. Considering legal limits and toxic 

effects, the removal of this metalloid from water/ wastewater (due to anthropogenic 

activities or natural reasons) is mandatory.   
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Different technologies have been used and proposed to remove antimony from aqueous 

media. Each of these technologies has some advantages and disadvantages and are 

summarized in Table 3.4.  

Taking into account the advantages and disadvantages of the removal methods 

presented in Table 3.4, the selection of a the most appropriate one requires to consider 

the final desired concentration, as well as, the associated costs and the feasibility of 

monitoring this goal, that is to say, the selected one should have the ideal characteristics 

presented in Figure 3.752. Concerning Sb, it is necessary also consider that the natural 

distribution of inorganic Sb species (Sb(III) and Sb(V)) in water influences both the 

treatment strategy and the removal efficiency53. The anionic characteristics of Sb(V) 

(Sb(OH)6
-) promote its removal, whereas the neutral characteristics of Sb(III) (Sb(OH)3) 

limit its removal efficiency in conventionally applied physicochemical treatment 

methods at near neutral pH values52. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Requirements for an ideal wastewater system 
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Table 3.4   Water treatment for Sb removal (Adapted from Ahmed et al. (2016) and Carolin et al. (2017)54,55 

Techniques Comments Advantages Disadvantages Ref 

Precipitation • In combination with other techniques Effective, simple, inexpensive to operate Generation of a sludge, utilisation of 
chemical is high 

56 57 

Coagulation/flocculation • Not specifically method for Sb removal 

• Ferric coagulant is better than alum. 

• Effective (98% Sb(V) removal using ferric as 
coagulant) 

• More effective for Sb(III) 

Cost effective, Dewatering qualities Generation of sludge, utilisation of 
chemical is high 

52,55,58–

60 

Membrane filtration 
(Nano- and 
Ultrafiltration) 

• Efficient depends on Sb oxidation state and pH 

• Chelating porous hollow-fibre membranes to 
remove Sb(III) 

High removal of heavy metals, lower space 
requirement 

Very expensive membrane fouling, 
complex process 
 
Sludge production and very expensive 

40,52,61,62 

Osmosis Reverse • Better effects of removal Sb(V) than Sb(III) 

• No significant dependence of the solution pH 

No toxic by-product is produced Pressure needed. Filters get clogged, 
regeneration, recharge, and replacement 
at times is needed, thus possess high 
capital and operational costs 

40,57,63,64 

Adsorption • Widely applied technique 

• Different sorbents 
 

Flexibility and simplicity of design, ease of 
operation, and insensitivity to toxic 
pollutants 

Adsorbent requires regeneration 57,65 

Ion Exchange • Like adsorption 

• Chemical bonded needed 

• XAD- 8 ion-exchange resin has a strong exchange 
capacity for Sb(III) and Sb(V) 

High transformation of component 
Good removal of a wide range of heavy 
metals 

Removes only limited metal ions, 
operational cost is high 
Absorbent material requires regeneration 
and disposal problems 
 

40 

Electrochemical 
treatment 

• Electrodepositing (Concentration between 1500 and 
3500 mg Sb/L 66 and 10 and 29 mg Sb/L 

• 96-100% Sb removal 
 

Rapid process but effective for particular 
metal ion 

High energy cost and generation of by-
products 

55,66–68 

Oxidation • Previous a coagulation, adsorption processes or 
membrane filtration, to enhance the treatment 
efficiency 

• Oxidant reagents:  chlorine, O3, TiO2, H2O2, iron, etc 

No need for electricity Rusting occurs in the system due to the 
usage of oxidation 

57,63,69 

Phytoremediation, 
bioremediation and 
biofilter 

• Effective bioremediation of antimony using sulfate-
reducing 

• Different plants efficient for Sb accumulating 

Simple, economical and applicable Slow and time-consuming 
Need proper waste disposal 
Research needed 

63,70 
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Conventional methodologies (precipitation, oxidation, coagulation-flocculation, etc.)  

have their utility as a non-selective treatment for the volume reduction of the 

contaminant by the concentration of toxic part and the separation of the non-toxic part. 

However, these methodologies do not let the reuse of the waste with a beneficial aim. 

On the other hand, the main objective of the separation techniques is the selective metal 

recovery and subsequently, to produce an efficient economic process by facilitating a 

suitable use of recovered metals. 

Therefore, separation methodologies can get the volume reduction of the generated solid 

wastes and, at the same time, the partial or completely recycle of the recovered fraction 

of the clean solution. 

Regarding the shortcomings of most of these methods, it must be highlighted the high 

investment and maintenance costs, secondary pollution and complicated procedure 

involved in the treatment. Conversely, adsorption processes do not add undesirable by-

products and have been found to be superior to other techniques for wastewater 

treatment regarding simplicity of design and operation, process speed and insensitivity 

to toxic substances71.  

Nowadays, the adsorption process has become one of the leading technique in Sb 

removal due to its advantages (Figure 3.8). However, the advantages of adsorption are 

limited by the diffusion process that slows down the adsorption rates due to the 

diffusion barriers of adsorbent materials. Another drawback is the need to discharged 

the loaded adsorbent or recycled it, which implies the use of chemical reagents that 

contribute to contaminate the environment and reduce economic efficiency. 

 

 

 

 

 

 

 

 

 

Figure 3.8 Advantages and disadvantages of adsorption as removal technique72 

One of the drawbacks can be solved by adsorbents regeneration by the desorption 

process because adsorption is a reversible technique, and the regenerated adsorbent can 

be reused for several purposes. Several methods are available for the regeneration of 

adsorbents. Based on the regeneration, the adsorption is considered an environmentally 

 

 

ADVANTAGES 
High removal efficiency 

Possibility of compound recovery 
Simple installation and maintenance 
Large variety of adsorbents available 
Enables removal of refractory and/or 

toxic organic compounds 
 

DISADVANTAGES 
Adsorbent deterioration 

Particulates in the feed can cause 
problems 

Possible blockage of activates sites 
Spent adsorbent has to be 

regenerated 
Relatively high capital cost 

Slow process from diffusion barriers 
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acceptable method. Thermal regeneration, pressure swing method and electrochemical 

regeneration are the available methods widely used for the regeneration process. 

Chemical and electrochemical desorption process will be studied in this PhD thesis in 

Chapter 5 for Sb chemical desorption, and in Chapter 2 for electrochemical desorption 

(using As as example). 

Diffusion problems can be solve using an appropriate adsorbent. A variety of material 

for Sb adsorption have been studied, including metal oxides, carbon-based materials or 

biosorbents as observed in Table 3.5. Among the several types of adsorbents, metal 

oxides have been studied extensively in the last years for their potential to remove Sb 

from water through adsorption. Manganese, alumina, as well as iron oxides, such as 

goethite, ferrihydrite, or hematite (Table 3.5) have been tested and found to remove 

antimony from drinking water effectively. Iron oxides are recognised as effective solid 

phases for the adsorption and attenuation of Sb in anthropogenic and geogenic systems. 

Goethite (-FeOOH) is a common Sb adsorbent, but it is devised in adsorption capacity73. 

On the other hand, hematite coated magnetic nanoparticles have been proved to be an 

excellent adsorbent for Sb74. Also, fresh ferric hydroxide (in-situ FeOxHy) shows a good 

adsorptive behaviour towards Sb(III) and Sb(V)75. Magnetic iron oxide particles have 

been considered as a low-cost adsorbent for Sb contamination because of the high 

separation ability from solution76. 

Nevertheless, most of the adsorbents present the typical weakness of adsorption process: 

diffusional barriers that drag out adsorption process, lack of selectivity and lack of 

sensibility (low adsorption at low concentrations).  To mitigate their drawbacks a 

selective adsorbent must be used which convective properties to enhance the diffusion.   
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Table 3.5. Sb adsorbents materials 
Adsorbent Sb oxidation 

state 
Ref. 

 

Carbon-based material & Organic materials 

Graphene Sb(V) Dong et al. 201577 
Mercapto- functionalized silica-supported 
organic-inorganic hybrid sorbent 
 

Sb(III) Fan et al. 201678 

Polyamide-graphene composite 
 

Sb(III) Saleh et al. 201779 

Biosorbents 
 

  

Zr (IV)-loaded saponified orange waste Sb(III)/Sb(V) Biswas et al. 200980 
Fe(III)-loaded saponified orange waste Sb(III)/Sb(V) Biswas et al. 200980 
Lichen (Physcia Tribacia) Sb(III) Uluozluet et al. 201581 
Aerobic granulates Sb(V) Wang et al. 201582 
Brown Seaweeds Sb(III)/Sb(V) Ungureanu et al. 2017 83 
Soybean stover-biochar 

 

Sb(III)/Sb(V) Vithanage et al. 201584 

Metal oxide, hydroxides and minerals 
 

  

Hierarchical macro-/mesoporous amorphous 
alumina 

Sb(V) Duo et al. 201585 

Goethite Sb(III)/Sb(V) Leuz et al. 200628 

Fe-Mn binary oxides 

Sb(III) Xu et al. 201111  
Yang et al. 20181286,87 

Iron oxyhydroxides Sb(III)/Sb(V) Guo et al. 201488 
Hematite modified with magnetic 
nanoparticles 

Sb(III) Shan et al. 201474 

Fe2+
 
-doped Mg-Al layered double hydroxides 

NPs 
Sb(V) Kameta et al. 201589 

Iron oxide-coated sand Sb(V) Cai et al. 201590 
Carbon Nanofiber+ZrO

2
 nanoparticles Sb(III)/Sb(V) Luo et al. 2015 91 

Kaolinite Sb(III) Xi et al. 2016 92 
Ferrihydrite Sb(III)/Sb(V) Qi et al. 2016 93 
Zn-Al Sulphate Layered Double Hydroxide Sb(V) Ardau et al. 2016 94 
Iron-copper binary oxides Sb(V) Li et al. 2016 76 
Zr-MOF Sb(III)/Sb(V) He et al. 201795 
La-doped magnetic biochars Sb(V) Wang et al. 2018 96 
NH2-Fe3O4-NTA core-shell magnetic 
nanoparticles 

Sb(III) Hao et al. 201997 
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7. CONCLUSIONS         

Due to its scarcity, toxicity and the effects which produce on human health, Sb has been 

considered as Critical Raw material, and a pollutant of priority interest, thus its removal 

and recovery from drinking water are compulsory. 

Despite the challenges mentioned above, adsorption treatment has emerged as “the best 

treatment” practice for Sb-wastewater due to its advantages such as low cost, simplicity, 

flexibility and the possibility for Sb recovery and the reuse of the adsorbent. The 

adsorption process can competently reduce the total effluent content of antimony while 

allowing for lower operating costs and easier operation.  

Among the different materials used as adsorbents, iron oxides are promising materials 

due to their high affinity for Sb and their good properties for the adsorption process. In 

Chapter 4, iron oxides properties and characteristics will be discussed, especially for 

superparamagnetic iron oxide nanoparticles. In this concern, a critical fact is the 

nanoparticles handling for both separations from treated liquor and to avoid 

nanoparticles aggregation. To overcome both barriers, the use of special nanoparticles 

support has been proposed that also offers excellent properties to minimise the diffusion 

barriers that limits the adsorption dynamics. 
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1. INTRODUCTION         

As it was introduced in Chapter 3, the adsorbents used to study the Sb adsorption 

process in this PhD thesis are Metalzorb® sponge, from this point as sponge, and also 

Sponge with SPION prepared by direct system (previously detailed), henceforth 

sponge+SPION. 

As mentioned, Metalzorb sponge is an open-celled cellulose sponge which contains a 

water-insoluble polyamide chelating polymer formed by the reaction of 

polyethyleneimine and nitrilotriacetic acid. It is a heterogeneous material comprised of 

a range of functional groups, which have been confirmed in Chapter 4, section 4.1.4, by 

FTIR analysis. Its structure is shown in Figure 6.11. Observing the structure, the main 

chemical groups that may interact with Sb and facilitate its adsorption are amino and 

amide groups. After the acid pretreatment, these groups will have a positive charge and 

acidic proton2, providing the pH of contact solution to be lower than 2.5 (pHzc of sponge, 

Chapter 4, section 4.1.7). The existence of these groups will facilitate Sb adsorption. 

  

 

 

 

 

 

 

Figure 5.1 Metalzorb® sponge structure1 

After the synthesis of SPION on the sponge surface, besides the groups present in the 

sponge -FeOH groups corresponding to the SPION are also present and involved in the 

sorption process. The complex chemical composition of sponge+SPION system provides 

a complex surface chemistry, which is studied in this Chapter. The different functional 

groups in these materials will be able to interact with Sb chemical species in different 

ways to accomplish the adsorption. 
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1.1. Adsorption mechanism 

As it is defined in Chapter 5, adsorption is the attachment of an ion in solution to a solid 

surface in contact with this solution. In general, the adsorption can be classified 

according to the type of interaction that occurs between the adsorbent and adsorbate. If 

there is an electron transfer or ion-pair formation between the adsorbent and adsorbate, 

then, the process is a chemical adsorption or chemisorption. In the case of electron 

transfer, the adsorption is of high energy, ranging from 40 to 800 kJ/mol and, 

consequently, desorption is difficult, and thus the process is irreversible, and only a 

monolayer is observed. Otherwise, if no electron transfer occurs, either ionic adsorption 

or physisorption occurs. In this case, the adsorption energies are lower, ranging from 5 

to 40 kJ/mol and, consequently, desorption is easier than in chemisorption, and the 

process can be reversible, and multilayer adsorption is possible. Each case should be 

examined separately. Depending on if chemisorption or physisorption is the main route 

for the adsorption process, it will involve one or more of the following interactions: 

• Surface complex formation: The formation of complex coordination bonds between 

metals and ligands at the surface, similar to the formation of complexes in 

solution. 

 

• Electrostatic interactions: Solid surfaces are typically electrically charged. This 

electrostatic force, which is effective over greater distances than purely chemical 

forces, affects the surface complex formation and loosely binds other ions to the 

surface. 

 

• Hydrophobic adsorption: Many organic substances, most notably lipids, are highly 

insoluble in water due to their non-polar nature. These substances become 

adsorbed to surfaces, not because they are attracted to the surface, but rather 

because they are repelled by water3.  

 

• Surface precipitation: It can occur at metal ion concentration and pH values below 

those required for precipitation of the pure solid phase from aqueous solution4, 

due to the high metal concentration on the diffusion layer 

 

• Ion exchange: including lattice-ion exchange and counterion exchange. Usually 

occurs throughout a polymeric solid. In ion exchange, ions of positive charge in 

some cases (cations) and negative charge in others (anions) from the fluid 

(usually an aqueous solution) replace different ions of the same charge initially 

in the solid. 

 

• Hydrogen-bonding: important polar interaction in aqueous media. It can be 

considered as an extreme manifestation of a dipole-dipole interaction, which 

typically arises when hydrogen is attached to very electronegative atoms. 
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Adsorption process and mechanism will depend on the nature of the adsorbate, 

adsorbent surface and the pH of the solution (which influence previous ones). In this 

case, Sb speciation as a function of the pH has been described in Chapter 3. Here, the pH 

influence on the SPION surface is introduced due to the importance of surface groups 

on the sorption mechanism. Also, the main interaction that could be created for the Sb 

adsorption will be explained for a better understanding of Sb sorption mechanism on 

SPION. 

 

1.2. Metal oxide surface in water 

Surfaces are important because no material exists without surfaces. Fortunately, surfaces 

are the border between two phases, such as the solid and solution phase. Thus, part of 

the characteristics of surfaces originates from the underlying materials, but its behaviour 

is also determined by the bordering phase, e.g., an aqueous solution.5 

Metal (hydr)oxide surfaces are widely studied because of their capability to interact with 

cations and anions. Considering a metal oxide 

surface, oxygen and metal atoms present at an oxide 

surface are incompletely coordinated hence have a 

partial charge (Figure 6.2a). Consequently, iron 

oxide surfaces immersed in water attract and bind 

water molecules (Figure 6.2b). The water molecules 

then dissociate, leaving a hydroxyl group bound to 

the surface metal ions (Figure 6.2c) (Equation 6.1): 

≡M+ + H2O ⇄ ≡MOH + H+               (6.1) 

Similarly, unbound oxygens react with water to 

leave a surface hydroxyl group (Equation 6.2): 

≡SO– + H2O ⇄ ≡SOH + OH–                (6.2) 

The surface quickly becomes covered with 

hydroxyls (≡SOH), considered part of the surface 

rather than the solution. These hydroxyls can then 

act as either proton acceptors or proton donors 

through further association or dissociation reactions 

(Equations 6.3 and 6.4):  

≡SOH + H+ ⇄ ≡SOH2+    (6.3) 

≡SOH ⇄ SO- + H+                      (6.4) 

Figure 6.2. Interaction 

between water and SPION 

surface (Oxygen grey; metal, 

red and hydrogen dark grey) 
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We should not be surprised to find that these kinds of reactions are strongly pH-

dependent. The protonated and deprotonated surface hydroxyl groups are shown in 

Equations 6.3 and 6.4 may further change in the presence of metal ions and form 

complexes involving one or two surface hydroxyl groups6 such as in Equation 6.5 and 

6.6. 

≡SOH + Mz+ ⇄ ≡SOM(z-1) + H+  (6.5) 

2 ≡SOH + Mz+ ⇄ ≡(SO)2M(z-2) + 2H+ (6.6) 

 

The complex and the sorption mechanisms for the formation of compounds in the last 

equations are explained in the next section. 

 

1.3. Adsorption on inorganic species by metal oxide materials 

In water treatment applications, the metal ion species in solution have to migrate to the 

surface of the suspended oxide, and they are either attracted or repulsed depending on 

the electric charge. When they are attracted, they get attached to a defect site first as a 

unimolecular layer and later in multilayers, depending on the concentration and 

porosity of the surface and the surface layer. Chemical reactions between the metal ion 

and the surface hydroxyl/hydrogen groups or ligand exchange may take place, and the 

metal ion is attached strongly. If the chemical reaction product is insoluble, it may 

deposit on the surface, and further diffusion is blocked, or a new surface with the 

properties of the new deposited surface may come into play. 

 

This adsorption process could be produced due to different mechanisms (Figure 6.3): 

a) Adsorption of metals to the surface may 

occur through replacement of a surface 

proton. 

 

b) Ligands may be absorbed by replacement of 

a surface OH group. 

 

c) The adsorbed metal may bind an additional 

ligand. 

 

d) The adsorbed ligand may bind an additional 

metal. 

 

e) and f) An additional possibility is a 

multidentate adsorption, where a metal or 

ligand is bound to more than one surface 

site. 

Figure 5.3. Different adsorption mechanisms 

on metal oxide  
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The chemical interaction of ions is strongly 

influenced by the electrostatic interaction 

between the surface and the adsorbing ions, 

which both are pH-dependent5. Adsorption of 

cations increases with increasing pH. Figure 6.4 

shows that adsorption of metals on goethite 

goes from insignificant to nearly complete over 

a very narrow range of pH. This reflects surface 

protonation, at low pHs, but it also reflects the 

deprotonation and the extent of the hydrolysis 

of ions in solution as the pH increases.   

 

However, in Figure 6.5, the adsorption of 

anions decreases with increasing pH. As the pH 

increases, the surface charge is getting negative 

as the pHzc is reached, enhancing repulsive 

forces between surface groups and anions in 

solution. 

 

Independently if a cation or anion is adsorbed, two types of interaction can be 

performed. Strong interactions are generally related to the formation of inner-sphere 

complexes. Interactions forming outer-sphere complexes are weaker than inner-sphere. 

Combinations of inner- and outer-sphere complex formation are also reported5. These 

bonds are shown in Figure 6.6. 

 

Inner- and Outer- sphere complex 

Inner sphere complexes involve some 

degree of covalent bonding between the 

adsorbed species and atoms on the 

surface.  It involves direct coordination of 

metal ion to a surface hydroxyl group by 

chemical binding (Equation 6.7). The 

surface hydroxyl group acts as a Lewis 

base containing non-bonding occupied 

orbitals (“lone pairs”). Interaction of a 

Lewis acid (metal ion, in our case, Sb) with 

the Lewis base ligand results in strong 

chemical bonds. Resulting distances between the metal ion and surface hydroxyl oxygen 

are relatively small7. This complex could be monodentate or bidentate complexes. 

Figure 6.4. pH influence in cations adsorption  

Figure 6.5. pH influence on anions 

adsorption  

Figure 6.6. Inner-sphere and Outer-Sphere 

complexes  
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≡SOH + Ll + H+ ⇄  ≡SL1-l + H2O            (6.7) 

In an outer sphere complex, one or more water molecules separate the adsorbed ion and 

the surface (Equation 6.8); in this case, adsorption involves only electrostatic forces. The 

interaction is weak and has a large electrostatic contribution where a purely electrostatic 

attachment of negatively charged anions to positively charge surface hydroxyl groups 

takes place, whereby the hydration sphere of the metal ion remains unaffected7. The 

outer-sphere complexes have no common ligands with the metal ions of the adsorbent 

and remain at some minimum distance of approach.  

≡S-OH2+-A-+ B-  ⇄  ≡S-OH2+- B- + A-    (6.8) 

IR and Raman's spectroscopy have shown that some oxoanion compounds as selenate 

SeO32- 8,9, sulphate SO42- 10 and arsenate AsO43- 11,12 may form inner- and outer- sphere 

complexes. Outer-sphere complex formation occurs at high pH, whereas at low pH, 

these anions are mainly bound as a monodentate inner-sphere complex. The pH-

dependent partitioning of an ion between outer- and inner-sphere complexes is due to 

the difference in the structure of both complexes, resulting in a different location of the 

charge in the electrostatic field and a different pH dependency. The outer-sphere 

complexes will attribute less negative charge to the surface than the inner-sphere 

complexes, which lead to less co-adsorption of protons and a smaller pH dependency 

than the inner-sphere complex. Spectroscopy shows that, at high pH, the outer-sphere 

complex dominates5. The inner-sphere species may also be present but at a lower 

adsorption density. With lowering pH, the adsorption density of the outer-sphere 

complex will increase, but the inner-sphere complex will increase more because it has a 

larger pH dependency. The inner-sphere complex will, thus, start to dominate at some 

point and will further increase its relative presence due to mainly electrostatic 

competition between the inner- and outer-spheres complexes5. 

The third possibility is that an ion may be held within the diffuse layer by long-range 

electrostatic forces 

 

1.4. Spectroscopy method for sorption mechanism determination 

Spectroscopy methods are extensively used to study the adsorption mechanisms of ions 

on surfaces based on the isoelectric point, surface morphology, ionic valence state and 

bonds with neighbouring atoms, surface functional group and spatial structure.13 

Spectroscopy techniques are necessary to constrain the selection of surface complexes 

and surface reactions construction, in order to undertake reliable modelling work14, and 

include Fourier transform infrared (FTIR), X-ray absorption spectroscopy (XAS), X-ray 

photoelectron spectroscopy (XPS), and Raman spectroscopy.  
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No single technique can provide a complete description of the surface or the surface 

species. Due to the characteristics of the material and the techniques available, FTIR and 

XAS have been used for the study of Sb on the sponge and Sponge+SPION system. 

Several of these methods are summarised below, along with examples of the types of 

data derived from each method. However, more details of both techniques are included 

in Annex 1. 

Infrared spectroscopy has proven to be a useful technique for studying the interactions 

of ions with surfaces. IR provides chemical bond information and can be utilised to 

distinguish the outer and inner layers of the complexation structure of an adsorption 

product, and it is an effective tool for studying the behaviour of Sb during adsorption. 

Direct evidence for inner-sphere surface complexation of anions via ligand exchange has 

come from IR spectroscopic characterisation using both dispersion IR and Fourier 

transform infrared (FTIR) spectrometers. One of the advantages of FTIR is that water 

peaks can be subtracted mathematically, allowing analyses of more realistic wet systems, 

unlike dispersion IR, which must be performed in a vacuum. Artefacts can be produced 

when extrapolating results from evacuated samples to aqueous solutions. For example, 

results from evacuated systems showed a predominance of bidentate surface complexes 

for most anions. However, the addition of water to bidentate surface complexes will 

drive the equilibrium to favour the formation of monodentate surface complexes15. The 

development of Attenuated Total Reflection infrared (ATR-FTIR) spectroscopic methods 

has led to many studies of species adsorbed to metal oxides, including iron oxides, but 

the application of this approach to investigate the molecular nature of adsorbed 

antimonate species has not hitherto been reported.16 

An useful spectroscopic technique based on synchrotron radiation sources17, that has 

provided important insights into the mechanisms of metal sorption to mineral surfaces, 

is X-ray Absorption Spectroscopy (XAS). This method can be used on in situ samples 

with high sensitivity. Thus, it is considered the most effective means to study the 

adsorption mechanism of metal-metal systems with unique advantages in defining the 

microstructure of adsorbed products and providing an opportunity to model inner- or 

outer-sphere complexation. The fine structure of the X-ray absorption (XAFS) is also 

used to analyse the types of adsorption products. XAFS consists of the Near-Edge 

(XANES) and the Extended portions (EXAFS). 

Synchrotron-based XANES analysis provides a powerful and unique method of 

characterising the oxidation state, chemical form, and local coordination environment of 

an element associated with various minerals and phases. XANES is an especially 

valuable tool when the sample volume is small, the sample is fine-grained, and the 

element is present in low concentrations or is sensitive to redox changes during sample 

preparation18. Extended X-ray absorption fine structure spectra (EXAFS) provide 

information including the average distance to, and the number and identity of atoms, in 
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the first and second coordination shells (~6 Å radius) around a metal ion. This 

information is used to determine whether the ion is adsorbed to the surface as an inner-

sphere or outer-sphere complex, as a monodentate, bidentate, or tridentate complex, and 

as a mononuclear or multinuclear complex, or as a precipitate15. 

In this work, the possible mechanisms and binding sites involved in the Sb adsorption 

are discussed based on the data obtained from pH influence adsorption experiments, 

pHzc data (from Chapter 4), Fourier Transform Infrared analysis (FTIR), Scanning 

Electron Microscopy (SEM) equipped with Energy Dispersive Spectrometer (EDS) and 

X-ray Absorption Spectroscopy (XAS) analysis. 

 

2. OBJECTIVES          

The main objective in this Chapter is to elucidate the mechanisms of interaction between 

Metalzorb® sponge and sponge+SPION with Sb in aqueous systems, combining mass 

spectrocopy and spectrophotometric techniques. For this purpose: 

• The solution pH in the adsorption process has been studied as a key parameter 

affecting Sb adsorption. The goal is to explain how the pH affects both the Sb in 

solution and the SPION surface in the sorption mechanism.  

 

• SEM-EDS is used to analyse the chemical elements on the material surface, 

present before and after Sb adsorption to support the results obtained on the pH 

influence. 

 

• FTIR measurements and data analysis have been performed to identify the 

functional groups that are involved in the Sb adsorption. 

 

• Synchrotron-radiation-based XANES and EXAFS analyses were employed to 

probe the molecular binding mechanism and possible redox reactions of the 

adsorbed Sb on SPION-sponge surfaces. 
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3. MATERIALS AND METHODS      

3.1. Chemicals and reagents 

Metalzorb sponge® was kindly supplied by Cleanway Environmental Partners, Inc. 

(Portland, USA). 

It is an open-celled cellulose sponge which incorporates a water-insoluble polyamide 

chelating polymer (formed by the reaction of polyethyleneimine and nitrilotriacetic 

acid). This sponge contains free available ethyleneamine and iminodiacetate groups to 

interact with heavy metals ions by chelation and ion exchange19.  

Analytical grade FeCl3 · 6H2O (Sigma-Aldrich, Germany), FeCl2 · 4H2O (Acros Organic, 

Belgium), CH3COOH glacial (J. T. Baker, Germany), CH3COONa·3H2O (Panreac, Spain) 

were used to prepare the solutions needed. Stock solutions of antimony (III) and 

antimony (V) were prepared from C4H4KO7Sb · 0,5H2O (Fluka, Switzerland) and 

K[Sb(OH)6] (Scharlau, Spain) respectively. Double distilled water with a resistivity of 18 

M m-1 was used throughout all the experiments. 

 

3.2. Synthesis of adsorbent materials 

3.2.1. Sponge pretreatment 

The sponge pretreatment was performed as described elsewhere19. Previous to the 

pretreatment, the sponge in cubic form was dried at 40 °C for 24 h and then ground to 

obtain sponge powder. Then, the pretreatment is performed. The sponge powder was 

immersed in a hydrochloric acid solution for wiping their acidic form to activate the 

amino groups and to facilitate SPION immobilisation. This pretreatment is commented 

more detailed in Chapter 4, section 3.2.1. 

 

3.2.2. Sponge+SPION system synthesis 

SPION was synthesised directly onto the sponge by co-precipitation method20. 

FeCl2·4H2O and FeCl3·6H2O in a molar ratio of 1:2 were dissolved in 100mL 

deoxygenated water in the presence of the sponge, under N2 bubbling and at 40°C. After 

1 h, 125 mL of deoxygenated aqueous solution of NaOH 0.5 M was added slowly while 

stirring the mixture. Then, the suspension was incubated for 1 h at 40°C.  

During the incubation, the sponge acquired a darker colour due to the formation of Fe3O4 

nanoparticles on the sponge. The final product was washed with deoxygenated water 

and magnetically separated from the washing solution. The washing process was 

repeated three times to remove any unreacted chemicals. More details about this 

synthesis and about the material characterization are described in Chapter 4. 
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3.3. Adsorption experiments 

Experiments to determine the pH influence on Sb(III) and Sb(V) adsorption and chemical 

stability of sorbents were carried out with a 10 ppm solution in a pH range of 2 to 11 

adjusted by acetic/acetate buffer 0.1M, HCl 0.1 M and NaOH 0.1 M. 25 mg of sorbent and 

2.5 mL of an aqueous solution of Sb(III) or Sb(V) were shaken in 50 mL polypropylene 

tubes using a rotatory shaker, at room temperature for 24 h.  After mixing, the solid 

phase was removed from the supernatant by filtration with cellulose acetate filters of 

0.22 µm. The final pH was used as the pH value of the experiment. 

The adsorption capacity (qe, mg Sb/g adsorbent) is determined by applying equation 6.9 

to the measured initial (Co, mg/L) and equilibrium (Ce, mg/L) antimony concentration 

values of each experiment.  

 

𝑞𝑒 =
𝑉(𝐶𝑜 − 𝐶𝑒)

𝑚
      (6.9) 

 

where V (L) is the solution volume and m (g) is the adsorbent quantity. The 

concentration of metal ions in supernatant solution was determined by inductively 

coupled plasma mass spectrometry (ICP-MS, Thermo XSeries II, Thermo Scientific).  

 

3.4. Characterisation 

As indicated previously, in order to understand the binding mechanisms of the 

antimony adsorption process on both sponge and sponge+SPION adsorbents, the pH 

influence on Sb(III) and Sb(V) adsorption have been studied.  

In addition, to get a deeper knowledge of these processes, samples of both sponge and 

sponge+SPION adsorbents after corresponding Sb adsorption experiments under pH for 

maximum capacity, were analysed by Transmission-Fourier Transform Infrared 

spectroscopy (FTIR) and the Energy Dispersive Spectrometer (EDS) capability of the 

Scanning Electron Microscopy (SEM).  

Separate experiments at Synchrotron facilities were done, using such sponge samples, 

for X-ray Absorption Spectroscopy (XAS) measurements at the Fe and Sb K-edge to 

provide specific information on the oxidation state and the local coordination 

environment of Sb thus, complementing a better understanding the related adsorption 

mechanism.   

 

FTIR was conducted on a Vertex70 spectrometer (TE Cooled DLaTGS Detector with KBr 

windows from 12000 to 350 cm-1 and 256 scans) in transmission mode. Samples for FTIR 

measurements were prepared as it was explained in section 3.3 related with adsorption 
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experiments, but the initial concentration was increased until 100 ppm of Sb in the 

solution, reaching at maximum sorption capacity around 10 mg Sb/g in both material 

and for both Sb species. These samples were ground with KBr in an agate mortar under 

a heat lamp, by mixing a fixed amount of sample (1% w/w) in KBr which was used to 

prepare the pellet.  

 

A Scanning Electron Microscopy (SEM) (FEI Quanta 650F Environmental SEM) 

equipped with an Energy Dispersive Spectrometer (EDS) was used to determine other 

chemical elements present in the sponge after the adsorption of Sb(III) and Sb(V).  

 

Samples used for XAS synchrotron measurements were prepared as it is explained in 

section 3.3. The pH was adjusted to 3.6, 5.6, and 11 using 0.1 M acetic/acetate buffer and 

NaOH 0.1M as appropriate.  The aqueous and the solid phases were separated by 

centrifugation for the sponge and by decantation with a magnet in the case of the 

sponge+SPION system. The obtained solids were cleaned, dried and stored in 5 ml of 

sealed polypropylene tubes at room temperature before XAS measurements. Standard 

references of Sb2O3, K[Sb(OH)6], C4H4KO7Sb · 0.5H2O, FeCl2 · 4H2O, FeCl3 · 6H2O, were 

also measured. All samples were milled, homogenised and pressed into a pellet. The 

samples were sealed in Kapton tape to help their manipulation. The appropriate amount 

of each reference compound was mixed with cellulose to obtain the optimum absorption 

jump. The homogenised mixture was also pelletized. The necessary amount of sample 

in each pellet was calculated with Absorbix v3.02.S321.  

XAS measurements were performed at the SpLine Spanish CRG Beamline BM25A at the 

European Synchrotron Radiation Facility (ESRF), Grenoble, France. The incident beam 

was monochromatized with a -70 °C ethanol cooled double Si(111) crystal, which gives 

an energy resolution of ΔΕ/Ε = 1.5·10-4. An Sb foil and a Fe foil were used for energy 

calibration (30491 eV and 7112 eV respectively). Pure references compounds were 

measured in transmission mode at the Sb and Fe K-edges. The fluorescence detection 

mode was used for measuring at Sb K-edge. For this mode, a 13-elements Si(Li) solid 

state detector liquid nitrogen cooled was employed. Ionization chambers were used for 

monitoring the intensity of the beam for the measurements performed in transmission 

mode. Samples were fixed on a sample holder oriented at 45◦ to the orthogonal direction 

of the beam.  

The XAS spectra were normalised to eliminate thickness dependence. The EXAFS signals 

were extracted following standard procedures using the program ATHENA and fitted 

using ARTEMIS. Both programs are distributed with the Demeter software package22. 

Pseudo radial distribution functions were obtained by Fourier transform of k2-weighted 

EXAFS signal within the k-range: 3.5−10.8 Å-1 using a Kaiser-Bessel window. 
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4. RESULTS           

Obtained results will include pH effects on the adsorption process and the different 

spectroscopic characterization studies of the adsorbent loaded samples. 

 

4.1. pH influence 

The influence of solution pH on the removal of Sb(III) and Sb(V) from wastewater using 

the sponge and sponge+SPION systems was examined since pH plays a crucial role in 

the antimony speciation and the protonation of the chemical groups of the surface, which 

are leading factors in adsorption processes. In addition, the Fe loss after the adsorption 

process was examined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Effect of the pH on the adsorption of Sb(III) and Sb(V) in both materials. Working conditions: 

25 mg of adsorbent, [Sb]initial= 10ppm, 4h, 20◦C. 

 

As expected, the adsorption of Sb(III) and Sb(V) by the sponge is strongly dependent on 

pH. Figure 6.7 shows that when the initial pH rises from 2 to 3, the adsorption capacity 

increases slightly, reaching the maximum sorption capacity at pH 2.4 and 2.8 for Sb(III) 

and Sb(V), respectively (Figure 6.8). At that point, it decreases sharply as the pH 

increases, reaching a final pH of 5.5.  This behaviour can be understood by taking into 

account the antimony speciation in aqueous solution and the pH-dependent properties 

of the adsorbent surface. 
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Figure 5.8 pH effect Gauss fitting 

As seen in Figure 6.9, the speciation of antimony in aqueous solution depends on the pH 

and oxidation state23. Sb(III) appears as a neutral compound, Sb(OH)3. It only appears as 

positive, Sb(OH)2+, or negative species, Sb(OH)4-, under strongly acidic (pH<2) or 

alkaline conditions (pH>10.4), respectively. However, in the presence of tartrate, which 

is the Sb(III) complex used for this work, Sb(III) is found as the anionic Sb(III)-tartrate 

complex24–26, although certain percentage is also present as free Sb(OH)3 depending on 

the initial concentration27. The concentration of free Sb(III) as Sb(OH)3 increases when 

the concentration of the Sb(III)-tartrate complex in solution reduces. For pH values 

higher than 2.7, Sb(V) is expected to be found as negatively charged species, Sb(OH)6- 

and it does only appear as neutral or positive species under strongly acidic conditions28 

Figure 6.9 Speciation diagram of Sb in aqueous solution as a function of pH, 25◦C, theoretical data using 

HYDRA and MEDUSA software29; a) Sb(III) diagram; b) Sb(V) diagram 

 

On the other hand, the amino groups present in the sponge are protonated at pH lower 

than its pHzc, which has been determined in Chapter 4, section 4.1.7. This is, for pH 

below 2.5 anions or negatively charged metals complexes could attach to the sponge19. 

Consequently, in agreement with the results shown in Figure 6.7 and 6.8, it is reasonable 

to think that Sb(III) and Sb(V) sorption on the sponge could be due to electrostatic 
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interactions or H-bonding, involving anionic antimony species and sponge protonated 

amino groups. In very acidic conditions, pH lower than 2.4 or 2.8 for Sb(III) and Sb(V), 

respectively, the adsorption is slightly less suitable probably due to the increase of 

electrostatic repulsion between positive species (Sb(III)) and sponge ammonium groups, 

and neutral species (Sb(V)) and the positive charge of the sponge ammonium groups. If 

the pH is increased beyond the pHzc value, amine groups would be present in the 

neutral form.  

Moreover, it is observed that the final pH (pHf) is different from the initial pH (pHini), 

precisely, pHf < pHini when the pH is higher than 2 (Figure 6.10). This indicates a higher 

uptake of the hydroxyl ions present in the solution which compete with the antimony 

species and, as a result, there is a decreasing of the antimony sorption. In addition, the 

growth of OH- in solution shifts the equilibrium to stabilise antimony species in the 

solution24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. pH variation after Sb(III) and Sb(V) adsorption on the sponge and sponge+SPION system 

Conditions: 25 mg of adsorbent, [Sb]= 10ppm, 4h, 20◦C 

These results are confirmed by information obtained from the SEM-EDS analysis (Figure 

6.11). For the sponge before the adsorption experiment (Figure 6.11a), the predominant 

elements present are carbon, oxygen and chloride. After adsorption (Figure 6.11 b and 

c), the chloride emission peak that it is expected at 2.6 keV cannot be distinguished from 

the background whereas the peaks for carbon and oxygen have still a strong 

contribution. In addition, the characteristics emission peaks for antimony are present. 

This suggests that the antimony adsorption on the sponge is produced by anion 

exchange, replacing chloride anions present on it. 
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Figure 6.11. EDS of a) Sponge b) Sb(III) adsorbed on the sponge c) Sb(V) adsorbed on the® sponge. pH=3.  

The presence of SPION improves the Sb(III) and Sb(V) sorption capacity, as observed in 

Figure 6.7. Regarding the dependence with pH, the adsorption of Sb(III) remains almost 

constant, whereas the adsorption of Sb(V) drops at basic pH (pH > 8.0). A decrease of 

Sb(V) down to 40% of the maximum value it is observed when reaching the pH of the 

pHzc, pH 9 (determined in Chapter 4, sections 4.1.7). This behaviour can be interpreted 

considering two different types of interactions for each antimony species. In one hand, 

Sb(V) adsorption could be limited by anion exchange process with positive charge 

surface sites. SPION surface is pH-dependent, presenting a positive net surface charge 

when the pH is below 9 (- FeOH2+), a neutral when the pH is 9 (-FeOH) and negative if 

the pH is higher than 9 (-FeO-)30, as it is explained in Chapter 4. Whereas when increasing 

the pH, the negative charged sites on SPION surface increase, and this makes the 

repulsive forces between Sb(OH)6- and the negative sites of the surface grow, which 

produces an adsorption decrease. This behaviour could indicate that in Sb(V) adsorption 

on sponge+SPION system are involved electrostatic interactions by anion exchange31.  

In contrast, the adsorption of Sb(III) is less influenced by pH. Although Sb(III) is 

complexed with tartrate, free Sb(III), as Sb(OH)3, is present in the solution and it might 

also form a complex with iron that is stable over a wide pH range. Thus, when the 

amount of Sb(III) bound to iron increases, the concentration of Sb-Tartrate complex 

present in solution reduces and more free Sb(III) is present in the solution, what 

facilitates Sb(III) adsorption. Sb(III) is considered a stronger Lewis base than Sb(V)32. On 

the contrary, empty d orbitals in iron forming the SPION act as Lewis acids for the Sb 

electron-rich oxygen atoms, and consequently Sb can be adsorbed by creating oxygen 

bridges via ligand exchange with -OH- or -OH2+ groups located on SPION surface, 

c) 

b) 

a) 

a) 
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forming stable monodentate or bidentate inner-sphere complexes33. Only at pH higher 

than 8, the adsorption slightly decreases. Leuz et al.34 propose that adsorption of Sb(III) 

decrease due to the oxidation of Sb(III) and the subsequence desorption as Sb(V) in the 

presence of goethite. This oxidation process will be confirmed by XAS analysis.  

 

It is also observed in Figure 6.10 that the adsorption process for both Sb species modifies 

the pH of the medium. In the pH range of 2-8, the pH of the solution shifts slightly to 

higher pH values. Above pH 8, the shift occurs toward lower pH. This slight shift in pH 

may be attributed to the adsorption reaction of Sb with the associated release of OH- 

groups from the sorbent.  

The concentration of Fe in water after adsorption under different pHs was measured in 

order to study the adsorbent stability. In Figure 6.7 is observed that the leaching of Fe 

under acidic conditions was significantly higher than the limit of iron concentration 

allowed in drinking water as established by the European Regulation (200 g/L)35. 

However, the Fe concentration in the final solution was negligible or not detected when 

the pH is higher than 4.5. These observations indicated that sponge+SPION system is a 

safe and stable adsorbent, when working in soft aqueous pH conditions. 

All these results, together with the negligible iron loss of sponge+SPION system when 

the pH is higher than 4.5, allow us to determine that the optimum pH for this process 

are 3 for the sponge and between 4.5 and 8 for the sponge+SPION system. 

 

4.2. FTIR analysis 

FTIR spectrum of the sponge and sponge+SPION were measured to identify the 

functional groups which are affected by Sb adsorption. This information is useful to 

understand the binding sites of Sb on the different materials and therefore its adsorption 

mechanism. 

Comparing the FTIR spectrum of the bare sponge before and after Sb adsorption, in 

Figure 6.12, some differences are observed. Due to the complexity of these spectrums 

and to better understand Sb adsorption affinity to single surface functional groups of the 

sponge (later on sponge+SPION system) FTIR analysis was conducted by first Savitzky–

Golay (SG) second derivate and maximum normalisation. 
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After Sb adsorption on the sponge, the appearance and disappearance of some bands 

are observed. For both Sb species, in 3700-3400 cm-1 region (Figure 6.12, region 1) it can 

be observed that there are changes on the position and intensity of peaks related to the 

modification of -OH groups, mainly to the presence of Sb36, better observed in Figure 

6.13. Bands at 2968 cm-1 and 2922 cm- 1 (-CH2 symmetric and asymmetric stretching) in 

the region 2 of Figure 6.12 also suffer modifications. In Figure 6.13, region 2, it can be 

observed as the first band, 2968 cm-1, is shifted to higher wavenumber after Sb(V) 

adsorption whereas 2922 cm-1 band is shifted to low wavenumber for both Sb species. In 

addition, both bands increase their intensity upon Sb(V) adsorption. Moreover, the band 

related to -CH vibration at 1385 cm-1, included in region 3 of Figure 6.12 is influenced by 

Sb (Figure 6.13). In the case of Sb(V), this band has an appreciable downshift. However, 

for Sb(III), the band maintains its position, but its intensity is reduced. The increase of 

these bands could indicate an increase in H-bonding after Sb adsorption37, and the less 

intensity could indicate H-bonding breaking. The presence of less H-bonding when 

Sb(III) is adsorbed could be explained due to the existence of Sb(III)-tartrate complex. 

The presence of Sb-tartrate complex forces to move the amide group (amide V and VI) 

out of the plane by means of the -CH2 groups which are next to the -CO and -NH groups. 

This implies a breaking of H bonds as is observed in the changes produced in the amide 

I and II (zone 3 and 4 in Figure 6.12) bands38. The existence of this complex is confirmed 

due to the presence of bands characteristic of it:  

Figure 6.12. FTIR spectra of the bare sponge and for Sb(III) and Sb(V) adsorbed on the sponge 
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• 617 cm-1 - Sb-O stretching36  

• 3435 cm-1 -  -OH stretching vibrations of tartrate39  

• 1650 cm-1 - COO- antisymmetric stretching39 

• 1346 cm-1 - COO- symmetric stretching39  

• Doublet  1130-1070 cm-1 - axial stretching of C-O alcohol39  

 

These values are characteristics of coordination of carboxylic group to metal ions. Also, 

the intensity increase of the band at 1400 cm-1 is probably due to the presence of Sb(III)-

complex, because of the 1400 cm-1 is the symmetric axial deformation of COO- in 

tartrate40. Also, bands associated with amide vibration, in the regions 2 and 3 in Figure 

6.12, suffered modification, which could be due to the effect of electrostatic interaction 

and H-bonding.   

In case of Sb(V), new bands appear in zone 5 of the Figure 6.13 at 713 cm-1 (Sb-OH 

bending), 651 cm-1 (Sb-O stretching)41, 594 cm-1 (Sb(V)-O)42, 509 cm-1 (Sb(V)-O)39, which 

are characteristic from K[Sb(OH)6] and related compounds43. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. Sb(III) and Sb(V) adsorption on the bare sponge Savitzky–Golay second derivate and 

normalization at different ranges: region 1: 3650 -3326 cm-1 ; region 2: 3000- 2830 cm-1 ; region 3: 1720 – 

1600 cm-1; region 4:  1508 - 1215 cm-1 ; and region 5: 822 – 382 cm-1 
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Similarly, Sb(III) or Sb(V) adsorption generate different effects in sponge+SPION FTIR 

spectrum. The 3600 – 3300 cm-1 region (zone 1 in Figure 6.14) is affected in a different 

way depending on the Sb speciation. Some bands in this region disappear after the 

adsorption of Sb (Figure 6.15), independent of the speciation, confirming the interaction 

between Sb and -OH groups at - Fe-OH. Other bands related to Fe-OH are affected 

because of the presence of Sb, like 796 cm- 1, 580 cm-1 and 443 cm-1 bands which are shifted 

to lower wavenumber or show an absorption loss. These changes on iron-related bands 

and the adsorption loss produced in -OH bands in the region 1 indicated the formation 

of chemical bands (-Fe-O-Sb)44. 

Figure 6.14. FTIR spectra of Sb(II) and Sb(V) adsorption on the sponge+SPION system. 

The zone 2 is the most affected one after Sb adsorption. Sb(III) adsorption produces new 

bands (as it is observed in Figure 6.15) at 619 cm-1 and 431 cm-1 related to Sb-O stretching 

vibrations, and 568 cm-1 and 457 cm-1 from Sb(III)-O stretching and Sb-O-Sb bending, 

respectively. The small peak appearing at 590 cm-1 could be attributed to Sb(V)-O. This 

would suggest a possible oxidation of Sb(III) to Sb(V)45, although it is risky to asses this 

fact due to the complexity of FTIR spectrum. XAS analysis may support or deny it (as 

will be shown later). Sb(V) adsorption also induce new bands formations in these 

regions, such as 700 cm-1, 621 cm-1, 586 cm-1, 565 cm-1 and 451 cm-1 related to Sb-O-H out 

of plane deformation, Sb-O stretching41, Sb(V)-O stretching42 and Sb-O-Sb bending46, 

respectively.  
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The FTIR spectra of the sponge and the sponge+SPION systems after Sb(III) adsorption 

shows some remarkable differences. Whereas, after Sb(III) adsorption on the sponge, the 

characteristics bands of tartrate-Sb(III) complex are observable, after its adsorption on 

the sponge+SPION system these bands have disappeared, indicating that in the 

adsorption mechanism of Sb(III) on this adsorbent the Sb(III)-complex is not present, and 

the interaction should occur between Fe and Sb(III) via oxygen bridge. On the other 

hand, the spectra after Sb(V) adsorption for both materials are very similar to the original 

material, except in the 600 – 400 cm-1 where Sb(V) band appears and the interaction with 

Fe-O is observed. It should be noted that in 3600 – 3300 cm-1 region are significant 

differences. Whereas the Sb(V) adsorption on the sponge spectrum is similar to the bare 

sponge, the spectrum after Sb(V) adsorption on sponge+SPION is very different, 

indicating the different sorption mechanism in the different materials. Furthermore, the 

bands related to -CH2 absorption are affected, as in the sponge, increasing their intensity, 

and in some cases, a shifting is observed. These observations indicates the increase of H-

bonding with Sb(OH)6-.  

 

 

 

 

 

 

 

 

 

Figure 6.15. Sb(III) and Sb(V) adsorption on the sponge+SPION Savitzky–Golay second derivate and 

normalization at different ranges: region 1: 3600 – 3410 cm-1; region 2: 822 -382 cm-1 

 

4.3. XAS measurements 

To understand the binding mechanisms of the antimony adsorbed in the target 

adsorbents at different pHs, X-ray Absorption Spectroscopy (XAS) measurements were 

carried out on corresponding Sb loaded samples at Sb K-edge . Figures 6.16 and 6.17 

show a comparison of the Sb K-edge spectra for Sb(V) and Sb(III) adsorbed in each one 

of target adsorbents. Regarding the reference compounds, as expected for lower 

oxidation states, the energy edge of the XANES spectra of the Sb(III) tartrate complex 

appears at lower energy (30492 eV) than the Sb(V) compound, KSb(OH)6, (30495 eV), 

and the white-line is less intense than in the case of Sb(V). 
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Figure 6.16 Sb(V). Normalised Sb K-edge XANES spectra for Sb(V) adsorption. Dashed line corresponds to 

sponge+SPION system while solid coloured lines represent the sponge. Grey lines correspond to Sb-XANES 

spectra of the reference materials (Sb(III)-tartrate complex and KSb(OH)6) 

 

 

 

 

 

 

 

 

 

Figure 6.17.  a) Normalised Sb K-edge XANES spectra for Sb(III) adsorption. Dashed line corresponded to 

sponge+SPION system while solid coloured lines represent the sponge. Grey lines correspond to Sb-XANES 

spectra of the reference materials (Sb(III)-tartrate complex and KSb(OH)6). b) whiteline enlargement 

Figure 6.16 shows a comparison of XANES spectra of Sb(V) adsorption in the sponge 

and sponge+SPION systems at different pH. The spectra profile and position of the 

absorption edge is very similar for all the samples and it is almost identical to the Sb(V) 

reference compound. This results suggest that the chemical state and the local 

environment of Sb adsorbed species is similar to that of the reference compound, which 
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is six-coordinated in an octahedral geometry47. Hence, it is highly probable that Sb(V) 

adsorption is performed by anion exchange mechanism, where only slightly changes 

will be appreciated due to alteration of the outer-sphere environment of the adsorbate 

from a close approach to the iron surface and interaction between adsorbed antimonate 

species16 

For Sb(III) adsorption Figure 6.17 shows a comparison of XANES spectra in the sponge 

and sponge+SPION systems loaded with Sb(III) at different pH values. Sb(III) adsorbed 

on the sponge have a spectral profile similar to the Sb(III) reference compound (Sb(III)-

tartrate complex), whereas Sb(III) adsorbed on sponge+SPION system is slightly 

different. The spectra of both samples are more similar to Sb(III)-tartrate reference. 

However, for the sponge+SPION system the white-line increases and shifts towards 

higher energy when increasing the pH, closing to Sb(V). This suggests that the presence 

of SPION produce the partial Sb(III) oxidation to Sb(V) which is favourable at higher 

pH. This result follows those obtained in the adsorption studies.  

k2 weighted EXAFS spectra of Sb(III) and Sb(V) adsorbed on the sponge (Figure 6.18) 

and sponge+SPION system (Figure 6.19) confirm the information obtained from the 

analysis of the XANES region. In the sponge without SPION, Sb(III) and Sb(V) samples 

are similar to the respective reference compounds. However, in the presence of SPION, 

there are no appreciable differences between Sb(III) and Sb(V) spectra. These similarities 

are greater as the pH increases, and all the spectra are like KSb(OH)6, used as a reference 

compound. According to this, it is reasonable to think that the presence of SPION favour 

Sb(III) oxidation to Sb(V). 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 k 2 weighted EXAFS spectra of Sb(III) and Sb(V) adsorbed on the sponge and reference 

compounds (Sb(III)-tartrate complex and KSb(OH)6. 
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Figure 5.19 k 2 weighted EXAFS spectra of Sb(III) and Sb(V) adsorbed on sponge+SPION system and 

reference compounds (Sb(III)-tartrate complex and KSb(OH)6. 

Also, iron speciation after the adsorption has been studied. The normalised Fe K-edge 

XANES spectra of the different samples are shown in Figure 6.20. The direct comparison 

of XANES spectra determined that SPION keep the structure in the adsorption process 

in all cases, independently of the adsorbed species. This result was expected due to the 

ratio Fe/Sb present in the samples. SPION concentration in the samples, as it has been 

commented in Chapter 4, is around 40 %, whereas the Sb concentration is much less than 

the iron and if it is affected no observations will be shown in XANES spectra. 

 

 

 

 

 

 

 

 

 

Figure 6.20 Normalized Fe K-edge XANES spectra for Sb(III) (left) and Sb(V) (right) adsorption. 
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4.4. Sorption mechanism 
 

The study of Sb(III) and Sb(V) adsorption process on the sponge and sponge+SPION 

system has provided some information about their adsorption mechanism. Isotherm 

studies disclose that weak interactions are involved in Sb(III) and Sb(V) on the sponge, 

showing an S-type isotherm profile, which indicates a complete vertical behaviour of the 

adsorption capacity, possibly caused by surface precipitation of adsorbate on the surface 

of the adsorbent, where overall adsorbent–adsorbate interactions are weak in 

comparison with relatively strong adsorbate-adsorbate interactions. This behaviour was 

confirmed by selectivity and desorptions assays, which showed that both Sb species are 

desorbed easily in the presence of anions and complexant agents such as EDTA. On the 

other hand, adsorption of both Sb species on sponge+SPION system is performed by 

strong interactions. Isotherm profiles show an L-type shape which indicates chemical 

adsorption (chemisorption) and reflects a relatively high affinity between adsorbate and 

the adsorbent. The lack of anionic and cationic interference together with their difficult 

desorption with anionic and complexation stripping agents confirms the strong 

interactions between Sb and sponge+SPION system.  

Taking into account the adsorption experiments FTIR and XAS result obtained in this 

Chapter, it is possible to state that Sb adsorption mechanisms on the sponge and the 

sponge+SPION system are different. 

Adsorption experiments indicate that anion exchange is the main factor in Sb adsorption 

on the sponge, independently of its speciation, where the different pH affects the 

sorption capacity strongly. pH adsorption studies show that the high removal efficiency 

is reached at pH 2.4 and 2.8 for Sb(III) and Sb(V) adsorption, respectively, and it 

decreases when the pH is higher than these values, which is in concordance with pHzc 

of the sponge, calculated in Chapter 4. This behaviour indicates that electrostatic 

interactions are also involved in the sorption mechanisms. XAS results confirm that 

Sb(III) and Sb(V) maintain their structure after the adsorption. Thus, no chemical bonds 

are formed between the sponge and Sb species. FTIR spectrum also confirms this fact, 

mainly for Sb(III) adsorption where the bands related to Sb(III)-tartrate complex are 

present. Moreover, FTIR results indicate the presence of H-bonding. Figure 6.21 explain 

the possible mechanism of Sb(III) and Sb(V) adsorption on the sponge. Figure 6.21a 

illustrates that the sponge is in its acidic form, where the positive charges on the surface 

are neutralised by the presence of the chloride anions (as SEM-EDS results shown in 

section 4.1). After the adsorption in Figure 6.21b, the chloride anions have been 

exchanged for Sb(III)-tartrate complex and Sb(V) anions and form electrostatic 

interaction and H-bonds with the positive charge of the surface. Both are weak 

interaction, which could be broken easily as it has been explaining in Chapter 5, in 4.5 

section about the chemical desorption process 
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Figure 6.21. a) Sponge structure after 

acid pretreatment1. b) Sb(III) and Sb(V) 

sorption mechanism on the sponge. 

Dashed line indicates hydrogen bonds 

and arrow indicate electrostatic 

interaction. Sb(III)-tartrate complex 

from Iyer et al. (1972)56,57 
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In addition, Sb(III) adsorption on sponge+SPION system presents different sorption 

mechanism than Sb(V). This different sorption mechanism for Sb(V) and Sb(III) in the 

presence of iron has been reported in previous studies. Qi and Pichler31 evaluated the 

sorption mechanism of both antimony species on ferrihydrite, showing that Sb(V) does 

not bind strongly to iron oxide surface due to the combination of outer- and inner-sphere 

complexes. By contrast, Sb(III) is bound strongly by specific inner-sphere binding. 

Watkins et al.48 propose that Sb(III) is directly bonded to one of the bridging oxygen from 

goethite and a six-membered ring can be formed by a hydrogen bond. Guo et al.49 

determined that Sb(III) and Sb(V) be adsorbed onto iron oxy-hydroxides by the 

formation of an inner-sphere surface complex. Therefore, there is controversy in Sb(V) 

sorption mechanism. Few studies have been made using SPION as iron oxide adsorbent. 

Kirsch et al.50 propose an inner-sphere Sb surface complex with magnetite, including the 

Sb(V) reduction during the sorption process. Verbinnen et al.51 also confirm this sorption 

mechanism on zeolite-supported magnetite. As well as, Shan et al.52 propose an inner-

sphere complex formed by Sb(III) and hematite modified magnetic nanoparticles.  

In this work, it is observed that, in the presence of SPION, the adsorption of Sb(V) 

decreases with increasing pH (Figure 6.7), but not drastically as in the case of the sponge 

alone. This behaviour can be interpreted based on these three differentiated types of 

interaction44 (Figure 6.22). In one hand, SPION exhibited large amounts of hydroxyl 

groups on the surface, which could act as hydrogen donor and form hydrogen bonding 

with the oxygen atom on the Sb(V) molecule. Furthermore, at pH below the pHzc (pH 

9), SPION surface is positively charged and adsorbs negative adsorbate species [Sb(OH)6-

]. Thus, Sb(V) could be bounded by outer-sphere complex with positive surface charges 

(and hence the adsorption decreases if the pH increase). On the other hand, it could be 

bounded by inner-sphere complexation with iron included in SPION, as FTIR spectra 

indicate due to de Fe-O-Sb bonds formation. Due to that at pH below 9 the adsorption 

decrease is not as sharp as in the sponge, there are grounds for believing that the main 

mechanism of Sb(V) adsorption onto sponge+SPION is the inner-sphere complexation.  
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Figure 6.22.  Sb(III) and Sb(V) sorption suggested mechanism on the sponge+SPION system. Dashed line 

indicates hydrogen bonds and arrow indicate electrostatic interaction 

 

Sb(III) adsorption process is stable for a wide range of pH. XANES results confirm the 

observation obtained from FTIR analysis. The presence of SPION assists Sb(III) oxidation 

to Sb(V), and the adsorption capacity decreases at pH higher than 8, as the oxidation 

increases (Figure 6.7). Previous studies show that iron oxides such as goethite or 

ferrihydrite could oxidise Sb(III). Leuz et al.34 propose the Sb(III) oxidation adsorbed in 

goethite in the presence of oxygen at pH 9.9. They suggest that Fe(III) could not be the 

oxidant because Fe(III) has a higher redox potential than Sb(III) only at acid or neutral 

pH, so Fe(III) would only be able to oxidise Sb(III) in acid media, which is not the case 

(oxidation has been shown at pH higher than 5.6). Watkins et al.48 propose a Sb(III) 

sorption mechanism which involves the transfer of two electrons from Sb(III) to two 

Fe(III), producing the Sb(III) oxidation and the release of Sb(V) and Fe(II). Qi et al.31 show 

that oxygen alone could not be an oxidant for Sb(III), even in the presence of ferrihydrite 

can oxidise Sb(III) to Sb(V). This fact suggests that ferrihydrite surface acts as a catalyst 

in Sb(III) oxidation by dissolved oxygen. Adsorption and oxidation studies of Sb(III) on 

SPION, concretely on magnetite, are contradictories. While Kirsch et al.50 show that 

reduction of Sb(V) to Sb(III) is possible in 22 h at basic pH. Verbinnen et al. prove that 

Sb(III) could be oxidised by dissolved oxygen but magnetite is not capable according to 

redox potential calculation. Also, Qi et al.53 indicate that the presence of magnetite 

produce rather slight Sb(III) oxidation to Sb(V). No previous studies have been done 

using -Fe2O3 for Sb adsorption. Considering Sb similarities with As(III), or even with 

Se(IV), no oxidation-reduction processes are involved in Se(IV) adsorption onto 

maghemite54,55. 
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Adsorption experiments show that Sb(III) interact with SPION forming bonds that are 

independent of the pH.  FTIR and XANES measurements evidence that Sb(III) after 

adsorption on sponge+SPION is not present as tartrate complex. Also, FTIR confirms the 

presence of Fe-O-Sb bonds, and XANES results prove that Sb(III) is slightly oxidised in 

the presence of SPION at pH higher than 5.6. It stands to reason that Sb(III) is bounded 

to SPION strongly than Sb(V), forming an inner-sphere (monodentate or bidentate) 

complex (Figure 6.22) and the desorption process is produced by its oxidation, which is 

in concordance with adsorption experiments. Furthermore, information about the 

oxidant could not be inferred from the Fe K-edge XANES spectra due to the lower 

concentration of Sb in comparison with Fe, thus the adsorption of Sb on the surface of 

the nanoparticles does not influence the oxidation state of Fe enough to be detected. 

 

5. CONCLUSIONS         
 

In this Chapter, the Sb(III) and Sb(V) adsorption mechanism onto Metalzorb® and 

sponge+SPION system was investigated. Macroscopic characterisation of the adsorption 

process in Chapter 4 concluded that Sb(III) and Sb(V) adsorption to the bare sponge is 

performed involving weak interactions (as the isotherm, selectivity and desorption 

studies have shown) whereas, Sb(III) and Sb(V) present a higher affinity for 

sponge+SPION system and stronger interactions are formed. Microscopic adsorption 

characterisation (FTIR and XAS), performed in this chapter, confirms the results 

obtained in Chapter 4.  The affinity of Sb(III) and Sb(V) toward the sponge and the 

sponge+SPION depends on the Sb speciation, the solution pH, and the proper 

characteristics of the SPION. Adsorption at different pHs, FTIR and XAS studies 

evidence that the sponge and sponge+SPION system are able to bind both antimonite 

(Sb(III)) and antimonate (Sb(V)) but with different affinity, and with different adsorption 

mechanisms. With a lower affinity, Sb(III) and Sb(V) are absorbed into the sponge 

through H-bonding and electrostatic interaction, which indicates the formation of outer-

sphere complexes. The presence of SPION facilitates the formation of the Fe-O-Sb bonds, 

which participates on the Sb(III) and Sb(V) adsorption. For Sb(III), adsorption is 

independent of the pH, indicating that inner-sphere complexes are formed with a partial 

Sb(III) oxidation. On the contrary, Sb(V) adsorption depends on the pH, reducing its 

sorption capacity up to 40 % when the pH increases from 8 to 9. This pH dependency 

indicates that inner- and outer-sphere complexes are generated during Sb(V) adsorption.  
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1. CONCLUSIONS 

Considering the general objectives of the present study, and the specific objectives 

included in the different chapters, the results obtained in this work involve the 

development of a method to remove and recover oxyanions from polluted water by 

adsorption process, and the regeneration and reuse of the adsorbent. Specifically, the 

methods concern with antimony removal from aqueous solution (Part 2) and with the 

adsorbent regeneration loaded with arsenic (Part 1).  Polymeric (sponge) and polymeric-

nanostructured materials (sponge+SPION system) have been implemented as adsorbent 

materials, being SuperParamagnetic Iron Oxide Nanoparticles (SPION) the active 

adsorption sites on the last material. Various synthetic pathways for the nanostructure 

materials have been proved, studying its properties and characterisation to understand 

how the nanoparticles are attached to the polymeric material and how this fact can 

influence in the Sb adsorption (Chapter 4). Regarding Sb removal (Chapter 3), the 

influence of the pH, contact time, initial concentration, and temperature have been 

investigated, as well as, the influence of interfering ions (Chapter 5). These results, 

besides the chemical desorption and spectroscopy studies, allow determining the Sb, as 

Sb(III) and Sb(V), adsorption mechanism to the different adsorbents (Chapter 6). 

Concerning to the adsorbent regeneration (Chapter 2) when it is loaded with As, the 

influence of the applied current, the electrolyte and electrolyte concentration and the 

electrode material have been checked to determine that an Sn chemical species is needed 

for a successfully As desorption and remove from the solution.  

The conclusion obtained during this PhD thesis is included in each chapter, although 

they are summarised below. 

 

Chapter 2. Electrochemical regeneration for arsenic removal 
 

Under patent protection 

Chapter 3. Antimony environmental significance pollution and 

removal techniques 
 

Due to its scarcity, toxicity and the effects which produce on human health, Sb has been 

considered as Critical Raw material, and as a pollutant of priority interest, thus its 

removal and recovery from drinking water are compulsory. 

Despite the challenges mentioned above, adsorption treatment has emerged as “the best 

treatment” practice for Sb-wastewater due to its advantages such as low cost, simplicity, 

flexibility and the possibility for Sb recovery and the reuse of the adsorbent. The 
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adsorption process can competently reduce the total effluent content of antimony while 

allowing for lower operating costs and easier operation.  

Among the different materials used as adsorbents, iron oxides are promising materials 

due to their high affinity for Sb and their excellent properties for the adsorption process. 

In Chapter 4, iron oxides properties and characteristics will be discussed, especially for 

superparamagnetic iron oxide nanoparticles. In this concern, a critical fact is the 

nanoparticles handling for both separations from treated liquor and to avoid 

nanoparticles aggregation. To overcome both barriers, the use of special nanoparticles 

support has been proposed that also offers excellent properties to minimise the diffusion 

barriers that limits the adsorption dynamics. 

 

Chapter 4. Optimisation and characterisation of 

superparamagnetic iron oxide (SPION) adsorbent for antimony 

removal 
 

Under patent protection 

 

Chapter 5. Characterisation of Sb(III) and Sb(V) sorption process 

on the sponge and sponge+spion system 
 

Under patent protection 

 

Chapter 6. Spectroscopic study of the adsorption mechanism of 

Sb(III) and Sb(V) on Sponge-SPION-direct system 
 

In this Chapter, the Sb(III) and Sb(V) adsorption mechanism onto Metalzorb® and 

sponge+SPION system was investigated. Macroscopic characterisation of the adsorption 

process in Chapter 4 concluded that Sb(III) and Sb(V) adsorption to the bare sponge is 

performed involving weak interactions (as the isotherm, selectivity and desorption 

studies have shown) whereas, Sb(III) and Sb(V) present a higher affinity for 

sponge+SPION system and stronger interactions are formed. Microscopic adsorption 

characterisation (FTIR and XAS), performed in this chapter, confirms the results 

obtained in Chapter 4.  The affinity of Sb(III) and Sb(V) toward the sponge and the 

sponge+SPION depends on the Sb speciation, the solution pH, and the proper 

characteristics of the SPION. Adsorption at different pHs, FTIR and XAS studies 

evidence that the sponge and sponge+SPION system are able to bind both antimonite 
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(Sb(III)) and antimonate (Sb(V)) but with different affinity, and with different adsorption 

mechanisms. With a lower affinity, Sb(III) and Sb(V) are absorbed into the sponge 

through H-bonding and electrostatic interaction, which indicates the formation of outer-

sphere complexes. The presence of SPION facilitates the formation of the Fe-O-Sb bonds, 

which participates on the Sb(III) and Sb(V) adsorption. For Sb(III), adsorption is 

independent of the pH, indicating that inner-sphere complexes are formed with a partial 

Sb(III) oxidation. On the contrary, Sb(V) adsorption depends on the pH, reducing its 

sorption capacity up to 40 % when the pH increases from 8 to 9. This pH dependency 

indicates that inner- and outer-sphere complexes are generated during Sb(V) adsorption.  

 

2. FUTURE PERSPECTIVES 
 

Taking into account the results described, the following aspects can be considered for 

future research and development purposes. 

Regarding the As desorption system, additional studies are needed to identify an 

electrolyte which does not desorb the As from the sponge and allow to perform the proof 

of concept by producing the As(V) reduction to As(III) and the related desorption from 

the sponge to allow the reuse of the adsorbent. 

About the sponge+SPION synthesis, further studies are needed in order to obtain a more 

homogeneous nanoparticles size distribution, and more nanoparticles concentration in 

the sponge matrix, improving the nanoparticles diffusion. Also, the synthesis pathway, 

which presents the best results for Sb adsorption should be tested using the supporting 

material in a different mode (bigger pieces of the material). 

It is necessary to test this material with real wastewater containing Sb to check the 

feasibility and the behaviour of the material in a real application. Furthermore, it is 

interesting to use this adsorbent system in a continuous mode, studying its maximum 

adsorption capacity and its useful life. 

On the other hand, it is well known that removal of arsenic, antimony and bismuth 

impurities from copper electrolytes is a primary target in copper electrorefineries. In this 

concern, the actual results on arsenic and antimony could be investigated on applications 

to such electrolytes. 

To improve the adsorbent system, modifying SPION surface or supporting a different 

kind of nanoparticles on the sponge will be an option to obtain a selective adsorbent for 

Sb removal. In addition, it is necessary to look for a desorption system which allows 

specific recovering of Sb adsorbed to the target adsorbent, avoiding the desorption of 

other pollutants that can be simultaneously adsorbed.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/impurity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electrolyte
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Another interesting point of view will be to study the Sb-Fe formed in the adsorption 

process and its uses as a catalyst or as an anode in Na or Li-ion batteries. Deeper studies 

are needed regarding the Sb adsorption mechanism. Thus, it is necessary to characterise 

Sb as discrete precipitated compound or as insoluble polymer onto the sponge at high 

initial concentration and when it is adsorbed on the sponge+SPION system should be 

confirmed the related speciation.  
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Annexe 1. INSTRUMENTAL TECHNIQUES 

Introduction 

The detailed characterisation of the different adsorbent systems and the precipitate 

formed during the adsorption-desorption process is essential for the appropriate 

development of such new material and adsorption-desorption methods. It allows a 

better understanding of the main features of their synthesis, explaining their properties, 

and determining areas for their potential application. Several widely used techniques 

are applicable to the characterisation of nanomaterials and the main parameter that 

usually characterise them include composition, size and distribution of nanoparticles, 

nanomaterials morphology, and special properties (i.e., magnetism).  

Additionally, liquid phases containing the target compound to be removed must be 

characterised to determine the main parameters providing the adsorption capacity of the 

new materials that are being tested. 

The techniques indicated below have been used in this work for the characterisation 

and analytic purposes. 

 

Analytical techniques 

Inductively Coupled Plasma Mass Spectrometry, ICP-MS 

ICP-MS technique was employed to analyse the metal content in the liquid phases in all 

the adsorption experiments when varying several adsorption parameters. These 

parameters include antimony and arsenic as the target species under the adsorption 

process and other metal ions (i.e., zinc, nickel or iron), either in experiments where the 

stability control of SPION is checked or either in experiments where the adsorption 

selectivity was evaluated. Equipment description is specified in Table a1.1 and the ICP-

MS equipment scheme is presented in Figure a1.1.  
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Figure a1.1. ICP-MS scheme1 

 

Table a1.1. ICP-MS equipment used in present studies 

Equipment ICP-MS 

Model VG Plasma Quad ExCell and XSeries 2 
Company and Country Thermo Scientific, UK 
Laboratory of analysis Centre Grup de Tècniques de Separació en 

Química, GTS (UAB, Barcelona, Spain) 

Image 

 
 

In an ICP-MS, the sample, which usually should be in a liquid form, is pumped at 1 

mL/min, usually with a peristaltic pump into a nebuliser, where it is converted into a 

fine aerosol with argon gas at about 1 L/min. The fine droplets of the aerosol, which 

represent only 1–2% of the sample, are separated from larger droplets using a spray 

chamber. The fine aerosol then emerges from the exit tube of the spray chamber and is 

transported into the plasma torch via a sample injector. 

The plasma is formed by the interaction of an intense magnetical field (produced by 

radiofrequency passing through a copper coil) on a tangential flow of Argon, at about 

15 L/min flowing through a concentrical quartz tube (torch). This has the effect of 

ionising the gas and when seeded with a source of electrons from a high-voltage spark, 

forms a very-high-temperature plasma discharge (approx 10,000 K) at the open end of 

the tube. The plasma torch, which is positioned horizontally in the VG Plasma Quad 

equipment, is used to generate positively charged ions. It is the production and the 

detection of large quantities of these ions that give ICP-MS its characteristic low parts 

per trillion (ppt) detection capability. 
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Once the ions are produced in the plasma, they are directed into the mass spectrometer 

via the interface region, which is maintained at a vacuum of 1–2 Torr with a mechanical 

roughing pump. This interface region consists of two metallic cones (usually nickel), 

called the sampler and the skimmer cones, each with a small orifice (0.6–1.2 mm) to allow 

the ions to pass through to the ion optics, where they are guided into the mass separation 

device. 

Once the ions have been successfully extracted from the interface region, they are 

directed into the main vacuum chamber by a series of electrostatic lens, called ion optics. 

The operating vacuum in this region is maintained at about 10-3 Torr with a 

turbomolecular pump. The main function of the optical region is to electrostatically focus 

the ion beam toward the mass separation device while stopping photons, particulates, 

and neutral species from reaching the detector. The ion beam containing all the analytes 

and matrix ions exits the ion optics and now passes into the heart of the mass 

spectrometer—the mass separation device, which is kept at an operating vacuum of 

approximately 10-6 Torr with a second turbomolecular pump. The mass separation 

device allows analyte ions of a particular mass-to-charge ratio through to the detector 

and to filter out all the non-analyte, interfering, and matrix ions.  

The final process is to convert the ions into an electrical signal with an ion detector. When 

the ions emerge from the mass filter, they impinge on the first dynode and are converted 

into electrons. As the electrons are attracted to the next dynode, electron multiplication 

takes place, which results in a very high stream of electrons emerging from the final 

dynode. This electronic signal is then processed by the data handling system 

conventionally and then converted into analyte concentration using ICP-MS calibration 

standards. 

 

Experimental conditions 

Table a1.2. ICP-MS experimental conditions 

Parameters Conditions 

Nebuliser Gas Flow 0.9 mL/min 

ICP-MS configuration Collision Cell ICP-MS (CCT) 

Forward Plasma Power 1400 W 

Data Acquisition 
Mode transient Time Resolved Acquisition 

(TRA) 

Monitored Masses 121Sb, 75As 

Dwell Times (mass-specific) 50 ms 

Run Duration 6 

Detection Limit 300 ppt 
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Colorimetric technique UV-Vis Spectrophotometer 

UV-Vis spectrophotometer (Figure a1.2) is a device in which light is coming from a 

continuous source pass through a monochromator, which selects a narrow band of 

wavelengths of the incident beam2. This monochromatic light goes through a cuvette in 

which the sample is and measured the radiant power of light that emerges. The amount 

of absorbed radiation is related to the Lambert-Beer law (equation a1.1)3. 

𝐴 =  𝜀 ∙ 𝑏 ∙ 𝐶    (𝑎1.1) 

 

where A is the absorbance,  (L/mol·cm) is the wavelength-dependent molar 

absorptivity coefficient, b (cm) is the cuvette length and C (mol/L) the concentration. 

 

 

 

 

 

 

 

 

Figure a1.2. UV-Vis spectrophotometer scheme  

 

In a double beam spectrophotometer, the light passes through the sample cuvette and 

the reference cuvette alternately (as shown in Figure a1.2). Comparing repeatedly both 

energies, the double beam device can correct some error associated with the intensity of 

the source and with the detector4. The UV-Visible equipment description is specified in 

Table a1.3. 

Table a1.3. UV-Vis equipment used in present studies 

Equipment UV-vis 

Models UV-2 200 UV-Vis double-beam 

spectrophotometer 

Company and Country UNICAM, USA 

Laboratory of analysis Grup the Tècniques de Separació en Química. 

GTS (UAB, Barcelona, SPAIN) 

Cantabria University (Santander, SPAIN) 

Image 
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Field Portable X-Ray Fluorescence, FP-XRF 

For the direct determination of the presence of arsenic and its total concentration FP-XRF 

technique is used. Equipment description is specified in Table a1.4. 

Table a1.4. FP-XRF equipment employed in XRF analysis 

Equipment FP-XRF 

Models FP-XRF ALPHA 6500R 

Company and Country Innov-X System, USA 

Laboratory of analysis Grup the Tècniques de Separació en Química. 

GTS (UAB, Barcelona, SPAIN) 

Image 

 

 

The analysing time for each sample was set to 120 s for the heavy elements and 90 s for 

the light elements. This period is established as the best tradeoff between accuracy and 

speed of analysis. For accuracy, an instrument blank and calibration verification check 

(NIST 2710) were done each working day before and after analysis. Such controls must 

be conducted once every twenty samples following EPA Method 6200. 

A blank is used to verify the absence of contamination in both the spectrometer and the 

probe window. In our case, silicon dioxide samples are employed as a blank following 

the one used in EPA Method 6200 described before, although there are other alternatives 

as polytetrafluoroethylene (PFTE) block, a quartz block, ‘clean’ sand, or lithium 

carbonate. An instrument blank should also be analysed whenever the analyst suspects 

contamination. 

A calibration verification check sample is used to examine the accuracy of the instrument 

and to assess the stability and consistency of the analysis for the target analytes. 
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Characterisation techniques 

Transmission Electron Microscopy, TEM 

TEM technique was employed to characterise the morphology of the SPION and their 

particle size distribution. These microscopes are also equipped for X-Ray diffraction 

techniques that allow characterising the crystalline structure of the SPION nanoparticles 

by diffraction patterns. Equipment description is specified in Table a1.5. 

Table a1.5. TEM equipment used in present studies 

Equipment TEM 

Models JEOL JEM-2011, JOEL JEM-1400 

Company and Country Jeol Ltd., Japan 

Laboratory of analysis Servei de microscopía (UAB, Barcelona) 

Image 

 

 

Sample preparation 

SPION:  SPION is dispersed in ethanol by sonication and a Cu-grid, used as a support 

for TEM samples, is immerse in SPION suspension twice to the deposit of the 

nanoparticles on it. Then, the solvent evaporation on the Cu-grid is carried out at room 

temperature. 

Sponge+SPION system: Samples are embedded in an epoxy resin and cross-sectioned 

with a Leica EM UC6 ultramicrotome using a 35˚ diamond knife from Diatome to obtain 

thin layer containing the material. This thin layer is placed on a Cu-grid.   

 

Particle size distribution 

By the digital treatment of TEM images, it is possible to produce size histograms from 

the sample data. The measurements of the diameter of a representative number of NP is 

needed and was obtained by a measuring tool ImageJ software5, and the related 

histograms were represented by Originlab software. The frequency (in %) of the NP size 
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is generally described by corresponding Amp Gaussian equation of four parameters 

(Equation a1.2), where DTEM is the centre peak position (corresponding to the most 

frequent diameter), A is the area of the curve´s peak, is the width of the peak, indicating 

sample polydispersity and D is NPs size6,7. 

𝑦 = 𝐴𝑒
−(𝐷−𝐷𝑇𝐸𝑀)2

2𝜎2      (𝑎1.2) 

 

Basic TEM fundaments 

TEM operates on the same basic 

principles as the light microscope but 

uses electrons instead of light. Because 

the wavelength of electrons is much 

smaller than that of light, the optimal 

resolution attainable for TEM images is 

many orders of magnitude better than 

that from a light microscope. It is based 

on the generation of a high energy 

electrons beam (100-200keV) which is 

focused through a very thin sample 

interacting with it. Certain parts of the 

irradiated beam are transmitted through 

the sample creating the TEM image by 

the elastic and inelastic scattered 

electrons that traverse the sample 

(Figure a1.3). The interactions between 

the electrons and the atoms of the sample give the structural features of the material of 

analysis. The instrument requires to work under vacuum conditions, and the sample 

must be thin enough to transmit sufficient electrons to form an image with minimum 

energy loss. 

 

 

 

 

 

 

 

 

 

 

Figure a1.3. TEM scheme 
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Scanning Electron Microscopy, SEM, and Energy Dispersive X-ray 

Spectrometer, EDS or EDX 

SEM technique is employed to study the morphology of the adsorbent systems surface. 

Coupled to SEM, EDS/EDX provides the elemental chemical composition of the samples 

based on the X-Ray emitted by specific atoms which have been interacted with a 

particular electron beam. Each atom has a unique X-Ray spectrum. Thus the elemental 

composition can be obtained by detected radiation. Equipment description is specified 

in Table a1.6. 

Table a1.6. SEM equipment used in present studies 

Equipment SEM 

Models MERLIN FE-SEM + Detector EDS Oxford LINCA X-Max 

FEI Quanta 650FEG ESEM  + EDS Inca 250 SSD 
XMax20 detector 

Company and Country Carl Zeiss Microscopy, LLC., Germany 

Laboratory of analysis 
Servei de microscopía (UAB, Barcelona) 

Servei de microscopía (ICN2, Barcelona) 

Image 

 

 

Sample preparation 

A double-sided carbon tape sticker is attached to an aluminium stub where a small 

amount of sample is placed. Bare sponge due to its non-conductive properties needs to 

be coated by a thin layer, in this case, a platinum layer using a sputter coater.  

 

 

 

 

https://icn2.cat/en/emu-equipments/fei-quanta-650feg-esem
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Basic SEM fundaments 

SEM images are obtained by the signal 

produced from the electron beam and 

specimen interactions, by scanning an 

electron probe across the surface and 

monitoring the secondary electrons emitted 

(Figure a1.4). Those are produced when an 

incident electron excites an electron in the 

sample giving some of its energy in the 

process, resulting in the emission of these 

secondary electrons. Then, these are 

collected by a detector and converted to an 

image8,9. An ultra-high vacuum system is 

indispensable for SEMs in order to avoid the 

scattering on the electron beam and the 

contamination of the electron guns and 

other components8,9.  

 

X-Ray Diffraction, XRD 

The determination of SPION crystallographic phase is also undertaken by X-Ray powder 

diffraction (XRD). In a diffraction pattern, the location of the peaks on the 2 scale can 

be compared to reference peaks. Furthermore, the crystallographic phase of the 

precipitate formed during the arsenic reduction is studied using this technique. 

Equipment description is specified in Table a1.7. 

 

Table a1.7. XRD equipment employed in present studies 

Equipment XRD 

Models X´Pert-MPD X-ray Diffraction System 

Company and Country Philips, Netherlands 

Laboratory of analysis Servei Difracció Raigs X (UAB, Barcelona, Spain) 

Image 

 

Figure a1.4. SEM scheme 
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Sample preparation 

For the analysis, samples in powder form were deposited in a metallic sample holder. 

Diffraction patterns are collected by a monochromatized X-ray beam with nickel-filtered 

Cu(K) radiation with a wavelength of 0.154021 nm in similar conditions that already 

reported in the literature10. In Table a1.8, experimental conditions during the XRD 

spectra acquisition are described. 

Table a1.8. Experimental conditions during XRD spectra acquisition 

Parameter Conditions 

Monochromatic Beam Cu K 

Wavelength (nm) 0.154021 

2 (˚) 5 – 80 or 15 - 90 

Step size (˚) 0.026 

Time of step (s) 0.3 

 

Basic XRD fundaments 

XRD monitors the diffraction of X-rays after they interact with the electrons in the atoms 

of the sample; the X-rays are reflected, and in most cases, the waves interfere between 

them being cancelled. However, when a regular crystalline sample is concerned, a 

proportion of waves are reinforced, forming a constructive interference which is known 

as diffraction. Such diffraction holds information about the electron distribution in the 

material producing a characteristic pattern9 of the crystal structure and only occurs when 

incident angles fulfil the Bragg condition represented in Eq. a1.3.9 

𝑛 𝜆 = 2 𝑑 sin 𝜃     𝑎1.3 

 

 

By varying the angle θ, the Bragg Law 

condition is satisfied for different d-

spacing in polycrystalline materials 

(Figure a1.5.). Plotting the angular 

positions versus intensities produces a 

diffraction pattern, which is characteristic 

of the sample. When a mixture of different 

phases is present, the resultant 

diffractogram is a superposition of the 

individual patterns9. 

 

In a typical XRD pattern, the diffracted intensities are plotted versus the detector angle 

2θ. Then, the crystal phases may be identified by comparison of the obtained patterns 

Figure a1.5. Representation of condition for 

constructive interference 
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with those of reference, found in internationally recognised databases (such as Joint 

Committee on Powder Diffraction Standards database – JCPDS). 

A useful phenomenon is that as crystallite dimensions enter the nanoscale, the peaks 

broaden with decreasing crystal size. The widths of the diffraction peaks allow the 

determination of crystalline size, by using variants of the Scherrer equation9 (Eq. a1.4): 

 

𝑡 =
𝐾 𝜆

𝐵 cos 𝜃
     𝑎1.4 

 

where t is the thickness of the crystal, K is the Scherrer constant which depends on the 

crystallite shape, λ is the radiation wavelength used to obtain the diffractogram and B is 

the full width at half maximum of the broadened peak. If a Gaussian function is used to 

describe the broadened peak, then the Scherrer’s constant K is equal to 0.89. The Scherrer 

equation is derived from Bragg’s law and may be used to determine crystallite sizes if 

the crystals are smaller than 1000Å9. 

 

Superconductiong Quantum Interference Device, SQUID 

Magnetic susceptibility of SPION and sponge+SPION system is characterised by SQUID. 

It is one of the most sensitive methods to measure magnetisation. It is made in a magnetic 

field range from -50 to 50 KOe, to measure extremely weak magnetic fields based on 

superconducting loops. The knowledge of the magnetic susceptibility will mark the 

required magnetic field to remove the SPION from the treated solution easily. 

Equipment description is specified in Table a1.9. 

Table a1.9. SQUID equipment employed in present studies 

Equipment SQUID 

Models MPMS-2 SQUID 

Company and Country Quantum Design, USA 

Laboratory of analysis ICMAB (Barcelona, Spain) 

Image 
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Sample preparation 

Different quantities of sample, depending on their SPION concentration, are accurately 

introduced in suitable test tubs and the magnetization is analysed at 300 K. The magnetic 

properties of the nanocomposites were represented by plotting the magnetic moment 

(normalised by the amount of magnetic component in the sample) versus the applied 

magnetising field (H), emu/g vs Oesterds (Oe) in cgs units (table a1.10))11,12.  Table a1.10 

summarizes the quantities and units used in magnetism measurements. 

Table a1.10. Table of quantities and units used in magnetism 

Quantity Symbol SI unit Cgs unit 

Length  10-2 m 1 cm 

Mass M 10-3 kg 1 g 

Force F 10-5 N 1 dyne 

Energy E 10-7 J 1 erg 

Magnetic induction B 10-4 T 1 G 

Magnetic Field Strength H 103/4 A/m 1 Oe 

Magnetic moment  10-3 J/T or Am2 1 erg/G or emu 

Magnetization M 103 A/m or J/Tm3 1 Oe or emu/cm3 

Magnetic susceptibility  4 1emu/cm3 or emu/cm3 Oe 

Molar susceptibility m 4·10-6 m3/mol 1emu/mol or emu/mol Oe 

Mass susceptibility g 4·10-3 m3/kg 1 emu/g or emu/g Oe 

Magnetic flux  10-8 Tm2 or Wb 1 G cm2 or Mx 

Demagnetization factor N 0<N<1 0<N<4 

 

Basic SQUID fundaments 

SQUID is mounted in a magnetometer 

with a sensor consisting of a 

superconducting ring with one or more 

Josephson junctions that act as resistive 

barriers that separate superconducting 

regions. The sensor is connected to a 

pickup coil with four windings (Figure 

a1.6). When the sample is moved up and 

down, it produces an alternating magnetic 

flux in the pick-up coil which leads to a 

small alternating output voltage when 

transferred to a flux-to-voltage converter. 

This voltage is then amplified and read out 

as a voltage that is proportional to the 

magnetic moment of the sample. 

 

 

 

Figure a1.6. Schematics of SQUID 

magnetometer with longitudinal pickup coils. 
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Fourier Transform Infrared spectroscopy, FTIR 

FTIR spectrum of the sponge and sponge+SPION-direct system were measured to 

identify the functional groups present on both materials surface. This information is 

useful to understand the binding sites of SPION on the surface of the sponge. Besides, 

some insight into the iron phase in the SPION can be obtained. Furthermore, the 

functional groups involved in Sb adsorption are identified. Equipment description is 

specified in  a1.11. 

Table a1.11. FTIR employed in the study 

Equipment FTIR 

Models 
Vertex70 spectrometer (TE Cooled DLaTGS 

Detector with KBr windows) 

Company and Country Bruker 

Laboratory of analysis 
MIRAS beamline (ALBA synchrotron, 

Barcelona, Spain) 

Image 

 

 

Sample preparation 

Samples for FTIR determination were ground with special grade KBr in an agate mortar, 

by mixing a fixed amount of sample (1% w/w) in KBr which was used to prepare the 

pellet. The analysis is carried out at 4000-350 cm-1 wavelength range in transmittance 

mode and 256 scans per sample. 

Basic FTIR fundaments 

IR spectrum takes place due to linked atoms’ frequency vibration are inside the infrared 

region. These energy changes are produced by transitions between different energy 

levels of vibrational and/or rotational states of the different atomic groups. Each atomic 

group or molecule has a characteristic absorption spectrum, and it is a composition of 

different absorption bands, each one due to a certain type of bond (characterised by the 

bonding strength and the atoms that form it) and its vibration way13 (Figure a1.7). 
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Figure a1.7. Different bonds vibrations modes 

 

If vibration is recorded in the spectrum, there must be changes on the net molecular 

dipole moment. The frequency at which each vibration appears is inversely proportional 

to the reduced mass of the atoms that form it and directly proportional to the strength 

of the bond14. The energies to which the most common bonds of the molecules tend to 

appear are shown in Figure a1.8. 

 

 
Figure a1.8. More vibrations of the more commons atoms groups (modified from Roca et al.15) 

 

 

Thermogravimetric Analysis, TGA 

Thermograms are carried out to determine the polymer degradation temperatures in 

composite materials. The process is accomplished by heating the samples with a heating 

range of 10˚C/min until 900º˚C under N2 atmosphere (60 mL/min). The weight loss 

percentage versus temperature is represented16,17. The equipment description is specified 

in Table a1.12. 
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Table a1.12. TGA employed in the study 

Equipment TGA 

Model Q500 TGA 

Company and Country TA Instruments (New Castle, USA) 

Laboratory analysis Università degli Studi di Udine 

Image 

 

 

Basic TGA fundaments 

Thermogravimetry (TGA) is a technique based on the variation in a sample mass (gain 

or loss) when subjected to heat treatment as a function of temperature and/or time18,19. 

Three modes of TGA are commonly used; (1) isothermal TGA (Figure a1.9-A); where the 

variations in the sample mass are recorded as a function of time at constant temperature, 

(2) quasi-isothermal TGA (Figure a1.9- B); in which the sample is heated to constant mass 

at each of a series of increasing temperatures, and (3) dynamic TGA (Figure a1.9-C); the 

sample is heated with a temperature changing in a predetermined manner, generally at 

a linear rate. Dynamic TGA is the most used procedure. Therefore it is commonly 

designated as TGA method19. 

 

 
Figure a1.9. Representation of TGA graphics of the three different modes19. 
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X-ray photoelectron spectroscopy, XPS 

XPS is used to obtain information about the composition of the material. In this work, 

the stoichiometric rate of the precipitate formed during arsenic reduction-adsorption 

process was studied by XPS. The equipment description is specified in Table a1.13. 

Table a1.13. XPS employed in the study 

Equipment XPS 

Model Phoibos 150 electron energy analyser 

Company and Country SPECS, Germany 

Laboratory analysis ICN2 (Barcelona, Spain) 

Image 

 

 

Sample preparation 

Powders samples are sprinkled onto the surface of sticky carbon tape or pressed into a 

tablet for analysis. 

 

Basic XPS fundaments 

 

An electron is emitted by the 

photoelectric effect when homogeneous 

light is applied material. The measuring 

method of electron energy and intensity 

distribution is called XPS method 

(Figure a1.10) (equation a1.5). 

 

𝐸𝑘𝑖𝑛
𝜐 = ℎ 𝜈 −  𝐸𝑏 −  𝜙    (𝑎1.5) 

 

where Ekinv , hν, Eb and φ are kinetic 

energy of liberated photoelectron, 

incident X-ray energy, binding energy of 

emitted electron for sample and work function for a sample. If hν is constant, binding 

Figure a1.10. Schematic XPS system 
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energy can be obtained by measuring the kinetic energy of the emitted electron. 

Identification of element is easily possible by measuring Ekin because binding energy of 

each electron orbit is different. On the other hand, binding energy of the same orbit of 

the same element is changed a little by an atomic surrounding state and environment. A 

state analysis of element is possible by measuring this change variation called chemical 

shift. Additionally, the mean free path of the electron is not so long because of scattering 

and absorption process of electron in solid. Therefore, since XPS method can observe 

only the surface of nm order, it is suitable for thin film evaluation 

 

X-Ray Absorption Near Edge Structure, XANES 

XAS experiments were carried out in two different Synchrotron facilities. While XAS 

experiments for antimony speciation on the sponge and sponge+SPION system at 

different pH were developed at ESRF (Grenoble, France), experiments for antimony 

speciation at different initial concentrations as well as iron speciation were performed at 

ALBA (Cerdanyola del Valles, Spain) 

The experimental beamlines and the specific conditions for each beamline setup are 

specified in Table a1.14. 

 

Table a1.14. Beamline setup for each synchrotron radiation source facilities 

 Synchrotron facilities 

ESRF ALBA 

Synchrotron image 

 

 
Beamline BM25-16 bunch mode CLAESS 

Energy Source 5-45 KeV 2.4-63.2 keC 

Monochromator 

crystals 
Si (111) Si(111) and Si(311) 

Spot size at the 

sample 

1.5 x 1.0 mm 100x200 µm2 to 1x10 mm2 

Detectors 
3 Ionization chambers (Transmittance) 

and Si(Li) 13 elements (Fluorescence) 

silicon-drift and CdTe single 

channel fluorescence detector 

Temperature Room temperature Room temperature 
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Sample preparation 

For antimony and iron XAS analysis, sponge and sponge+SPION samples were dried, 

homogenised, milled to a fine powder in a mortar and mixed with cellulose powder, 

which is transparent to X-rays. Then, they were converted into pellets by hydraulic 

pressure (hydraulic press 25 t RIIC, London) to be analysed at the experimental station 

of the synchrotron facility. The obtained pellets were encapsulated in Kapton® foils in 

order to avoid direct contact with the atmosphere and conserve the sample properties. 

Kapton® is a high-temperature polyimide, and it is used in the sample preparative for 

synchrotron analysis due to its excellent physicochemical properties such as high 

temperature resistance, being chemically inert and high resistance to ionising radiation 

performance. 

As the different samples, the reference samples for individual antimony and iron species 

consist of a homogenised mixture of reference sample with cellulose to dilute and give 

consistency to the pellet. Later, the samples were homogenised, milled to a fine powder 

and converted into pellets by hydraulic pressure like the target samples. 

Compounds that were employed in the SPION synthesis or the antimony adsorption 

process were used as reference compounds. Thus, C4H4KO7Sb·0,5H2O and (K[Sb(OH)6] 

are the compounds employed to prepare the reference samples for antimony. For iron, 

chloride salts (FeCl2 · 4H2O and FeCl3 · 6H2O)which were used in the SPION synthesis 

and SPION references were the principal references to determine if any structural 

change is produced in the adsorption process. The necessary amount of sample in each 

pellet was calculated with Absorbix v3.02.S319. 

 

XAS measurements 

XAS experiments for the antimony and iron speciation studies were carried out at both 

BM25, and CLAESS beamlines described in the previous section, the influence of pH in 

adsorption process were studied in ESRF whereas the influence of the initial 

concentration was studied in ALBA. As can be observed in Figure a1.11, a common 

experimental setup is composed of 3 ionisation chambers (IC) aligned with the sample 

position and a fluorescence detector perpendicular to the sample position. 
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Figure a1.11. Experimental setup for XAS analysis in ESRF BM25 beamline in Grenoble. 

 

Antimony absorption was recorded at the edge energy for its K line 30491 eV and its 

fluorescence K1 at eV and K1 at eV. In the same way, iron absorption was recorded at 

the edge energy for its K line at 7112 eV and its fluorescence K1 at 6405.2 eV and K1 at 

7059.3 eV. 

Three main spectral regions can be observed in the typical XAS absorption spectra. Such 

regions contain related, but slightly different, information about an element´s local 

coordination and oxidation state as Figure a1.12 shows. 

 

 
Figure a1.12. Typical X-ray absorption spectrum 
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a) Pre-edge (E<E0): About 2-50 eV below the main absorption edge. In this region 

where no significant absorption phenomena occur, only electronic transitions 

from the core level to the higher unfilled or half-filled orbitals. 

b) XANES: In the region between 2eV below up to 50 eV above the absorption edge. 

In this region, transitions of core electrons to non-bound levels with close energy 

occur. Because of the high probability of such a transition, a sudden rise of 

absorption is observed. 

c) EXAFS: The region starts approximately from 50 eV and continues up to 1000 eV 

above the edge. In this region, the photoelectrons have high kinetic energy, and 

single scattering by the nearest neighbouring atoms normally dominates. 

 

Before starting the XAS analysis, an X-Ray absorption experiment must be recorded over 

the sample to determine the actual absorption peak for the element of interest (intensity 

vs wavelength) under the established conditions. Once the possible interferences are 

determined and removed, the optimum spot size is selected. A fluorescence spectrum is 

performed (fluorescence intensity vs energy), which is scanned by energy steps 

according to the region of interest. In this sense, pre-edge and edge region are needed to 

be thoroughly studied, being the number of the steps in this region higher than in the 

rest of the spectra and subsequently, the resolution of the XAS spectra is higher. 

Both fluorescence and transmittance intensities are registered by using different 

detectors. The selection of the detection mode depends upon the sample concentration 

and the matrix background20. Transmission mode measures sample absorption and is 

typically used for a high concentration of absorber (>2 wt%). The absorption by a sample 

of thickness x and the absorption coefficient  is related to the ration I0, and I show the 

following equation a1.6. 

 

𝜇𝑥 =  ln(𝐼 𝐼0⁄ )     (𝑎1.6) 

 

Consequently, the right thickness for transmission measurements requires a uniform 

sample, free of pinholes. Fluorescence detection follows the fluorescent X-Ray yield from 

the front face of the sample. Fluorescence detection is used for samples with lower 

absorber concentrations (>2 wt%), with high matrix absorption or for very small samples, 

and therefore, I/I0 is proportional to . Hence, due to a higher signal-to-noise ratio, the 

fluorescence yield is 10 to 100 times more sensitive than absorption coefficients 

measured in transmittance mode. 

 

Therefore, reference compounds were analysed by transmittance mode. Due to these 

standards are pure samples with high concentration, the spectra are very sharp and 

fewer replicates are needed. The unknown samples were analysed by fluorescence 

detection mode (multi-element solid state detector) as they present more noise when the 
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concentration is lower. Then, more replicated and more analysis time are needed to 

obtain sharp spectra. 

 

XAS data treatment 

The XAS spectra were analysed with XAS data analysis software ATHENA (distributed 

with the Demeter software package21. Data analysis is focused in XANES region, which 

informs about the oxidation state for the antimony adsorbed in the sponge+SPION 

system. Samples were analysed after the antimony adsorption. 

 

Average of spectra replicates for each reference, and unknown sample was made, the 

energy is calibrated, and background correction and edge normalisation were 

performed.  

Antimony quantitative speciation is performed in two main steps: 

- Principal Components Analysis (PCA): it consists of a mathematical 

decomposition of a set of data files into the minimum number of components 

needed to describe the variance in the data. These principal components are 

mathematically sufficient to reconstruct each of the experimental spectra by any 

linear combination. The main outcome of this procedure is the determination of 

the number and type of reference compounds needed to describe the set of data 

files within the experimental error (REF 16,17). 

- Least squares are fitting: this is the second step regarding speciation analysis, 

which consists of the fitting of reference compounds to the already corrected 

experimental data. The fingerprint adjustments are normally achieved by the 

minimisation of the least squares fitting between the sample spectra and a 

combination of reference spectra. 

 

ATHENA is the data treatment software used to perform the speciation analysis. That 

program produces, in a first step, the iterative PCA adjustments until no more significant 

components are identified and, in a second one, the linear combination of all components 

spectra by least squares fitting to get a 100 % fit (a ± 10% error is allowed) (ref 18). 

 

The relative quality of the fit was quantified by the residual value, a measure of how 

close the fit (xfit) is to the data (xdata) based on a sum of square differences.  
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Annexe 2. ELECTROCHEMICAL SETUP REVIEW1–3 
 

Electrodes used in Electrochemistry 

 

The working electrode is the electrode in an electrochemical system on which the 

reaction of interest is occurring. Common working electrodes can be made of inert 

materials such as Au, Ag, Pt, glassy carbon (GC) and Hg drop and film electrodes. For 

corrosion applications, the material of the working electrode is the material under 

investigation (which is actually corroding). The size and shape of the working electrode 

also varies, and it depends on the application. 

 

The counter electrode (also known as an auxiliary electrode), is an electrode which is 

used to close the current circuit in the electrochemical cell. It is usually made of an inert 

material (e.g. Pt, Au, graphite, glassy carbon) and usually it does not participate in the 

electrochemical reaction. Because the current is flowing between the WE and the CE, the 

total surface area of the CE (source/sink of electrons) must be higher than the area of the 

WE so that it will not be a limiting factor in the kinetics of the electrochemical process 

under investigation. 

 

The reference electrode is an electrode which has a stable and well-known electrode 

potential, and it is used as a point of reference in the electrochemical cell for the potential 

control and measurement. The high stability of the reference electrode potential is 

usually reached by employing a redox system with constant (buffered or saturated) 

concentrations of each participant of the redox reaction. Moreover, the current flow 

through the reference electrode is kept close to zero (ideally, zero) which is achieved by 

using the CE to close the current circuit in the cell together with a very high input 

impedance on the electrometer (> 100 GOhm). 
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Basic principle of a potentiostat/galvanostat  
 

A basic diagram of a potentiostat/galvanostat is presented in Figure a2.1. 

 

Figure a2.1. Basic diagram of a potentiostat/galvanostat 

 

In potentiostatic mode, a potentiostat/galvanostat will accurately control the potential of 

the Counter Electrode (CE) against the Working Electrode (WE) so that the potential 

difference between the working electrode (WE) and the Reference Electrode (RE) is well 

defined, and correspond to the value specified by the user. In galvanostatic mode, the 

current flow between the WE and the CE is controlled. The potential difference between 

the RE and WE and the current flowing between the CE and WE are continuously 

monitored. The value specified by the user (i.e. applied potential or current) is accurately 

controlled, anytime during the measurement by using a negative feedback mechanism. 

 

As can be seen from the diagram, the CE is connected to the output of an electronic block, 

which is called Control Amplifier (CA). The control amplifier forces are current to flow 

through the cell. The value of the current is measured using a Current Follower (LowCF) 

or a Shunt (HighCR), for low and high currents, respectively. The potential difference is 

always measured between the RE and S (Sense connection, used to sense the voltage of 

the WE) with a Differential Amplifier (Diffamp). The signal is then fed into the Summation 

Point (Σ) which, together with the waveform set by the digital-to-analogue converter 

(Ein), will be used as an input for the control amplifier. 

 

The cell cables of the potentiostat/galvanostat (Figure a2.2) have a total of five 

connectors: WE, CE, RE, S and ground. The potential is always measured between the 

RE (blue) and the S (red) and the current is always measured between the WE (red) and 

CE (black). The ground connector (green) can be used to connect external devices to the 

same ground of the potentiostat/galvanostat. 
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Figure a2.2. The connections available on the cell cables of the potentiostat/galvanostat and the colour 

code used 
 

Controlled-Potential Electrolysis with a Three-Electrode Cell 
 

An electroactive species is one that can be oxidised or reduced at an electrode. We 

regulate the potential of the working electrode to control which electroactive species 

react and which do not. Metal electrodes are said to be polarizable, which means that 

their potentials are easily changed when small currents flow. A reference electrode such 

as calomel or is said to be nonpolarizable because its potential does not vary much 

unless a significant current is flowing. Ideally, we want to measure the potential of a 

polarizable working electrode concerning a nonpolarizable reference electrode. How can 

we do this if there is to be significant current at the working electrode and negligible 

current at the reference electrode? The answer is to introduce a third electrode (Figure 

a2.3 a). 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure a2.3. a) The circuit used for controlled potential electrolysis with a three-electrode cell. b) 
Schematic view of the three electrodes setup. 
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Three-electrode cell setup (Figure a2.3 b) is the most common electrochemical cell setup 

used in electrochemistry. In this case, the current flows between the CE and the WE. The 

potential difference is controlled between the WE and the CE and measured between the 

RE (kept at proximity of the WE), and S. Because the WE is connected with S and WE is 

kept at pseudo-ground (fixed, stable potential), by controlling the polarization of the CE, 

the potential difference between RE and WE is controlled all the time. The potential 

between the WE and CE usually is not measured. This is the voltage applied by the 

control amplifier, and it is limited by the compliance voltage of the instrument. It is 

adjusted so that the potential difference between the WE and RE will be equal to the 

potential difference specified by the user. This configuration allows the potential across 

the electrochemical interface at the WE to be controlled concerning the RE. 
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Annexe 3. MAGNETISM 

Magnetism is a unique physical property that helps in water purification. Its 

combination with adsorption techniques, using magnetic adsorbents, has therefore been 

used extensively in water treatment and for environmental purproses1–4. Magnetic 

separation technology as an efficient, fast and economical method for separating 

magnetic adsorbents has been widely used in textile, biology, and environmental 

protection5. The advantages of these products are that it can dispose a mass of 

wastewater in a very short period and produce no contaminants5 and its ease of 

separation by an external magnetic field and possibility of simple recovery after washing 

with acidic aqueous solution1. 

 

Magnetic materials 

The magnetism of a solid depends, basically, on electrons of the atoms that formed it, in 

particular on the number of unpaired valence electrons present in the atoms of solid, as 

well as, on the orbital in which they are. If an external magnetic field is applied to the 

solid, the electrons give rise to magnetic dipoles that are ordered with the field 

generating a magnetic moment inside this one. 

Solids can be classified according to the magnetic response by applying an external 

magnetic field. If the solid presents atoms with paired electrons, it is diamagnetic. In this 

case, if a magnetic field is applied, the magnetic dipoles generation is forced, giving rise 

to an induced current that tends to oppose that magnetic field. An example of a 

diamagnetic material is water and proteins within the human body that contain carbon, 

hydrogen and nitrogen6. 

On the other hand, if the solid has atoms with unpaired electrons and the interactions 

between them are weak, the solid is paramagnetic. When an external magnetic field is 

applied, dipoles are generated and aligned in the same direction to the field. However, 

by removing the magnetic field, the thermal fluctuations cause that the magnetic 

moments move randomly obtaining a magnetic moment zero. 

When the interactions between the unpaired electrons of neighbouring atoms are 

stronger, the solid has a ferromagnetic behaviour. In this case, all the magnetic moments 

are oriented in the same direction, parallel or antiparallel (even in the absence of applied 

external magnetic field), because the electrons interact by an exchange mechanism7. If 

the electrons are aligned antiparallel and if the magnetic moment is cancelled by itself, 

the solid is antiferromagnetic, but if the resulting magnetic moment is not cancelled, the 

solid is ferrimagnetic. 
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Considering a  ferromagnetic solid, if all the magnetic moments are oriented in the same 

direction a large amount of magnetostatic energy is generated, and the solid regroups 

the spins in regions called magnetic domains8 (Figure a3.1). Within each domain, the 

spins are oriented towards the same direction but different from the other magnetic 

domains. Although energy is generated in the interface between domains (domain 

walls), this multidomain configuration within the solid is the most favourable 

energetically. The size of the magnetic domain depends on the intrinsic properties of the 

solid (magnetic anisotropy, magnetic moment and the exchange anisotropy) and the 

shape4, 10. 

 

Figure a3.1. Magnetic structure of ferromagnetic solids based on particle size (multidomain and 

monodomain) and superparamagnetic. (modified from Roca et al.8). 

 

Nano effect. Superparamagnetism 

Magnetic properties of bulk materials depend mainly on their composition, their 

crystallographic structure, their energy of magnetic anisotropy, their vacancies and 

defects9. However, when the size decreases until reaching the nanometric regime, the 

surface/volume ratio becomes a key parameter that controls the magnetic properties of 

the particles10. 

As explained above, ferromagnetic bulk materials have a net magnetic moment in the 

absence of a magnetic field. However, by decreasing the volume until reaching the 

monodomain regime, there is a transition temperature (TB), known as blocking 

temperature, above which the material behaves as superparamagnetic. When a 

ferromagnet is sufficiently small, it acts like a single magnet spin that is subject to 

Brownian motion11. In the absence of an external magnetic field, their magnetisation 

appears to be in average zero: such materials are said to be in the superparamagnetic 

state. In this state, an external magnetic field can magnetise the NPs, similarly to a 

paramagnet but with higher stability. If enough energy is supplied, magnetism can be 

reversed along this axis. Therefore no hysteresis is observed. 
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Magnetic characterisation 

When a magnetic field is applied to a ferromagnetic specimen, the magnetisation may 

vary from zero to the saturation value, which is the point at which all of the domains are 

parallel to each other. The graphical representation of a material´s magnetisation against 

the strength of an applied magnetic field provides the magnetisation curve with a 

characteristic sigmoidal shape, where the magnetic saturation is reached if the applied 

magnetic field is large enough as the Figure a3.2 shows, which is called hysteresis loop. 

 

 

 

 

 

 

 

 

 

 

Figure a3.2. Magnetisation curve displaying hysteresis loop. 

A hysteresis loop shows the relationship between the induced magnetic flux density 

(B) and the magnetising force (H). A ferromagnetic material that has never been 

previously magnetised or has been thoroughly demagnetised will follow the dashed line 

as H is increased. As the line demonstrates, the greater the amount of current 

applied (H+), the stronger the magnetic field in the component (B+). At point "a" almost 

all of the magnetic domains are aligned, and an additional increase in the magnetising 

force will produce very little increase in magnetic flux. The material has reached the 

point of magnetic saturation. When H is reduced to zero, the curve will move from point 

"a" to point "b." At this point, it can be seen that some magnetic flux remains in the 

material even though the magnetising force is zero. This is referred to as the point of 

retentivity on the graph and indicates the remanence or level of residual magnetism in the 

material. (Some of the magnetic domains remain aligned, but some have lost their 

alignment.) As the magnetising force is reversed, the curve moves to point "c", where the 

flux has been reduced to zero. This is called the point of coercivity on the curve. (The 

reversed magnetising force has flipped enough of the domains so that the net flux within 

the material is zero.) The force required to remove the residual magnetism from the 

material is called the coercive force or coercivity of the material. 
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As the magnetising force is increased in the negative direction, the material will again 

become magnetically saturated but in the opposite direction (point "d"). Reducing H to 

zero brings the curve to point "e." It will have a level of residual magnetism equal to that 

achieved in the other direction. Increasing H back in the positive direction will 

return B to zero. Notice that the curve did not return to the origin of the graph because 

some force is required to remove the residual magnetism. The curve will take a different 

path from point "f" back to the saturation point where it with complete the loop. 

From the hysteresis loop, several primary magnetic properties of a material can be 

determined12: 

Saturation magnetisation Ms (emu/g): strictly, the magnetisation of a uniformly 

magnetised region (domain) in a homogeneous magnetic medium. It is the 

magnetisation value when all the magnetic moments are aligned with the applied 

external magnetic field. This is an intrinsic property, a function of temperature, and 

weakly dependent on magnetic field and stress. In practice, Ms is also used for the 

magnetisation M of any (not necessarily homogeneous) magnetic material in a large 

applied field (point an in Figure a3.2). 

Remanent magnetisation, Mr (emu/g): the magnetisation of a magnetic object that 

remains after it has been magnetised in a large applied field that is subsequently 

removed. Remanence is an extrinsic quantity that depends on microstructure, shape 

(point b and e in Figure a3.2) 

Coercivity Hc (Oe): the value of reverse applied magnetic field required to reduce the 

magnetisation from remanence to zero in the presence of the reversing field (point c and 

d in Figure a3.2). 

Initial susceptibility, i (emu/gT): the magnetisation observed in low fields, on the 

order of the earth's field (± 100 Oe). 

For some magnetic particles, particularly for magnetic iron oxides, the shape of the 

magnetisation curve is often dependent on the nanoparticle size. If the particles are of 

large size (1m), hysteresis is observed, while for nanoparticles, no hysteresis is 

observed due to a superparamagnetims13.  
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Zero Field Cooled and Field Cooled (ZFC/FC) curves. Blocking 

temperature 

As stated above, the blocking temperature, TB (K) represents the threshold temperature 

above which magnetic anisotropy barrier is overcome by thermal activation energy 

alone, causing nanoparticles to relax from the ferrimagnetic state to the 

superparamagnetic state characterised by randomised magnetic moments of the 

particles in the absence of an external magnetic field14. Also, the temperature where the 

maximum magnetisation is reached (in ZFC), Tm, is an important parameter to be 

considered. This parameter is calculated by studying the hysteresis loop at different 

temperatures. In this work, the TB and Tm value is calculated using Zero Field 

Cooled/Field Cooled (ZFC/FC) curves. 

ZFC/FC curves provide more information about magnetic properties, proving 

information about the TB and quality information about particles size distribution. In this 

kind of experiment, a sample is cooled from a temperature where all particles show 

superparamagnetic behaviour to the lowest reachable temperature (usually around 3-5 

K), then, a small constant field usually between 50-100 Oe is applied, and the sample is 

heated to a temperature high enough to observe an initial growth and subsequent 

decrease of its magnetization, i.e., up to the temperature range where the sample shows 

superparamagnetic behaviour (ZFC) again. The sample is then cooled again to the lowest 

temperature with the constant field still applied. Then, magnetisation is registered until 

room temperature applying the same constant field (FC). In the ideal case of a monosize 

non interacting MNPs sample, a narrow temperature region should exist in which the 

system performs a transition between irreversible and reversible regimes (Figure a3.3 a). 

Real samples always present a size dispersion, usually reasonably well described by a 

log-normal distribution. So, in real ZFC-FC experiments, the blocking region is wide, 

and a representative TB value of the ensemble is not well defined (Figure a3.3 b). 

FigFigure a3.3. Example of ZFC/FC curves in a) Particle system with a narrow distribution of sizes b) Particle 

system with broad size distribution (modified from Roca et al.8). 

a) b) 
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In the case of a superparamagnetic material at room temperature, the magnetic moments 

of the particles are initially aligned randomly, and its direction fluctuates. When the 

temperature decreases, the magnetic moments are locked randomly. The application of 

a magnetic field while the temperature rises produce the increase of the magnetic 

moments of the smaller particles that will be unlocked and aligned with the magnetic 

field direction, increasing the magnetisation value. As the temperature continues 

growing, the larger ones will progressively reach a temperature where all the particles 

have their moments unlocked and aligned with the field. When 50% of the particles have 

reached the superparamagnetic state, the maximum magnetisation value is reached. 

Once that temperature has passed, the value of the magnetisation decreases due to 

temperature effect. 

Regarding the FC curve, magnetisation value is constant, theoretically, until the TB is 

reached, where ZFC and FC curves converged, and all the magnetic moments are 

unlocked. 
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Annex 4. KINETIC AND ISOTHERM MODEL 

Table 1. Kinetic models 

Models 
 

Characteristics 

 
Pseudo-first order model (PFO)1–3 
 
 
 
 
 
qe (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at equilibrium. 
 
qt (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at any time. 
 
k1 (min-1) = rate constant of the PFO 
equation. 

 
The pseudo-first-order model is described by the non-
reversible equation: 

S+M→MS 
The kinetic equation rests on five assumptions: 
 

- Sorption only occurs on localised sites and 
involves no interaction between the sorbed ions 

- The energy of adsorption is not dependent on 
surface coverage 

- Maximum adsorption corresponds to a 
saturated monolayer of adsorbates on the 
adsorbent surface 

- The concentration of M is considered to be 
constant 

- The metal ion uptake on the activated carbon is 
governed by a first-order rate equation 

 
k1 parameter is the time-scaling factor, the value which 
decides how fast the equilibrium in the system can be 
reached. k1 usually decreases with the increasing initial 
solute concentration in the bulk phase4 

 

 
Pseudo-second order model (PSO)2,3,5 
 
 
 
 
 
 
 
qe (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at equilibrium. 
 
qt (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at any time. 

 
k2 (g/mg min) = rate constant of the PSO 
equation 

 
 
 

 
The kinetics of metal ion removal is described by the 
pseudo-second-order model as follows: 
 

2S+M→M(S)2 

 

- The assumptions are almost the same as for the 
pseudo-first-order model except the metal ion 
uptake is governed by a second-order rate 
equation 
 

- It is usually associated with the situation when 
the rate of direct adsorption/desorption process 
controls the overall sorption kinetics. The rate-
limiting step may be chemical adsorption which 
involving valence forces through sharing or 
exchange of electrons between adsorbate and 
sorbent 
 

- The value of k2 strongly depends on the applied 
operating conditions.  It is usually strongly 
dependent on the applied initial solute 
concentration. It decreases with the increasing 
initial concentration as a rule, which is a 
commonly known fact related to the 
interpretation of k2 as a time-scaling factor4 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − 𝑘1𝑡/2,303 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒
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Elovich model6,7 
 
 
 
 
 
 
qt (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at any time. 

 
a (mg/g·min) = Initial adsorption rate of  
                           Elovich equation  
 
b = Related to the extent of surface  
       coverage and activation energy for  
       chemisorption 

 

 
It is proposed for the description of the kinetics of the 
chemisorption of adsorbate by a solid in an aqueous 
medium6. Suppose a strong heterogeneity of the 
adsorbent surface 
 
The kinetic of metal ion removal is described by the 
Elovich model as follows: 
 

S+M→MS 
 

- Sorption only occurs on localised sites, and 
there is an interaction between the sorbed ions 

- The energy of adsorption increases linearly with 
the surface coverage according to the law: 
 

- The concentration of M is considered to be 
constant 

- The metal ion uptake is negligible before the 
exponential (equivalent to a metal ion uptake 
governed by a zero order rate equation) 

 
The applicability of the Elovich equation is restricted to 
the initial times of sorption process when the system is 
relatively far from equilibrium4 
 

 
Intraparticle diffusion model (IPD)2,8 
 
 
 
qt (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at any time. 

 
kp (mg/g·min1/2) = Rate constant of the  
                               intra-particle diffusion  
                               model 
 
C (mg/g) = Constant associated with the  
                    the thickness of the boundary  
                    layer 

 
 
 
 
 
 

 
Adsorption onto porous materials is controlled in part by 
the intra-particle diffusion rate of the adsorbate. It can be 
useful for identifying the reaction pathways and 
adsorption mechanisms and predicting the rate-
controlling step 
 
For kinetics controlled solely by IPD: 
 

- The linear fitting should pass through the origin 
(C=0).  However, in most studies, this plot shows 
multilinearity over the entire adsorption period 
and provides better fit if not forced through the 
origin (C>0) 

 
- Multilinearity is an indication of multiple 

mechanisms that control the process.  Each 
linear segment represents a controlling 
mechanism or several simultaneous controlling 
mechanisms9: 
 

• Initial step: external surface 
adsorption or instantaneous 
adsorption occurs. 

• Second step: IPD begins. 

• Third step: the system approaches 
equilibrium 

 
A higher value of C corresponds to a greater effect on the 
limiting boundary layer 

𝑞𝑡 =
1

𝛽
ln(1 + 𝛼𝛽𝑡) 

𝑞𝑡 = (
1

𝛽
) ln(𝛼𝛽) + (

1

𝛽
) ln 𝑡 𝛼𝛽𝑡 ≫ 1 

𝑞𝑡 = 𝑘𝑝√𝑡 + 𝐶 
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Hyperbolic tangent model10 
 
 
 
 
 
 
qe (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at equilibrium. 
 
qt (mg/g) = amount of adsorbate uptake 
per mass of adsorbent at any time. 

 
k (min-1) = rate constant 
 
te (min) = required time for adsorption to 
reach the equilibrium state 
 
n= constant 

 
 
 
 

- The ability to predict the equilibrium time of 
adsorption, which is crucial to optimise the cost 
of the adsorption system design 
 

- Model restriction:  q/qe >0.995 
 

- this model cannot only be used under this scale, 
but 

𝑞 =  𝑞𝑒[tanh(𝑘𝑡)]𝑛                    

𝑘 =  
𝜋

𝑡𝑒
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Table 2. Isotherm models 

Models 
 

Characteristics 
 

 
Lagmuir11,12 
 
 
 
 
 
qe (mg/g) = amount of solute adsorbed 
 
Ce (mg/L) = equilibrium concentration of   
                   the solute in the bulk solution 
 
qm (mg/g) = maximum saturated  
                      monolayer adsorption   
                      capacity of the adsorbent 
 
KL (L/mg) = Langmuir constant related to  
                     the affinity between the  
                     adsorbent and adsorbate 
 

 
 
The model has the following hypotheses: 

- Monolayer adsorption (the adsorbed layer is one 
molecule thick) 

- Adsorption takes place at specific homogeneous sites 
within the adsorbent 

- Once a molecule occupies a site, no further adsorption 
can take place at that site 

- Adsorptional energy is constant and does not depend on 
the degree of occupation of an adsorbent’s active centre 

- The strength of the attractive intermolecular forces is 
believed to fall off rapidly with distance 

- The adsorbent has a finite capacity 
- All sites are identical and energetically equivalent 
- The adsorbent is structurally homogeneous 
- There is no interaction between molecules adsorbed on 

neighbouring sites 

 

 
Freundlich13–15 
 
 
 
KF (mg/g) = is the Freundlich constant,  
                    which characterizes the  
                    strength of adsorption 
 
n ( 0 < n < 1) = Freundlich intensity  
                    parameter that reflects the  
                    magnitude of the  
                    adsorption driving force or  
                    surface heterogeneity  

 

 
 

- Empirical equation 
- Describes non-ideal and reversible adsorption 
- Assumes that as adsorbate concentration increases so 

too does the concentration of adsorbate on the 
adsorbent surface 

- May be used to describing heterogeneous systems 
- An infinite amount of adsorption can occur. 
- Favourable adsorption tends to have Freundlich 

constant n between 1 and 10. Larger value of n implies 
stronger interaction between adsorbent and 
adsorbate14 
 

• n ≈ 1 Linear adsorption isotherm 

• 1/n>1 concave curve (S-type) 

• 1/n<1 convex L-type 
 

- Unable to predict adsorption equilibria data at extreme 
concentration. 
 

Koble-Corrigan11,16 
 
 
 
qe (mg/g) = amount of solute adsorbed 
 
Ce (mg/L) = equilibrium concentration of  
                    the solute in the bulk solution 
A,B,n = constants 

 
 

 
- Langmuir + Freundlich 

- Heterogeneous adsorption surface 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

𝑞𝑒 =
𝐴𝐶𝑒

𝑛

1 + 𝐵𝐶𝑒
𝑛 

𝑞
𝑒

= 𝐾𝐹𝐶𝑒

1
𝑛⁄  
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Sips14,17  
 
  
 
 
qe (mg/g) = amount of solute adsorbed 
 
Ce (mg/L) = equilibrium concentration of  
                    the solute in the bulk solution. 
 
qm (mg/g) = maximum saturated  
                      monolayer adsorption  
                      capacity of the adsorbent 
 
KS (L/mg) = Sips isotherm constant 
 
n = Sips isotherm exponent 

 

 
 
 
 
 

- Langmuir + Freundlich 
- Similar to Freundlich but differs on the finite limit of 

adsorbed amount at sufficiently high concentration 
- Parameter n is regarded as the parameter characterising 

the system´s heterogeneity 

- At low adsorbate concentration, this model reduces to 
the Freundlich model, but at high concentration of 
adsorbate, it predicts the Langmuir model18 

 
Redlich-Peterson11,14,19  
 
 
 
 
qe (mg/g) = amount of solute adsorbed 
 
Ce (mg/L) = equilibrium concentration of  
                    the solute in the bulk solution 
 
KR (L/g) = Redlich-Peterson isotherm  
                  Constant 
 
aR (L/mg) = constant 
 
g= exponent that lies between 0 and 1 

 

 
 

- Langmuir + Freundlich isotherm 
- Mechanism of adsorption is a hybrid and does not follow 

ideal monolayer adsorption 
- Homogeneous and heterogeneous systems 
- Represents adsorption equilibria over a wide 

concentration range 
- Reduce to Langmuir isotherm when g=1 
- Incorporate the characteristics of Langmuir and 

Freundlich isotherm into a single equation 
- Limiting behaviour: Langmuir forms for g=1 and Henry’s 

law form for g=0, and transforms into the Freundlich 
isotherm when KR and aR >>1 and g=15 

- If the g value is outside the range of 0-1, the data is not 
adequately explained by Redlich-Peterson equation5 

 
BET20,21 
 
 
 
qe (mg/g) = amount of solute adsorbed 
 
Ce (mg/L) = equilibrium concentration of  
                    the solute in the bulk  
                    solution 
 
CBET (L/mg) = BET adsorption isotherm 
 
Cs (mg/L) = adsorbate monolayer  
                   saturation concentration 
 
qs (mg/g)= theoretical isotherm  
                 saturation capacity  

 
 
 

 
 

- Multilayer adsorption model 
- No saturated value at high concentration. It can rise 

indefinitely 

- Assumes that the first layer of adsorbate adsorbs on the 
surface with energy comparable to the heat of 
adsorption for monolayer adsorption and subsequent 
layer have  

- equal energies 

𝑞𝑒 =
𝐾𝑠𝑞𝑚𝐶𝑒

𝑛

1 + 𝐾𝑆𝐶𝑒
𝑛 

𝑞𝑒 =
𝐾𝑅𝐶𝑒

1 + 𝑎𝑅𝐶𝑒
𝑔 

𝑞𝑒 =
𝑞𝑠 · 𝐶𝐵𝐸𝑇 · 𝐶𝑒

(𝐶𝑠 − 𝐶𝑒) · [1 + (𝐶𝐵𝐸𝑇 − 1) · (𝐶𝑒 𝐶𝑠⁄ )]
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Annexe 5. COMPLEXATION CONSTANTS 
 

 
Stripping 

agent 
Reaction Log K Ref. 

 
Sb(III) 

 
 
 

Citric acid 
 

 

 
 

Sb(OH)3 + H3Cit- = Sb(OH)2(HCit)2- + H2O+H+ 

Sb(OH)3 + H3Cit- + H+= Sb(OH)2(H2Cit)- + 2H2O 

Sb(OH)3 + 2H3Cit- + H+= Sb(H2Cit)2
- + 2H2O + H+ 

 
 

 
 

0.1 

4.6 

-3.9 

 

 
 
 

1 
 
 

 
 
 
 

EDTA 
 

 

 
 

Sb(OH)3 + 3H+ + EDTA4- = SbEDTA- + 3H2O 

Sb(OH)3 + 4H+ + EDTA4- = SbHEDTA + 3H2O 

Sb(OH)3 + 2H+ + EDTA4- = SbEDTA(OH)2- + 2H2O 

Sb(OH)3 + H+ + EDTA4- = SbEDTA(OH)2
3- + H2O 

 
 

 
 

26.77 

28.00 

20.76 

12.68 

 

 
 

 
2 

 

 

Oxalic acid 

 

 

Sb(OH)3 + HOxa- = Sb(OH)2Oxa- + H2O 

Sb(OH)3 + 2HOxa- = Sb(Oxa)2
- + OH- + 2H2O 

 

 

3.8 

-5.9 

 

 
 

1 
 

 
 
 
 

Tartaric acid 
 
 

 
 

 
 

Sb(OH)3 + 3H+ + Tar2- = 3H2O + SbTar+ 

Sb(OH)3 + 3H+ + 2Tar2- = 3H2O + SbTar2
2- 

Sb(OH)3 + 2H+ + Tar2- = 2H2O + Sb(OH)Tar- 

2Sb(OH)3 + 2H+ + 2Tar2- = 4H2O + Sb2H2(OH)2Tar2
2- 

Sb(OH)3 + Tar2- = 2H2O + SbH2(OH)Tar2- 

 
 

 
 

9.85 

17.18 

9.41 

22.17 

2.05 

 
 

 
 
 
 

2 
 
 
 

 
 
 

 
 
 

 
Fe Surface 

complexation 

 
 
-FeOH + Sb(OH)3 = -FeOSb(OH)2 + H2O 
(monodentade) 
 
 
 
 

- FeOH + Sb(OH)3 = -FeOSbO(OH)- + H2O + H+ 

(bidentade) 
 
 
 
2-Fe(OH) + Sb(OH)3 = (-FeO)2Sb(OH) +2H2O 

(bidentade binuclear) 

- Fe(OH)2 + Sb(OH)3 = -FeO2Sb(OH) + H2O + H+ 

(Bidentade mononuclear) 

 

 
 

19.15 
(HFO) 
13.5 

(goethite) 
 
 

15.45 
(HFO) 

7.5 
(Goethite) 
 

15.16 

 

7.59 

 
 
 
 
 

3 
 
 
 
 
 

 
4 
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Sb(V) 

 
 

Citric acid 

 

 

 

Sb(OH)6
- + H3Cit- = Sb(OH)4H2Cit- + H2O+OH- 

Sb(OH)6
- + H2Cit2- + H+= Sb(OH)4HCit2- + 2H2O 

Sb(OH)6
- + HCit3- + H+= Sb(OH)4Cit3- + 2H2O 

 

 
-6.5 
 7.8 
 8.0 
 

 
 

5 
 

 

 

EDTA 

 

 
No complexation 
 

 
 

 
6–8 

 

 

Oxalic acid 

 

 

Sb(OH)6
- + HOxa- = Sb(OH)4Oxa- + H2O 

 

 

-6.4 

 

 
5 

 
 

Tartaric acid 
 

 
 
No complexation constant. Sb(V)-tartrate 
complexes more stable than antimonic acid in 
solution 
 

 
 
 
 

 
 

9 
 

 

 
 
 
 
 
 
 
 
 

Fe Surface 
complexation 

 
 

-Fe(OH)2 + Sb(OH)6
- = -FeO2Sb(OH)4

- + 2H2O 

 
 

-FeOH + Sb(OH)6
- = -FeOSb(OH)5

- + H2O 

(monodentade) 
 
 
 

-FeOH + Sb(OH)6
- = -FeOSbO(OH)4

- + H2O + H+ 

(bidentade) 
 
 
 

2-FeOH + Sb(OH)6
- = (-FeO)2Sb(OH)4

- + 2H2O 

(bidentade binuclear) 

- Fe(OH)2 + Sb(OH)6
- = -FeO2Sb(OH)4

- + 2H2O  

(Bidentade mononuclear) 

 
 

 
 
5.21 
(Goethite) 
 

13.45 

(HFO) 

13.85 
(Goethite) 
 

4.15 
(HFO) 
5.20 
(Goethite) 
 
14.25 

 

6.58 
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3 
 
 
 
 
 
 

 
4 

 
 
 
 
 

Fe 
 
 
 
 
 
 

 
 
 
 
 

Citric acid 
 
 

 
 
 

 
 
 

Fe2+:   Fe2+ + Cit4- = FeCit2- 

           Fe2+ + HCit3- = FeHCit- 

 

Fe3+:   Fe3+ + Cit4- = FeCit- 

           Fe3+ + HCit3- = FeHCit 

           Fe3+ + 2Cit4- = FeCit2
5- 

           Fe3+ + 2Cit4- + H+ = FeH(Cit)2
4- 

           Fe3+ + 2HCit3- = FeH2Cit2
3- 

           2Fe3+ + Cit4- = Fe2Cit2
2- 

 

 
 
 
4.4 
2.65 
 
11.50 

24.84 

32.73 

38.74 

43.53 

48.0 

 

 
 
 
 
11 
 
 
11 
12 
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Fe 

 
 

EDTA 
 
 

 

Fe2+: [Fe(H2O)6]2+ + EDTA4− = [Fe(EDTA)]2−  + 6H2O 

Fe3+: [Fe(H2O)6]3+ + EDTA4− = [Fe(EDTA)]−  + 6H2O 

 
 

 

14.33 

25.10 

 
 

 
 

13 
 
 

 
 
 

Oxalic acid 
 
 

 

 

Fe2+:  Fe2+ + Oxa2- = FeOxa 

          Fe2+ + 2Oxa2- = FeOxa2- 

Fe3+:  Fe3+ + Oxa2- = FeOxa+ 

          Fe3+ + 2Oxa- = FeOxa2- 

 

 

3.05 

5.15 

7.59 

13.64 

 

 
 
 

11 
 
 

 
 
 

 
Tartaric acid 

 
 

Fe2+:  Fe2+ + Tar2- = FeTar  

          Fe2+ + 2Tar2- = FeTar2
2- 

 

Fe3+:   Fe3+ + Tar2- = FeTar+ 

          2Fe3+ + 2Tar2- = Fe2(H-1Tar)2·2H 

          3Fe3+ + 3Tar2- = Fe3(H-2Tar)3·6H 

 
 
1.43 
2.50 
 
5.73 
10.9 
9.5 
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