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SUMMARY 

The research carried out in the present thesis concerns with the development 

of new adsorption materials and procedures to improve the removal efficiency 

of contaminants oxyanions from polluted waters, particularly arsenic (As) and 

boron (B), in order to implement procedures to accomplish the actual water 

regulations.  

For As removal, many adsorbents with high adsorption capacity and good 

selectivity have been reported, while most of them are in powder form and 

have rather limited industrial applicability. In this study, a commercial cube-

shaped open-celled cellulose sponge adsorbent was modified by in-situ co-

precipitation of superparamagnetic iron oxide nanoparticles (SPION) and used 

to remove As from aqueous solutions. XAS measurements at the Fe K-edge and 

TEM identified maghemite as the main iron phase of the SPION nanoparticles 

(average size ~13 nm).  

Batch adsorption experiments of As(V) at 800 mg·L-1 showed a ~63% increase 

of adsorption capacity when loading 2.6 wt.% mass fraction of SPION in the 

cube-sponge. Experimental determination of the adsorption thermodynamic 

parameters indicated that the As(V) adsorption on the composite material is a 

spontaneous and exothermic process. As K-edge XAS results confirmed that 

the adsorption enhancement on the composite was due to the nanoparticles 

presence. In addition, adsorbed As(V) kept its oxidation state and formed a 

binuclear corner-sharing complex with SPION. The composite adsorbent also 

showed a good regeneration property. 

Batch adsorption experiments of As(III) showed that the 2.6 wt.% of SPION 

loaded in the sponge outperforms the adsorption of the unsupported SPION. 

In this concern, the adsorption capacity obtained for the composite was ~14 
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times larger than the one of the unsupported SPION, thus revealing the SPION 

aggregation drop when loaded at the sponge with consequent enhanced 

surface contact. The adsorption of As(III) on this composite adsorbent was best 

described by the Temkin isotherm model and the pseudo-second order kinetic 

model which indicates that chemisorption is controlling the speed of the 

adsorption process. Experimental determination of thermodynamic 

parameters, ΔH° and ΔG°, indicated that As(III) adsorption on the composite 

adsorbent was spontaneous and endothermic, as the already observed As(III) 

adsorption on the unsupported SPION. Arsenic K-edge XAS results revealed 

that the adsorbed As(III) was partially oxidized to less toxic As(V) by hydroxyl 

free radical (•OH) generated from Fe(III) and hydroxyl groups. Besides, the 

oxidation of adsorbed As(III) on the composite was more favorable at lower 

temperatures and no difference was found as a function of the cube depth. 

For As removal on fixed-bed column experiments, several parameters of the 

breakthrough experiments such as initial concentration and the adsorbent 

material (sponge and sponge-loaded SPION) had a greater effect than the flow 

rate and/or the temperature. In both column systems (lab scale and pilot plant), 

the As(V) removal rates were always higher than 95% for all the operating 

parameters studied. The results obtained for the composite material, 

sponge-loaded SPION, indicated that loading 2.6 wt.% SPION on the 

commercial cube sponge results in a 96% and 97% increment in the number of 

bed volumes and adsorption capacity at breakthrough point, respectively, 

respect to sponge. For low concentrated As solutions, which are closer to more 

realistic polluted environmental scenarios, 1 mg·L-1, the maximum desorption 

concentrations obtained for both systems were higher than 100 mg·g-1. Hence, 

we were able to concentrate the inlet solution by 100 times which is rather 

relevant for industrial applications. All these results proved that both 

adsorbents, sponge and sponge-loaded SPION, have a great As adsorption 
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performance when used as fixed-bed in both laboratory columns and pilot 

plant systems. 

For B removal, the challenge is to overcome the reported low adsorption 

capacity. In this study, hierarchical alumina microspheres (HAM) were 

successfully synthesized by microwave-assisted co-precipitation method and 

used to remove boron from aqueous solutions. SEM, TEM and XRD analysis 

showed that synthesized HAM is hollow γ-Al2O3 particles with a fluffy and 

porous dandelion shape and an average size of 1.5 μm. Adsorption data were 

fitted well to the Langmuir isotherm, indicating a single-layer homogeneous 

adsorption, and Pseudo-second order model, suggesting a chemical adsorption 

to control the related adsorption rate. The theoretical maximum capacity 

calculated by Langmuir was 138.50 mg·g-1, which is, to our knowledge, higher 

than the adsorption capacities previously reported. Experimental 

determination of the adsorption thermodynamic parameters by varying the 

adsorption temperature indicated the adsorption of boron on HAM to be an 

exothermic and non-spontaneous process. HAM also showed high adsorption 

affinity and excellent selectivity towards boron in an aqueous solution, even in 

the presence of competitive salt ions, metal ions, anions and high ion strength. 

In addition, the adsorbent particles could be recyclable up to five cycles without 

a considerable decrease in the boron removal efficiency. 
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Resumen 

La investigación llevada a cabo en este proyecto de Tesis se basa en el desarrollo 

de nuevos materiales y procedimientos de adsorción para mejorar la eficiencia 

de eliminación de los contaminantes oxianiones de las aguas contaminadas, en 

particular el arsénico (As) y el boro (B), para implementar procedimientos que 

permitan cumplir la regulación actual sobre la calidad del agua. 

Para la eliminación de As, se han descrito muchos adsorbentes con alta 

capacidad de adsorción y buena selectividad, aunque la mayoría de ellos están 

en forma de polvo y tienen una aplicabilidad industrial bastante limitada. En 

este estudio, se modificó un adsorbente comercial de celulosa de celda abierta 

en forma de cubo mediante la coprecipitación in situ de nanopartículas de 

óxido de hierro superparamagnético (SPION) y se utilizó para eliminar As de 

soluciones acuosas. Las medidas XAS en el borde K del Fe y la caracterización 

TEM identificaron la maghemita como la principal fase de óxido de hierro de 

las nanopartículas de SPION (tamaño medio ~13 nm).  

Los experimentos de adsorción por lote de As(V) a 800 mg·L-1 mostraron un 

aumento de la capacidad de adsorción de ~63% al cargar una fracción de masa 

de 2,6 wt.% de SPION en el cubo-esponja. La determinación experimental de 

los parámetros termodinámicos de adsorción indicó que la adsorción de As(V) 

en el material compuesto es un proceso espontáneo y exotérmico. Los 

resultados del XAS del borde K del As confirmaron que la mejora de la 

adsorción en el material compuesto se debía a las nanopartículas. Además, el 

As(V) adsorbido no se redujo a As(III), que es más tóxico, y formó un complejo 

binuclear de esquina con SPION. El adsorbente compuesto también mostró una 

buena propiedad de regeneración. 

Los experimentos de adsorción por lote de As(III) mostraron que el 2,6 wt.% de 
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SPION cargado en la esponja supera la adsorción del SPION sin soporte. 

Normalizando por la fracción de masa del SPION, la capacidad de adsorción 

obtenida para el compuesto fue ~14 veces mayor que la del SPION sin soporte. 

La adsorción de As(III) en este adsorbente compuesto se describió mejor 

mediante el modelo de isoterma de Temkin y el modelo cinético de pseudo-

segundo orden, lo que indica que la quimisorción controla la velocidad del 

proceso de adsorción. El análisis de los parámetros termodinámicos, ΔH° y ΔG°, 

indicó que la adsorción de As(III) en el adsorbente compuesto mantuvo las 

mismas propiedades, espontáneas y endotérmicas, que el SPION sin soporte. 

Los resultados del XAS del borde K del As revelaron que el As(III) adsorbido 

se oxidó parcialmente a As(V), menos tóxico, por el radical libre hidroxilo (•OH) 

generado a partir del Fe(III) y los grupos hidroxilo. Además, la oxidación del 

As(III) adsorbido en el composite fue más favorable a bajas temperaturas y no 

se encontraron diferencias en función de la profundidad del cubo. 

En los experimentos con columnas de lecho fijo de As, varios parámetros de los 

experimentos de ruptura, como la concentración inicial y el material adsorbente 

(esponja y SPION cargado con esponja), tuvieron un efecto mayor que el caudal 

y/o la temperatura. En ambos sistemas de columnas (a escala de laboratorio y 

a nivel de planta piloto), las tasas de eliminación de As(V) fueron siempre 

superiores al 95% para todos los parámetros de funcionamiento estudiados. Los 

resultados obtenidos para el material compuesto, SPION cargado con esponja, 

indicaron que la carga de 2,6 wt.% de SPION en la esponja cúbica comercial da 

lugar a un incremento del 96% y 97% en el número de volúmenes de lecho y la 

capacidad de adsorción en el punto de ruptura, respectivamente, respecto a la 

esponja. Para soluciones de As poco concentradas, que se acercan a escenarios 

ambientales contaminados más realistas, 1 mg·L-1, las concentraciones máximas 

de desorción obtenidas para ambos sistemas fueron superiores a 100 mg·g-1. Por 

lo tanto, pudimos concentrar la solución de entrada en 100 veces, lo que es 
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bastante relevante para las aplicaciones industriales. Todos estos resultados 

demostraron que ambos adsorbentes, la esponja y el SPION cargado con 

esponja, tienen un gran rendimiento de adsorción cuando se utilizan como 

lecho fijo tanto en columnas de laboratorio como en sistemas de planta piloto. 

Para la eliminación de B, el reto a superar es la baja capacidad de adsorción. En 

este estudio, se sintetizaron con éxito microesferas jerárquicas de alúmina 

(HAM) mediante el método de coprecipitación asistida por microondas y se 

utilizaron para eliminar el boro de soluciones acuosas. Los análisis SEM, TEM 

y XRD mostraron que las HAM sintetizadas son partículas huecas de γ-Al2O3 

con una forma de diente de león poroso y un tamaño medio de 1,5 μm. Los 

datos de adsorción se ajustaron bien a la isoterma de Langmuir y al modelo de 

pseudo-segundo orden, indicando una adsorción homogénea de una sola capa 

y que la adsorción química era el paso controlador. La capacidad máxima 

teórica calculada por Langmuir fue de 138,50 mg·g-1, que es, hasta donde 

sabemos, superior a las capacidades de adsorción reportadas previamente en 

la literatura. La determinación experimental de los parámetros termodinámicos 

de adsorción mediante la variación de la temperatura de adsorción indicó que 

la adsorción de boro sobre HAM es un proceso exotérmico y no espontáneo. El 

HAM también mostró una alta afinidad de adsorción y una excelente 

selectividad hacia el boro en una solución acuosa, incluso en presencia de iones 

salinos competitivos, iones metálicos, aniones y alta fuerza iónica. Además, las 

partículas adsorbentes podían ser recicladas hasta cinco ciclos sin una 

disminución considerable de la eficiencia de eliminación del boro. 
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1.1 Background 

Oxyanions are polyatomic negatively charged ions containing oxygen with the 

general formula AxOyz-, where A denotes a chemical element and O denotes 

oxygen [1]. Arsenic (As), boron (B), selenium (Se), antimony (Sb) and 

chromium (Cr), among others, are common oxyanions that are found in various 

wastewater [2]. In addition, oxyanions in wastewater are difficult to break 

down like organic pollutants, but only to change their physical and chemical 

forms [3]. Thus, these elements can be harmful to human health not only 

through direct exposure to contaminated water but also through exposure to 

the food chains enriched with these elements. 

Oxyanions are released into the environment by both natural processes and 

anthropogenic sources [4]. Although natural processes such as soil weathering 

and volcanic eruption introduce these elements into the environment, the main 

contribution comes from industrial activities [5]. These elements are widely 

used in many industrial processes, such as mining, electroplating, electrolysis, 

petroleum refining, agricultural chemicals, glass manufacturing [6]. The waste 

derived from this industrial use has not only contributed to the increment in 

environmental pollution but also caused the loss of valuable resources as the 

water and the elements themselves. Considering the toxic and carcinogenic 

properties of these oxyanions, their effective elimination from polluted water 

is becoming an important issue for environmental and public health protection.  

1.2 Problem description 

Despite the removal of these oxyanion pollutants from aqueous solutions is 

very important to the environment and human health, the amount of studies 

devoted to this topic are still much lower than those performed on cationic 

pollutants such as Hg and Pb [1].  
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Considering the research status of this topic as described in corresponding 

chapters, As and B were chosen as the target elements in this study. 

Arsenic is a highly toxic and carcinogenic element. Even exposure to trace 

concentrations of As in long term can cause skin, lung, bladder cancers [7]. The 

World Health Organization (WHO) has established a maximum concentration 

of As in drinking water of 10 μg·L-1  [8,9]. The poisoning of As has occurred 

many times throughout history and remains a concern over large parts of the 

world and continues to threaten the safety of human life and health.  

Boron is an essential element for humans, animals and plants. The 

concentration range between B deficiency and its toxicity is very narrow, it 

becomes hazardous for organisms when the amount is slightly higher and toxic 

effects caused by the excess are more common than boron deficiency in the 

environment [10]. Excess of B may damage the cardiovascular, central nervous 

and reproductive systems in the long-term uptake [11]. Since a series of 

environmental and health issues caused by B has been found, World Health 

Organization (WHO) established a guideline value for the boron limit to be  

2.4 mg·L-1 in drinking water [12].  

Various methods for treating oxyanions pollutants contaminated water have 

been reported, such as precipitation, oxidation, extraction, ion exchange, 

adsorption and membrane techniques [13]. All these methods have their 

advantages and disadvantages [14]. When considering the low concentration 

property of these wastewaters, adsorption is considered to be one of the most 

promising methods among all the techniques because of its advantages of being 

fast, easy to operate, environmentally friendly and cost-effective [15–17]. The 

core part of the adsorption is the adsorbents. Although many efforts have been 

made by researchers around the world, ideal adsorbents with high adsorption 

capacity, good selectivity, promising to scale up to industrial use still need to 
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design and develop. 

1.3 Bullet points for each case of study: As and B 

Considering the previous studies of As removal in our group, the main aims of 

this research for As and B elements are different. The brief content is listed 

below, the detailed introduction is included in their corresponding chapters. 

For As, the main aim would be the successful synthesis of the cube-shaped 

sponge-loaded SPION, As(III) and As(V) adsorption behavior study, the 

coordination environment study of adsorbed As by using XAS technique, As(V) 

adsorption behavior study in experimental column and pilot plant experiments. 

For B, the main aim would be the successful synthesis of hierarchical alumina 

microspheres (HAM) with high adsorption capacity and good selectivity, and 

their adsorption behavior study.   
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Arsenic (As) is a chemical element with the symbol As and an atomic number 

of 33 [1]. It is a metalloid, possessing both metallic and nonmetallic properties, 

and is the third element in Group VA of the periodic table [2]. As is a natural 

component of the earth's crust and is widely distributed throughout the 

environment in air, water and land [3,4]. In recent years, As contamination has 

become a major concern for environmental pollution and human health due to 

its high toxicity and carcinogenicity [5,6]. 

2.1. Arsenic sources and related problems 

Arsenic is released into the environment from both natural and anthropogenic 

sources [7]. Although natural processes such as soil weathering and volcanic 

eruption introduce As into the environment, industrial processes are the 

primary source of As in the environment [8]. It is widely used in industry as 

alloy agents in the manufacturing of electronic components, as well as an 

additive in the processing of glass, pigments, textiles, paper, metal adhesives, 

wood preservatives, and ammunition [9–11]. According to statistics, 70% of 

global As production is used for wood preservation, 22% for pesticides and the 

rest for glass and non-ferrous alloys, etc [12,13].  

Arsenic is a highly toxic element [14,15]. Short-term exposure to high 

concentrations of As can be fatal, while long-term exposure to trace 

concentrations of As can cause skin, lung, bladder cancers [16,17]. Arsenic can 

be transferred into the food chain through grains irrigated by As-containing 

wastewater and through seafood living in As-containing wastewater [18,19]. 

Exposure to contaminated drinking water is another direct pathway to humans 

[20].  

Arsenic poisoning has occurred many times throughout history and remains a 

concern over large parts of the world and continues to threaten the safety of 
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human life and health [8,21]. In 1900, As-contaminated beer caused the 

poisoning of 6,000 people and some 71 deaths in northern England [22]. In 1995, 

Morinaga milk produced in Japan contained high levels of As, causing food 

poisoning in about 13,000 infants and killing 130 of them [23]. In recent years, 

it is estimated that tens of millions of people in Bangladesh have been reached 

by As-contaminated water, resulting in an estimated 24,000 deaths per year 

[24,25]. 

2.2. The standard of arsenic 

The World Health Organization (WHO) has established a maximum 

concentration of As in drinking water of 10 μg·L-1  [26,27]. Unfortunately, there 

are still many people exposed to high levels of As pollution in some parts of 

the world, particularly in developing countries, such as  India, Argentina, 

China, Pakistan, and Bangladesh [28,29]. As a result, more than 200 million 

people in the world are exposed to unacceptable levels of As in their drinking 

water [30]. Therefore, the effective removal of As from water is particularly 

important for environmental protection and human health. 

2.3. Chemistry of arsenic in aqueous solution 

Arsenic is a metalloid element, which means that it displays some properties of 

metal and non-metal at the same time [31]. It exists in both inorganic and 

organic forms in the environment [32,33]. Inorganic forms are more common 

and toxic.  

In water, As is mostly found as oxyanions of trivalent arsenite, As(III), or 

pentavalent arsenate, As(V), [34]. As speciation in aqueous solutions is mostly 

controlled by redox potential (Eh) and pH [35]. The redox potential (Eh)-pH 

diagram for inorganic As is shown in Figure 2.1. Table 2.1 shows the 

dissociation constants of inorganic As compounds in water.  
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Under reducing conditions, As(III) is the dominant form [36,37]. On the other 

hand, As(V) is the thermodynamically stable form that generally predominates 

in oxic surface waters [38]. As for different pH values, As(III) compound exists 

as uncharged H3AsO3 below pH 9.2, negative H2AsO3- from pH 9.2~12.2 and 

HAsO42- from pH 12.2 ~13.4; however, As(V) exists as uncharged H3AsO4 below 

pH 2.2, negative H2AsO4- from pH 2.2~7.0 and negative HAsO42- from pH 

7.0~11.5.  

 

Figure 2.1. Eh-pH diagram for the system As-water at 25°C, modified from 

[39]. 

Table 2.1. Dissociation constants of inorganic arsenic compounds [40]. 

Compound Pk1 Pk2 Pk3 

H3AsO3 9.2 12.2 13.4 

H3AsO4 2.2 7.0 11.5 

 

2.4. Arsenic removal methods 

In the past decades, there are numerous technologies adopted for As removal 
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from contaminated water. The conventional methods are chemical 

precipitation [41,42], solvent extraction [43,44], ion exchange [45,46], 

electrodialysis [47,48], membrane separation [49,50], as well as adsorption 

[51,52].  

All these methods have their advantages and disadvantages [53]. When 

considering the low concentration property, adsorption is considered to be one 

of the most promising methods among all the techniques because of its 

advantages of being fast, easy to operate, environmentally friendly and cost-

effective [54–56]. 

2.5. Adsorbents used for arsenic removal 

An ideal adsorbent for water remediation should be non-toxic, has excellent 

chemical resistance, and very low solubility in water. Many types of adsorbents 

have been reported for As removal, such as biomass [57], metal oxides 

nanoparticles (especially iron oxide) [58], polyurethane foam [59], graphene [60] 

and graphene oxide [61].  

In recent years, magnetic iron oxide nanoparticles have attracted attention due 

to their specific affinity to As over other metals [62], large specific surface area 

[63] and easy separation from aqueous solution [64,65]. Various adsorption 

studies using magnetic iron oxide-based adsorbents for As removal have been 

reported [66–69]. However, the aggregation of nanoparticles in water greatly 

affects their adsorption performance [17,70,71]. Liu et al [17]. synthesized 

magnetic iron oxide nanoparticles for As removal with an average diameter of 

34 nm; however, particles aggregate a lot under adsorption conditions reaching 

sizes over μm-size.  

Some traditional materials like activated carbon [72], fly ash [73], sand [74,75], 

and biomass [76] were used as supports to reduce the aggregation and they 
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obtained good adsorption results in batch experiments. However, one of the 

drawbacks of these composite materials is that they are in powder form. This 

means that they are not suitable for direct industrial use and, in addition, they 

are very difficult to recover when used for on-site environmental remediation 

applications. Indeed, when used in a fixed-bed column, the powder adsorbents 

tend to clog the column and restrict the flow rate which limits their practical 

use. Alternatively, powders have been loaded on membranes and hybrid 

methods have been developed by combining adsorption with membrane 

filtration [77,78]. This approach greatly reduces the aggregation of 

nanoparticulate adsorbents; however, this methodology increases the cost of 

the initial nanoparticulate adsorbent, and it has other disadvantages such as 

membrane fouling that must be taken into consideration. 

In conclusion, although many efforts have been made by researchers around 

the world, ideal adsorbents with high adsorption capacity, good selectivity, 

promising to scale up to industrial use for As removal still need to design and 

develop. 

2.6. Previous studies in our group 

As adsorption on superparamagnetic iron oxide nanoparticles (SPION) and 

commercial Metalzorb®  sponge (previously named Forager®  sponge) loaded 

SPION has been studied by different researchers in our group. Previously 

works were devoted their efforts in optimizing the design, synthesis, and usage 

of SPION to improve the structural stability, adsorption capacity, and 

adsorption selectivity [15–17]. One of the main drawbacks of nanoparticles is 

their easy aggregation when they are suspended in water. To overcome this 

issue, researchers in our group chose a commercial open-celled cellulose 

sponge as the support of SPION instead of traditional support materials such 

as sand [74,75], fly ash [79], and biomass [80,81]. The sponge has low 
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impedance of diffusion and it is light in weight. When used in a column, flow 

rates of three bed volumes per minute can be obtained at hydrostatic pressures 

only ~60 cm above the bed and without any additional pressurization. These 

properties make this porous material a good candidate for supporting 

nanoparticles in industrial water remediation applications. Good adsorption 

behaviors in batch experiments have been reported [82,83].  

Morillo et al [84]. studied the As(III) and As(V) adsorption onto 

superparamagnetic iron oxide nanoparticles (SPION). The maximum 

adsorption for arsenate on SPION was obtained in an acid media (pH 3.6), 

while arsenite adsorption is not pH-dependent. For both As species, SPION 

showed a high selectivity while in presence of interfering. In order to increase 

the adsorption capacity of SPION, 3-mercaptopropionic acid was selected to do 

the modification. The maximum adsorption capacities of 3-MPA coated SPION 

are 1.03 mmol As/g SPION and 1.60 mmol As/g SPION for arsenite and 

arsenate, respectively. To overcome the drawbacks of aggregation, SPION was 

loaded on powder sponge. After loading, the adsorption capacities of 

composite material were 2.11 mmol As/g SPION and 12.09 mmol As/g SPION 

for arsenite and arsenate, respectively, much higher than those for unsupported 

SPION.  

Liu et al [85]. studied the As adsorption-desorption study by using the powder 

sponge-loaded SPION composite material. Their research is focused on the 

As(V) adsorption-desorption process in continuous mode together with the 

adsorbent regeneration by thermal or redox processes, and a combination of 

both methods (thermo-tunning of redox potential). Their results proved that 

the reagent-less process of regeneration by thermo-tunning of redox potential 

was successfully developed.  

Verdugo et al [86]. continue the study of developing a reagent-less system for 
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the regeneration of adsorbents. The main idea is to reduce the adsorbed As(V) 

to As(III) by using electrolytic technique and finally desorbed from adsorbents. 

When using the 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). 

Considering the previous results, one of the main limitations is that the authors 

used those composite materials in powdered form. Hence, when used in 

adsorption columns for industrial applications, they would limit the flow rate 

of the solution, even block the column and blocking the flow. The separation of 

powdered adsorbents from wastewater is a tedious job and requires 

sophisticated instrumentations that are hardly available in developing 

countries. This reduces the feasibility of its implementation at those places with 

serious contamination issues [87]. In this study, we propose to use SPION 

supported on the commercial cube-shaped open-celled cellulose sponge 

(hereafter referred to as “sponge-loaded SPION”) as a composite material for 

the removal of As from aqueous solution. Fixed-bed lab column and pilot plant 

experiments were also performed to investigated the potential of the industrial 

applications. 

Although the study of the macroscopic adsorption behavior of As onto SPION 

and sponge-loaded SPION has been widely studied by previous researchers, 

information about the oxidation state and coordination environment of As after 

being adsorbed is still missing. Indeed, the oxidation state and speciation of As 

determine its toxicity and mobility in the environment [88]. Thus, due to the 

different toxic risks associated with the release of As species [89], it is important 

to understand the fate of adsorbed As and to discern any possible redox 

processes that may take place upon adsorption. There have been some reports 

on the oxidation of As(III) to As(V) after adsorbed by iron-based adsorbents 

[90,91]. However, concerning environmental influences (such as temperatures, 
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different parts of adsorbent) during this process are few reported. In this study, 

As K-edge synchrotron-based X-ray absorption spectroscopy (XAS) 

measurements were performed to get a better insight of the adsorption process 

at the molecular scale.  

2.7. Objectives 

In this study, we propose a commercial cube-shaped open-celled cellulose 

sponge to support SPION as a composite adsorbent material for the removal of 

As from aqueous solutions. The main objectives are as follows: 

⚫ Successful synthesis and appropriate characterizations of the cube sponge-

loaded SPION composite adsorbent.  

⚫ Characterization of As(III) and As(V) adsorption on the composite and 

comparison with adsorption on both sponge and SPION individual 

adsorbents. 

⚫ Exploring the coordination environment and potential redox 

transformation of adsorbed As on different adsorbents (SPION, sponge, 

sponge-loaded SPION) by using XAS technique. 

⚫ Exploring the adsorption performance and the possibility of industrial 

applications by performing fixed-bed column adsorption experiments. 

⚫ Develop a reagent-less As adsorption-desorption system and exploring the 

possibility of thermal desorption instead of chemical desorption.  
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3.1. Materials and chemical reagents 

Commercial cube-shaped MetalZorb®  adsorbent was kindly supplied by 

CleanWay Environmental Partners, Inc. (Portland, USA). This material is an 

open-celled cellulose sponge (hereafter referred simply as “sponge”) which 

incorporates a water-insoluble polyamide chelating polymer. The sponge 

contains free available ethyleneamine and iminodiacetate groups that interact 

with heavy metals ions by ion exchange mechanism and chelation, respectively 

[1]. The sponge has a low impedance of diffusion and it is light in weight. When 

used in a column, flow rates of three bed volumes per minute can be obtained 

at hydrostatic pressures only ~60 cm above the bed and without any additional 

pressurization. These properties make this porous material a good candidate 

for supporting nanoparticles in industrial water remediation applications. The 

averaged dimensions of the cube are (length x width x height): 12.8 ± 1.8 x 10.1 

± 1.1 x 7.3 ± 1.3 mm. Each cube has an average weight of 0.20 ± 0.02 g.  

All reagents used were of analytical grade. Iron chloride hexahydrate 

(FeCl3·6H2O) and ferrous chloride tetrahydrate (FeCl2·4H2O) were used in the 

synthesis of SPION and sponge-loaded SPION. 

3.2 Pre-treatment of sponge 

Following the manufacturer’s advice, the sponge was pretreated with dilute 

HCl to remove all possible pre-absorbed cations. This protonates the amino 

functional groups, which improves the adsorption capacity of the adsorbent. In 

addition, this activation step facilitates the immobilization of the nanoparticles 

on the sponge surface. The activation of the as-received sponge was performed 

in batches of 6 cubes in a 50 ml tube as follow: immersion of the cubes in Milli-

Q water for 24 h, immersion in 1.0 mol·L-1 HCl solution for 4 h to fully protonate 

the iminodiacetate group, rinsing with Milli-Q water until the pH value was 
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4.0, immersion in HCl solution at pH 2.5 for 2 h to equilibrate the pH value, and 

washing 5 times with Milli-Q water to remove the excess of acid solution. 

Afterwards, the water was decanted and the cubes were dried in an oven at 50℃ 

for 24 h. 

3.3. Synthesis of SPION and cube-loaded SPION 

SPION was synthesized by co-precipitation using an alkaline mixture of iron 

chloride hexahydrate (FeCl3·6H2O) and ferrous chloride tetrahydrate 

(FeCl2·4H2O) solution as has been described previously [2,3]. The synthesis was 

carried out while bubbling nitrogen gas to avoid SPION oxidization and while 

stirring at 300 rpm to ensure proper mixing of all the reagents during the 

synthesis. The loading of SPION on the cube sponge was carried out in-situ as 

follows: first, 100 ml Milli-Q water was added to 500 ml Erlenmeyer flask, 

deoxygenated for 30 mins and heated at 40℃. Then, the Fe(II) and Fe(III) 

precursors (0.02 and 0.04 M, respectively), and six sponge cubes were added to 

the solution and leave it stirring for 30 min. Afterward, 120 ml of 0.5 mol·L-1 

NaOH was added to the solution drop by drop and the mixture was stirred for 

an hour to leave enough time for completing the reaction. The resulting 

composite material was separated by decanting, washed three times with 50 ml 

deoxygenated Milli-Q water and dried in an oven at 50℃ for 24 h. 

3.4. Characterizations of the adsorbents 

Scanning electron microscope (SEM, Merlin, Carl Zeiss AG, Oberkochen, 

Germany) images were collected to get information about the morphology of 

the materials. The morphology and size of the SPION were characterized by 

Transmission Electron Microscope (TEM, JEM-1400, JEOL, Tokyo, Japan). 

Fourier transform infrared spectroscopy (FT-IR, Tensor 27, Bruker, 

Massachusetts, USA) measurements were performed to identify the functional 
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groups of SPION, sponge, and sponge-loaded SPION. X-ray powder diffraction 

(XRD, X-Pert, Philips, Amsterdam, Netherlands) was carried out to identify the 

iron oxide phase and crystallinity of the nanoparticles. X-ray absorption 

spectroscopy (XAS) measurements at the Fe K-edge were performed in 

transmission mode at room temperature to study the iron oxide phase in 

SPION and sponge-loaded SPION (Si(111) double crystal monochromator, 

BL22 CLÆ SS beamline of ALBA CELLS synchrotron) [4].  

Cube samples were cut and divided into three parts: surface (1.5 mm from the 

surface), quarter (1.5-3.0 mm from the surface) and center (remaining part of 

the cube), as shown in Figure 3.1. These parts account for ~68%, ~28% and ~4% 

of the cube volume, respectively.  

 

Figure 3.1. Spilt method of cube adsorbents to investigate different depth 

parts (cross-sectional section). 

3.4.1 SEM and TEM 

The SEM images (top panels in Figure 3.2) revealed the microstructure and 

morphology of the adsorbent materials. A severe aggregation of the 

nanoparticles was found for SPION sample when synthesized without support, 



36 

 

see Figure 3.2a. The open-celled structure of sponge composed by connected 

pores can be seen in Figure 3.2b. The loading of SPION into sponge is clearly 

indicated by the darkening of the final material with respect to the original 

sponge (see Figure 3.3). After loading the nanoparticles, the surface of sponge 

becomes more heterogeneous, see Figure 3.3c. It is clear that having the sponge 

as support helps in reducing the nanoparticle aggregation to a large extent. 

SEM images of sponge and sponge-loaded SPION with smaller magnification 

are also shown in Figure 3.4. 

The TEM images of sponge-loaded SPION and the corresponding particle size 

distribution histograms calculated using Image-Pro Plus software (Media 

Cybernetics, Silver Spring, USA) are shown in Figure 3.2 (middle and bottom 

panels). The nanoparticles are coating the surface of the sponge and they are 

not blocking the pores, which preserves the advantageous diffusion properties 

of the original sponge material. The nanoparticles are mostly spherical, and the 

mean nanoparticle size found for the surface and the center parts of the cube 

sponge-loaded SPION were 12.7 and 13.8 nm, respectively. The histogram 

shows that the particle size dispersion, considering a normal distribution, has 

similar width for both, surface and center parts of the cube, see Figure 3.2f and 

3.2g. However, almost a bimodal distribution is found at the surface part which 

highlights the important contribution of the smaller particles. Indeed, a 

detailed analysis of the particle size data revealed that, in average, due to the 

smaller particle size, the surface/volume ratio is 10% larger at the surface part. 
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Figure 3.2. SEM images for SPION (a), sponge (b) and sponge-loaded SPION 

(c). TEM images and particle size histogram for surface (d, e, f) and center 

parts of sponge-loaded SPION (g, h, i). 

 

Figure 3.3. Pictures of SPION (a), sponge (b) and sponge-loaded SPION (c). 

 

Figure 3.4.  SEM images of SPION(a), sponge (b) and sponge-loaded SPION (c). 
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3.4.2 FT-IR 

FT-IR analysis was performed to identify the functional groups present on the 

adsorbent materials. The spectra comparison is shown in Figure 3.5. The 

spectra have been shifted vertically for shake of comparison. For the unloaded 

sponge, the peak centers appeared at 3332, 2879, 1637, 1358, and 1018 cm-1 

which could be -NH2/-OH, -CH2, -C=O/-OH, C=C, and -C=O/-C-O-C stretching 

vibrations, respectively. These results are consistent with the sponge containing 

free available ethyleneamine (-NH2-CH2-CH2-) and iminodiacetate (–(C=O)-

NH-(C=O)-) groups as claimed by the supplier. The spectrum of SPION shows 

a very intense band at 560 cm-1 which is characteristic of the Fe-O bond [5]. As 

for sponge-loaded SPION, the Fe-O band is much less intense than the one of 

SPION sample due to the low loading amount (~ 2.6 wt.%) of nanoparticles in 

the composite material. 

 

Figure 3.5. FT-IR spectrum of SPION, sponge, and sponge-loaded SPION. 
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3.4.3 XRD 

X-ray diffraction (XRD) measurements were performed on SPION and cube 

sponge-loaded SPION to identify the iron oxide phase. Figure 3.6 shows the 

comparison of the experimental diffraction patterns with the simulated ones 

for Fe2O3 (American Mineralogist Crystal Structure Database, code: 0007898) [5] 

and Fe3O4  (American Mineralogist Crystal Structure Database, code: 0002400) 

[6]. 

The diffraction pattern of both samples displayed the characteristic reflections 

of the spinel structure; however, it was not possible to determine the iron phase 

since the diffraction patterns of maghemite, γ-Fe2O3, and magnetite, Fe3O4, 

were very similar and the widths of the diffraction peaks yield by the 

nanoparticles were quite wide. 

 

Figure 3.6. XRD spectra of SPION, cube sponge-loaded SPION, theory γ-Fe2O3 

and theory Fe3O4. 
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3.4.4 Fe K-edge XANES measurements 

In order to further identify the iron oxide phase, XAS analysis at the Fe K-edge 

was performed. Figure 3.7 shows the comparison of the X-ray absorption near 

edge structure (XANES) region of the Fe K-edge XAS spectra collected on 

SPION, sponge-loaded SPION (surface) and the reference bulk iron oxide 

materials, maghemite (Fe3O4) and maghemite (γ-Fe2O3). Magnetite and 

maghemite references show a clearly different XANES spectra. The position of 

the absorption rising edge, which is highly influenced by the oxidation state of 

the Fe ions, appears at higher energy for maghemite which contains only Fe(III) 

ions. Indeed, magnetite can be considered as a Fe(II)-deficient magnetite. In 

addition, the energy shift of the edge is also influenced by the Fe−O bond length 

(the shorter the interatomic distance, the higher the edge energy) and this can 

account for bond length expansion in non-stochiometric iron oxide 

nanoparticles due to the reduced coordination [7].  

 

Figure 3.7. Fe K-edge XAS spectra of SPION, sponge-loaded SPION (surface) 

and the two iron oxide reference materials (Fe3O4, γ-Fe2O3). Inset includes the 

extracted EXAFS signal. 
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In our case, the XANES spectrum of SPION is almost identical to the 

maghemite reference reflecting the bulk character of the nanoparticle 

aggregates. On the other side, the spectrum of the SPION nanoparticles loaded 

in the sponge is slightly different from the one of the SPION sample. It also 

resembles the spectral profile of the maghemite reference, but the spectral 

features A, B and C are smeared out respect to SPION.  

In a similar fashion, we found that, when comparing the extracted extended X-

ray absorption fine structure (EXAFS) signal for both samples (see inset in 

Figure 3.7), the amplitude of the oscillation is smaller for sponge-loaded SPION. 

This is related with the decrease of the coordination number of Fe atoms close 

to the surface of the iron oxide nanoparticles and the increase of disorder 

respect to the bulk structure. These observations point out that the main iron 

phase of the nanoparticles in the sponge-loaded SPION is maghemite, i.e. the 

Fe oxidation state is dominated by Fe(III). This is beneficial in terms of the 

adsorption capacity maghemite provides a higher adsorption capacity and a 

more stable Fe-As complex after As(V) adsorption than magnetite [8]. 

Regarding the different parts of the cube, no significant change in the chemical 

state of the iron oxide was found at different parts of the cube as shown in 

Figure 3.8. A rough estimation of the atomic Fe concentration obtained from 

the absorption jump of the XAS spectrum revealed that there is an average of 

~15% less Fe in the surface part than in the center part. This observation agrees 

with the results regarding the particle size distribution and the surface/volume 

ratio estimation along the cube depth and supports the idea that smaller 

particles are loaded at the surface part. 
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Figure 3.8. Fe K-edge XAS spectra of the different sponge-loaded SPION 

parts. 

3.5. Conclusions 

1) In this study, the composite material cube-shaped open-celled cellulose 

sponge-loaded SPION was successfully synthesized by the in-situ co-

precipitation method. 

2) TEM images analysis showed that the mean nanoparticle size found for 

the surface and the center parts of the cube sponge-loaded SPION were 12.7 

and 13.8 nm, respectively.  

3) XAS of Fe K-edge analysis pointed out that the main iron phase of the 

nanoparticles is maghemite. 
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Chapter 4: As(V) adsorption behavior and 

mechanism studies by cube sponge-loaded 

SPION 
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4.1. Materials and methodology 

4.1.1 Chemical reagent 

All reagents used were of analytical grade and purchased from Sigma-Aldrich 

(Missouri, USA), Panreac (Barcelona, Spain), Scharlab (Barcelona, Spain) or 

Honeywell, (Charlotte, USA).  

The stock aqueous solution of 1000 mg·L-1 As(V) was prepared from sodium 

arsenate dibasic heptahydrate (Na2HAsO4·H2O). The pH was adjusted to 3.6 

prior to the adsorption experiments by adding the appropriate amount of 

hydrogen chloride (HCl) or sodium hydroxide (NaOH) in order to optimize the 

adsorption in accordance with previous works [1,2]. 

Ammonium molybdate, (NH4)6Mo7O24·4H2O]; antimony potassium tartrate 

C8H4K2O12Sb2·1/2H2O; sulfuric acid, H2SO4; and ascorbic acid, C6H8O6; were 

used as color reagents for the detection of As(V) by molybdenum blue method 

as described elsewhere [3,4]. 

4.1.2 Adsorption experiments 

The experiments were performed in 50 ml plastic tubes containing 25 ml As(V) 

solution and one cube of the adsorbent material (sponge or sponge-loaded 

SPION, 0.20 g). The tubes were agitated mechanically at 300 rpm and at 293, 

318 or 343 K by using a shaker inside a temperature-controlled incubator. The 

solutions were separated from the adsorbents by filtration and As(V) 

concentration in the solution was determined by UV-visible spectrometric 

technique based on the molybdenum blue method (See section 4.1.4). The 

adsorption capacity at the equilibrium was calculated using the following 

equation: 

𝑞𝑒 = (𝐶𝑜 − 𝐶𝑒)
𝑉

𝑚
                   (4.1) 
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where qe (mg·g-1) is the adsorption capacity, V (L) is the volume of the arsenic 

solution, m (g) is the weight of the adsorbent, Co and Ce (mg·L-1) are initial and 

equilibrium concentrations of As(V) solution, respectively. 

4.1.3 Adsorption-desorption cycle experiments 

For regenerating the adsorbent material after adsorption, the cubes of sponge-

loaded SPION were separated by filtration, washed three times with Milli-Q 

water, and immersed in 25 ml 0.5 M NaOH solution to desorb the arsenic. After 

shaking at 300 rpm for 60 min, the adsorbent was separated by filtration and 

rinsed with 25 ml Milli-Q water. Finally, cube sponge-loaded SPION was dried 

at 50℃ for 24 h before carrying out the next adsorption run. This 

adsorption/desorption cycle was repeated five times to determine the 

regeneration capacity of the composite adsorbent material. 

4.1.4 Determination of As(V) concentration by UV-Visible 

As(V) concentration in the solution was determined by UV-visible 

spectrometric technique based on the molybdenum blue method. The detection 

range was 0.5-4 mg·L-1. The detailed steps are as follows:  

1) Color solution A preparation: 6.9 g Ammonium Molybdate 

[(NH4)6Mo7O24·4H2O] was dissolved in 50 ml Milli-Q water; 0.175 g 

Antimony Potassium Tartrate was dissolved (C8H4K2O12Sb2·1/2H2O) in 50 

ml Milli-Q water; 150 ml 17.74 mol·L-1 Sulfuric Acid (H2SO4) was prepared; 

Three solutions above were mixed together to get the color solution A. 

2) Color solution B preparation: 5.0 g Ascorbic acid (C6H8O6) was diluted to 

50 ml Milli-Q water to get color solution B. 

3) Prepare a series of arsenic standard solutions (0, 0.5, 1.0, 2.0, 3.0, 4 mg·L-1) 

with Milli-Q water. Pipet 8.8 ml of each standard solution into a 10 ml test 

tube. Then add 0.8 ml color solution A and 0.4 ml color solution B.  
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4) Dilute the sample concentration in the range of 0.5-4 mg·L-1. Then pipet 8.8 

ml of each diluted solution into a 10 ml test tube. Then add 0.8 ml color 

solution A and 0.4 ml color solution B. 

5) After at least 60 minutes of color development, absorbance was detected at 

855 nm, using the blank as the reference. 

4.1.5 As K-edge XAS measurements 

XAS measurements at the As K-edge were performed to study the chemical 

state and coordination environment of the adsorbed arsenic after exposing the 

adsorbents to an initial concentration of 200 mg·L-1 As(V). In order to get 

information at different depths of both materials, cube sponge and sponge-

loaded SPION, the cubes were split into three regions as mentioned before: 

surface, quarter and center.  

The XAS experiment was carried out at BL22 CLÆ SS beamline of ALBA CELLS 

synchrotron using a Si(311) double crystal monochromator [5]. Measurements 

of As-sponge, As-sponge-loaded SPION adsorbents and As reference samples 

were performed in transmission mode using ionization chambers. All the 

samples were milled and pressed into pellets without using any binder. A 

multi-element silicon drift detector with Xspress3 electronics was used for 

collecting the spectra in fluorescence mode of As-SPION sample. To reduce the 

self-absorption effects, As-SPION was homogeneously mixed with cellulose 

using a 1:10 ratio. Special care was taken when setting up the fluorescence 

mode to minimize the dead-time effect. The measurements were carried out at 

liquid nitrogen temperature to minimize any radiation damage. XAS data 

analysis was performed according to standard procedures using ATHENA and 

ARTEMIS software of the Demeter package [6]. 
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4.1.6 As K-edge XAS analysis 

XAS data analysis was performed by using Athena and Artemis programs 

included in the Demeter software package (version 0.9.26) [6]. In the EXAFS 

linear combination fitting (LCF) the fitting range in k-space was set to 2.75~15.0 

Å -1. The spectra of sponge-loaded SPION (S) were fitted by using sponge (S) 

and SPION as references.  

Fourier transformation of the EXAFS signal was performed to generate the 

radial distribution function (k-range, 2.75 ~ 13.0 Å -1). Theoretical As-O, As–Fe 

and As-O-O scattering paths were calculated from the structural model of 

scorodite [7]. The spectra of SPION were fitted including the second shell (R-

range 1-3.5 Å ), while only the first shell was fitted for sponge and sponge-

loaded SPION samples (R-range 1-1.9 Å . In the shell-by-shell fitting, the 

coordination number (CN) of As-O was fixed to 4 because of the tetrahedron 

structure and CN of As-Fe was fixed to 2 assuming a binuclear corner-sharing, 

2C, configuration. For the multiple scattering (MS) path (As-O-O), the CN was 

fixed to 12 according to the structure of AsO4 tetrahedron. In a regular 

tetrahedron, the distance between vertices is related to the distance from the 

center to a vertex by a geometrical factor. Therefore, the distance of MS path 

was constrained geometrically to be 1.82 times of the single scattering As-O 

path (RAs-O-O = 1.82*RAs-O). The addition of this MS path improved the goodness-

of-fit parameter, but did not affect the fit parameters obtained for the As−Fe 

second shell [8]. 

4.2. Adsorption behaviors 

To assess the As(V) adsorption performance of cube sponge and cube sponge-

loaded SPION, batch adsorption experiments with different initial 

concentrations, different contact times and different temperatures were 

performed.  
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As can be seen in Figure 4.1a, the adsorption capacity of sponge and sponge-

loaded SPION increase when increasing the As(V) initial concentration. Both 

adsorbents show better adsorption at 293 K than at 343 K, while sponge-loaded 

SPION has a higher adsorption capacity than sponge alone. These adsorption 

experiments did not reach saturation within the concentration range studied. 

However, the maximum initial concentration used in this study is 800 mg·L-1, 

which is much higher than the concentration found in polluted groundwater 

[9]. 

Adsorption results with different contact times, Figure 4.1b, revealed that there 

is a transient initial stage in which the adsorption capacity sharply increases. 

This can be attributed to a large number of adsorption sites initially available 

on the surface of the adsorbent. The adsorption capacity becomes almost 

constant after ~60 min. When comparing different adsorbents, sponge-loaded 

SPION showed a higher equilibrium adsorption capacity and a slightly faster 

adsorption process.  

 

Figure 4.1. As(V) adsorption capacity using cube sponge and sponge-loaded 

SPION: initial concentration (a); contact time (b). 

Our results show that the adsorption capacity of the sponge increases notably 

after loading SPION. Considering an initial concentration of 200 mg·L-1 and at 
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293 K, the adsorption capacity increases from 18.7 to 24.0 mg·g-1 after loading 

SPION. This means that the adsorption capacity of sponge increases 28.3% after 

loading only 2.6 wt.% mass fraction of SPION (63.2% at 800 mg·L-1 initial 

concentration). This adsorption capacity is considerably higher than the ones 

reported for other iron-based composite materials, see Table 4.1.  

Table 4.1. Comparison of adsorption capacities with similar system. 

Support 

material 
Size (mm) 

Iron 

loading 

(wt. %) 

Iron phase 

Maximum 

adsorption 

capacity 

(mg·g-1) 

Reference 

Cellulose 

sponge 

cube  

(13 x 10 x 7) 
1.80 γ-Fe2O3 69.68* This work 

Sponge  
half-cylinder  

(30 Ø  x 15) 
~12 iron oxide 4.6 [10] 

NONE 0.3~2 52~62 
Fe(OH)3;  

β-FeO(OH) 
25.24 [11] 

Corn straw 

biochar 
0.5~1 6.05 Fe 6.80 [12] 

Activated 

carbon 
0.85 3.5 

iron 

oxyhydroxides 
4.96 [13] 

Red oak 

biochar 
<0.04 59.64 

Zero-valent 

iron 
15.66 [14] 

Switchgrass 

biochar 
<0.04 55.72 

Zero-valent 

iron 
6.48 [14] 

Clay-activated 

carbon 
2-3 - iron oxide 5.0 [15]  

Fungal biomass <0.4 - iron oxide 10.3 [16] 

Darco 20 X 50 0.3~0.85  4.22 β-FeOOH 1.95 [17] 

(*) at 200 mg·L-1 

For example, Bakshi and coworkers reported a maximum adsorption capacity 

of 15.66 mg·g-1 when loading 59.64 wt.% zero-valent iron on red oak biochar 

(particle size < 0.04 mm) [18]. A widely used iron-hydroxide based granulate 

commercial adsorbent GEH-102 (Fe(OH)3 and β-FeO(OH), size 0.3~2 mm) 

shows a maximum As(V) adsorption capacity of 25.24 mg·g-1 [11]. In our case, 

the mass fraction of the iron nanoparticulate adsorbent loaded is much lower 

than in those works, and, in addition, we are not quoting the calculated 
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maximum adsorption capacity as it is usually reported by several authors. In 

this study, for a maximum initial As(V) concentration of 800 mg·L-1 an 

adsorption capacity of 69.68 mg·g-1 is obtained for sponge-loaded SPION which 

outperforms those other Fe-based adsorbents. 

Table 4.2. Adsorption capacity compare and analysis of different adsorbents. 

Adsorbent 

Adsorption capacity 

(mg·g-1) 

Variation as 

temperature increases 

(%) 293 K 343 K 

SPION 27.7 33.7 21.7 

sponge 18.7 14.2 -24.1 

sponge-loaded SPION 24.0 21.7 -9.6 

sponge in composite material 18.3 13.9 -24.0 

SPION in composite material 5.7 7.9 38.6 

2.6 wt.% of aggregated SPION 0.7 0.9 28.6 

sponge + 2.6 wt.% of aggregated 

SPION 
18.9 14.7 -22.2 

The independent adsorption performance of SPION supported in the sponge 

can be assessed when the adsorption capacities of the two materials forming 

the composite adsorbent are disentangled. When comparing with the 

adsorption capacity of the SPION sample, 27.7 mg·g-1, we found that, in 

proportion, the supported SPION adsorbs ~8 times more As(V) than the 

unsupported nanoparticles. This reflects the reduction of the surface area due 

to the aggregation of the unsupported nanoparticles in the SPION samples as 

it has been shown above in the SEM images. Indeed, the different behavior of 

the SPION when loaded in the sponge is also reflected in the temperature 

variation of the adsorption capacity. For SPION sample, there is a 21.7% 

adsorption increase when going from 293 to 343 K, whereas the SPION loaded 

in the sponge displays a larger increase, 38.6%, see Table 4.2. This explains why 

the temperature variation of the whole composite adsorbent decreases less, -
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9.6%, than the value that can be proportionally estimated from the individual 

components, -22.2%. 

4.3. Adsorption isotherm and kinetic study 

4.3.1 Isotherm modeling 

Adsorption isotherms were measured to understand the adsorption 

mechanism of cube sponge-loaded SPION. For modeling, the adsorption of 

heavy metals and metalloids from aqueous solution, Langmuir, Freundlich, 

and Temkin are the most commonly used isotherm models because of the 

usefulness of their parameters, their simplicity, and their easy interpretability. 

The forms of those three models are displayed in Annex I.  

 

Figure 4.2. Isotherm fitting of experimental data: sponge at 293 K (a), sponge-

loaded SPION at 293 K (b), sponge at 343 K (c), and sponge-loaded SPION at 

343 K (d). 
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The adsorption isotherm data of sponge and sponge-loaded SPION at 293 and 

343 K were fitted to these models, see Figure 4.2. The results from the fits are 

displayed in Table 4.3. A relatively good fit was found for the three models 

(R2 >0.90), however, the best model is Freundlich which highlights the 

importance of the heterogeneous surface of the adsorbents. In Freundlich 

isotherm model, the values of 
1

𝑛
 are less than 1 for both adsorbents which 

indicates that the As(V) adsorption is favorable for both materials. Besides, 

significant higher KF values for the sponge-loaded SPION system at both 

temperatures means that adsorption capacity increased after loading the 

nanoparticles. 

Table 4.3. The parameters of different isotherms models for sponge and 

sponge-loaded SPION. The parameters are expressed in the following units: T 

(K), qm (mg·g-1), KL (L·mg-1), KF [(mg·g-1) (L·mg-1)1/n], AT (L·g-1), bT (K·Jmol-1). 

Adsorbents T 
Langmuir isotherm 

Freundlich 

isotherm 
Temkin isotherm 

qm KL R2 KF 1/n R2 AT bT  R2 

sponge 
293 45.00 0.012 0.95 3.49 0.39 0.96 0.31 0.32 0.95 

343 39.36 0.008 0.99 2.16 0.43 0.94 0.13 0.39 0.97 

Sponge-loaded 

SPION 

293 72.24 0.036 0.94 10.12 0.34 0.98 2.21 0.24 0.96 

343 58.97 0.019 0.98 6.69 0.35 0.98 1.35 0.36 0.93 

 

4.3.2 Kinetic modeling 

Kinematic parameters are important to determine the efficiency and 

mechanism of the adsorption process [22]. To study the rate and mechanism of 

As(V) adsorption onto sponge-loaded SPION, the experimental kinetic data 

were fitted to the pseudo-first order kinetic model and pseudo-second order 

kinetic model. The forms of those two models are displayed in Annex II.  
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Sponge and sponge-loaded SPION adsorption data at 293 and 343 K were fitted 

to these kinetic models, see Figure 4.3. Regression coefficients and rate 

constants are shown in Table 4.4.  

 

Figure 4.3. Kinetic models for As(V) adsorption: sponge at 293 K (a), sponge-

loaded SPION at 293 K (b), sponge at 343 K (c), and sponge-loaded SPION at 

343 K (d). 

The regression coefficients of the pseudo-second order model are higher than 

0.99 for both sponge and sponge-loaded SPION, while regression coefficients 

of pseudo-first order were below 0.80. Hence, the adsorption kinetics of both 

systems are better described by the pseudo-second order model. Therefore, 

chemisorption is controlling the speed of the adsorption process. FT-IR results 

in chapter 3.4.2 confirm the existence of free available hydroxyl group (-OH), 
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ethyleneamine (-NH2-CH2-CH2-) and iminodiacetate (–(C=O)-NH-(C=O)-) 

groups in the adsorbents. This implies the influence of ligand exchange and ion 

exchange mechanisms through the sharing/exchange of electrons between 

adsorbent functional groups and As(V) during adsorption [23,24].  

Table 4.4. Kinetic parameters for As(V) adsorption by sponge and sponge-

loaded SPION. 

Adsorbent 
Temperature 

(K) 

Pseudo-first order Pseudo-second order 

K1  

(min-1) 
R2 

K2  

(g·mg-1·min-1)  
R2 

sponge 
293 0.0268 0.5671 0.0782 0.9999 

343 0.0167 0.2468 0.0929 0.9964 

Sponge-loaded SPION 
293 0.0316 0.4977 0.0519 0.9996 

343 0.0645 0.7299 0.0297 0.9997 

The activation energy Ea for adsorption of As(V) onto sponge-loaded SPION 

can be calculated from the pseudo-second order rate constant, K2, using the 

following Arrhenius equation [25]: 

𝑙𝑛 𝐾2 = 𝑙𝑛 𝐴 −
𝐸𝑎

𝑅𝑇
                                              (4.2) 

where K2 is the adsorption rate constant, A is the Arrhenius constant, Ea (kJ·mol-

1) is the activation energy, R is the ideal gas constant 8.3145 (J·mol-1·K-1) and T 

(K) is the absolute temperature. The Ea values obtained for sponge and sponge-

loaded SPION were 9.86 and 17.69 kJ·mol-1, respectively. This indicates that 

sponge-loaded SPION shows higher dominance of chemical adsorption than 

sponge.  

4.4. Thermodynamics analysis 

Thermodynamic parameters such as Gibbs’ free energy change (ΔGo), enthalpy 
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change (ΔHo) and entropy change (ΔSo) can predict the feasibility and nature of 

the adsorption process [25]. The relations of these thermodynamic parameters 

are displayed in Annex III.  

By constructing a plot of 𝑙𝑛 𝐾  versus 1/𝑇 , ΔS° can be calculated from the 

intercept and ΔH° can be obtained from the slope. The results are displayed in 

Figure 4.4 and Table 4.5.  

 

Figure 4.4. Results from fitting analysis for determining ΔS° and ΔH°: sponge 

(a); sponge-loaded SPION (b). 

Table 4.5. Thermodynamic parameters for As(V) adsorption onto the sponge 

and sponge-loaded SPION. 

Adsorbent 
Temperature 

(K) 

ΔGo  

(kJ·mol-1) 

ΔHo 

 (kJ·mol-1) 

ΔSo  

(J·mol-1) 

sponge 

293 -14.22 

-12.30 6.56 318 -14.39 

343 -14.55 

sponge-loaded SPION 

293 -19.28 

-22.80 -12.02 318 -18.98 

343 -18.68 

The negative ΔGo values obtained for sponge and sponge-loaded SPION at 



59 

 

three temperatures indicate that the adsorption of As(V) onto both adsorbent 

materials is spontaneous. Values of ΔH° are -12.30 and -22.80 kJ·mol-1 for 

sponge and sponge-loaded SPION respectively, which indicates the As(V) 

adsorption on these two adsorbents is an exothermic process. The loading of 

2.6 wt.% SPION on sponge did not change the exothermic nature of As(V) 

adsorption on the sponge, although the adsorption on iron oxide is an 

endothermic process as previously reported [27]. The spontaneous and 

exothermic nature of As(V) adsorption imply that adsorption of As(V) on the 

adsorbents is favorable, which agrees with the results obtained from fitting of 

Freundlich model.  

4.5. Chemical state of As determined by XAS 

Although the study of the macroscopic adsorption behavior and the 

thermodynamic calculations provides some evidence that the arsenic is 

chemically adsorbed on sponge and sponge-loaded SPION, information about 

the oxidation state and coordination environment of As after being adsorbed is 

still missing. As K-edge XAS measurements were performed to get a better 

insight of the adsorption process at the molecular scale.  

Figure 4.5a displays the As K-edge XANES spectra collected on the adsorbent 

materials and the As reference compounds (arsenic trioxide, As(III); and 

arsenic pentoxide, As(V)). These two As reference compounds display a 

markedly different spectral profile. The pentoxide is shifted ~3.7 eV towards 

higher energy respect to the trioxide. Thus, the white-line feature (first 

resonance after the rising absorption edge) appears at 11875.5 and 11871.7 eV 

for pentoxide and trioxide, respectively. The direct comparison of the spectra 

collected on the adsorbent samples with the As reference compounds reveals 

that the arsenic adsorbed in the materials remains as As(V). Hence, no major 

redox reaction occurred upon As(V) adsorption on any of the materials. The 
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spectral feature after the white line appears at different energy for sponge and 

SPION reflecting the different coordination environment of As(V) in the two 

adsorbents. As expected, the spectrum for the composite adsorbent sample, 

sponge-loaded SPION, lies in between the two, being more similar to sponge 

due to the low nanoparticles loading. As shown in Figure 4.6, the XANES 

spectra do not change much when increasing the adsorption temperature from 

293 to 343 K, therefore, the temperature does not affect much the oxidation state 

of the adsorbed As. In addition, no change in the oxidation state of the adsorbed 

As was found as a function of the penetration depth of the cube neither in 

sponge nor in sponge-loaded SPION, see Figure 4.6. Hence, the same 

adsorption process takes place at the different parts of the cube due to the good 

diffusion properties of the sponge material and the rather homogeneity of the 

composite adsorbent material. 

 

Figure 4.5. As K-edge XAS spectra of SPION, sponge and sponge-loaded 

SPION after adsorbing As(V): (a) XANES spectra collected on the adsorbent 

materials and the As reference compounds; (b) EXAFS spectra for adsorbents 

after As(V) adsorption at 293K and results of the linear combination fitting 
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analysis for surface part of sponge-loaded SPION (line); (c) Pseudo-radial 

distribution function for adsorbents after As(V) adsorption at 293 K. (symbols 

are experimental data and lines are fits.) 

 

Figure 4.6. As K-edge XANES of sponge and sponge-loaded SPION at 

different penetration depth and As(V) adsorption temperatures. 

 

Figure 4.7. Results from the linear combination fitting analysis of the EXAFS 
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signal of sponge-loaded SPION (S) for As(V) adsorption at 293 (a) and 343 K 

(b) by using the spectra of sponge (S) and SPION as references. (Symbols are 

experimental data and lines are fits.) 

Table 4.6. EXAFS fitting results of SPION, sponge (S) and loaded (S) at 293K. 

Sample 
Atomic 

Pairs 
S02 CN R(Å ) σ2 (Å 2) 

ΔE0 

(eV) 

R-

factor 

SPION 

As-O 

0.85 

4 1.70 (0.02) 0.001 (0.0005) 

5.7 

(1.1) 
0.031 As-O-O 12 

1.82*(RAs-O) 

=3.10 
σ2(As-O) 

As-Fe 2 3.39 (0.04) 0.004 (0.003) 

sponge 

(S) 
As-O 1.1 4 1.69 (0.01) 0.003 (0.001) 

5.4 

(1.8) 
0.009 

loaded (S) As-O 1.1 4 1.69 (0.01) 0.004 (0.002) 
5.9 

(2.0) 
0.010 

The different local coordination environment of As in SPION and sponge 

adsorbents is more evident when representing the EXAFS signal and the 

pseudo-radial distribution function, Figure 4.5b and 4.5c, respectively. SPION 

displays a more structured EXAFS signal than sponge. As can be seen in Figure 

4.5b, feature A from sponge is a double feature in SPION, and features B and C 

are sharper and have a shoulder at lower k for SPION whereas those features 

are smoother in the case of sponge. As expected, the EXAFS for the sponge-

loaded SPION is similar to the one for sponge, but it has some resemblance to 

SPION as can be noticed by the slight flattening of feature A and the change in 

shape of features B and C. A semiquantitative analysis of the ratio between the 

two components, sponge and SPION, in the sponge-loaded SPION sample can 

be obtained from the linear combination fitting analysis of the EXAFS signal. 

The results show that, at 293 K, around 21% of As(V) is adsorbed into the 

loaded nanoparticles (Figure 4.5b and Figure 4.7a), whereas this amount 
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increases to ~42% at 343 K (see Figure 4.7b). These results are in good agreement 

with those obtained from the adsorption data reported above and confirm that 

the As(V) adsorbed on the loaded nanoparticles increases when increasing the 

temperature. 

The Fourier-transformed spectra in R-space, see Figure 4.4c, is dominated by 

the As−O first-neighbor contribution. The modelling of the EXAFS signals 

revealed that the As-O bond distance in sponge and SPION are 1.69 and 1.70 Å , 

respectively (see section S12 for further details about the EXAFS modelling). In 

addition, for SPION and sponge-loaded SPION, there are relatively weak 

features beyond the first coordination shell that can be attributed to the As−Fe 

contributions. The different arrangements of the As(V) tetrahedron with the 

surface of the iron oxide nanoparticle are related to the arsenic surface coverage 

[28,29]. Among all, binuclear corner-sharing, 2C, is found to be the dominant 

configuration, because it is strongly favored thermodynamically and 

kinetically, and it is also the most energetically stable. Some authors have 

reported the presence of the mononuclear corner-sharing, 1V, when arsenic has 

a relatively low surface coverage, but we can safely exclude this possibility in 

our case. The mononuclear edge-sharing configuration, 2E, is reported to be 

present in some cases with the high arsenic surface coverage. In our study, the 

high initial concentration of arsenic (200 mg·L-1) and the good affinity of SPION 

for As(V) results in a high surface coverage. The fitting results are compatible 

with a dominant contribution of the 2C configuration (see Table 4.6). In this case, 

two of the four As–O bonding structures are complexed to Fe atoms (i.e., As–

O–Fe) by corner-sharing with the FeO6 octahedron and the remaining two As 

atoms are present either both as unprotonated As–O or one as unprotonated 

As–O and the other one as protonated As–O–H [30]. Despite the differences 

regarding particle aggregation, both SPION and sponge-loaded SPION 

samples are composed by maghemite and it can be assumed that the 
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coordination on the composite will follow similar trend as in the case of the 

unsupported nanoparticles.  

4.6. Life-cycle investigation 

To assess the regeneration capacity of cube sponge-loaded SPION, several 

cycles of adsorption and desorption experiments were performed. As shown in 

Figure 4.8, the adsorption capacity of adsorbent did not show a significant 

decrease. Hence, the cube adsorbent maintains a high adsorption capacity even 

after five adsorption/desorption cycles. The slightly increase observed for the 

fourth and fifth cycles, can be ascribed to the loose powder which broke off 

from the sponge-loaded SPION during shaking which contributes to the 

increase of the effective As adsorption from the solution. Besides its good 

regeneration capabilities, one of the main benefits of this composite adsorbent 

is that, after its life-time span, it could be easily compressed into a very small 

volume which hugely facilitates its transport and ultimately waste disposal. 

 

Figure 4.8. The weight and adsorption capacity of adsorbent in different 

regeneration circle. 
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4.7. Conclusions 

Batch adsorption experiments showed the adsorption capacity of sponge 

had a 28.3% enhancement after loading 2.6 wt.% mass fraction of SPION. Cube 

sponge-loaded SPION had a higher adsorption capacity compared with similar 

system adsorbents reported.  

 The adsorption of As(V) by sponge-loaded SPION fitted well by 

Freundlich isotherm, indicating a multilayer and heterogeneous adsorption. 

Kinetic studies showed As(V) adsorption followed pseudo-second order 

kinetic model, suggesting chemical adsorption was the controlling step. 

Thermodynamics calculation indicates the adsorption was a spontaneous and 

exothermic process.  

In addition, we have observed that As(V) was not reduced to more toxic 

As(III) after adsorbed on the surface of adsorbents, which is desirable for the 

treatment of As(V) contaminated waters. The modeling of the EXAFS signals 

revealed that the binuclear corner-sharing, 2C, configuration is the main one. 

Moreover, we have shown that the cube-shaped sponge-loaded SPION has 

good regenerative performance and can be used over several 

adsorption/desorption cycles. 
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Chapter 5: As(III) adsorption-oxidation 

mechanism studies on cube sponge-
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5.1. Materials and methodology 

5.1.1 Chemical reagent 

All reagents used were of analytical grade. Sodium arsenite (NaAsO2) was used 

as the source of As(III). A 1000 mg·L-1 As(III) stock solution was initially 

prepared, and then diluted to the required concentration. Hydrogen chloride 

(HCl) and sodium hydroxide (NaOH) were used to adjust the pH during 

adsorption experiments.  

When doing the detection of As(III) concentration by UV-vis, potassium 

permanganate (KMnO4) was used to oxidized As(III) to As(V) firstly. 

Ammonium molybdate, (NH4)6Mo7O24·4H2O]; antimony potassium tartrate 

C8H4K2O12Sb2·1/2H2O; sulfuric acid, H2SO4; and ascorbic acid, C6H8O6; were 

used as color reagents   for the detection of As(V) by molybdenum blue method 

as described elsewhere [1,2]. 

5.1.2 Adsorption experiments 

Adsorption experiments were performed by putting 0.20 g adsorbent (SPION, 

cube sponge, cube sponge-loaded SPION) in contact with 25.0 ml of As(III) 

solution. The tubes were agitated mechanically at 300 rpm using a rotary shaker. 

Different temperature experiments were performed by putting the shaker 

inside of an incubator. Adsorption experiments of different initial 

concentrations were performed with concentrations ranging 10~1000 mg·L-1 

As(III) at pH 7 shaking during 120 mins; experiments of different contact time 

were performed with 1~480 mins shaking at pH 7 and 200 mg·L-1 initial 

concentration; experiments of different pH values were performed by adjusting 

pH from 3~10 with 200 mg·L-1 initial concentration and agitating during 120 

mins.   
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After adsorption, SPION were magnetically separated, and sponge and 

sponge-loaded SPION were separated by filtration. As(III) concentration in the 

solution was first oxidized to As(V) by adding potassium permanganate 

(KMnO4) solution, and then, the As(V) concentration was determined by UV-

visible spectrometric technique based on the molybdenum blue method (See 

section S4 in SI). The adsorption capacity at equilibrium was calculated using 

the following equation: 

qe = (Co − Ce)
V

m
                     (5.1) 

where qe (mg·g-1) is the adsorption capacity, V (L) is the volume of the arsenic 

solution, m (g) is the dry weight of the adsorbent, Co and Ce (mg·L-1) are initial 

and equilibrium concentrations of As(III) solution, respectively. 

5.1.3 Isotherm and kinetic models 

To better understand and explain the As(III) adsorption behaviors, different 

isotherm and kinetic models were used. Experimental data of different initial 

concentrations were fitted to Langmuir, Freundlich and Temkin isotherm 

models. The forms of those three models are displayed in Annex I.  Experiment 

data of different contact times were fitted to pseudo-first order and pseudo-

second order. The forms of those two kinetic models are displayed in Annex II.  

5.1.4 Determination of As(III) concentration by UV-Visible 

There are two steps in the detection of As(III) by UV-vis spectra. First it is the 

oxidation of As(III) to As(V) by potassium permanganate (KMnO4); Second it 

is the As(V) detection by molybdenum blue method. 

5.1.4.1 Oxidation of As(III) to As(V) by KMnO4 

a) Stander solutions and samples prepared: 10 ml As(III) stander solutions 
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(0.05, 1, 2, 3, 4, 5 mg·L-1) were firstly prepared. All the samples were also diluted 

to prepared 10 ml solutions with the concentration range of 0.5~5 mg·L-1. 

b) 1000 mg·L-1 KMnO4 solution was prepared.   

c) 0.08 ml KMnO4 solution was added to 10 ml As(III) solutions. 

d) Wait at least 30 minutes for the reaction to complete. 

5.1.4.2 As(V) detection by molybdenum blue method 

a) Color solution A preparation: 6.9 g Ammonium Molybdate 

[(NH4)6Mo7O24·4H2O] was dissolved in 50 ml Milli-Q water; 0.175 g Antimony 

Potassium Tartrate was dissolved (C8H4K2O12Sb2·1/2H2O) in 50 ml Milli-Q 

water; 150 ml 17.74 mol·L-1 Sulfuric Acid (H2SO4) was prepared; Three 

solutions above were mixed together to get the color solution A. 

b) Color solution B preparation: 5.0 g Ascorbic acid (C6H8O6) was dilute to 

50 ml Milli-Q water to get color solution B. 

c) Prepare a series of arsenic standard solutions (0, 0.5, 1, 2, 3, 4 mg·L-1) 

with Milli-Q water. Pipet 8.8 ml of each standard solution into a 10 ml test 

tube. Then add 0.8 ml color solution A and 0.4 ml color solution B. 

d) Dilute the sample concentration in the range of 0.5-4 mg·L-1. Then pipet 

8.8 ml of each diluted solution into a 10 ml test tube. Then add 0.8 ml color 

solution A and 0.4 ml color solution B. 

e) After at least 60 minutes of color development, absorbance was 

detected at 855 nm, using the blank as reference. 

5.1.5 As K-edge XAS measurements 

X-ray absorption spectroscopy (XAS) technique was used to study the 

oxidation state of As upon adsorption on the adsorbents (SPION, cube sponge 

and sponge-loaded SPION). A initial concentration of 200 mg·L-1 As(III) and a 

contact time of 120 mins were used. The effect of the adsorption temperature 
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was also studied by performing adsorption experiments at 293 and 343 K. After 

solid-liquid separation and three times washing by Mili-Q water, adsorbents 

were dried in oven at 50oC for 24 h. Arsenic trioxide, As(III), and arsenic 

pentoxide, As(V), were used as reference materials. All samples and references 

were milled and pressed into a pellet for performing the measurements.  

The XAS experiment at the As K-edge was carried out at BL22 CLÆ SS beamline 

of ALBA CELLS synchrotron using a Si(311) double crystal monochromator [7]. 

Measurements of As-adsorbents were performed in fluorescence model, while 

As references were performed in transmission mode using ionization chambers. 

A multi-element silicon drift detector with Xspress3 electronics was used for 

collecting the spectra in fluorescence mode for sponge and SPION samples. To 

reduce the self-absorption effects, SPION was homogeneously mixed with 

cellulose using a 1:10 ratio. Special care was taken when setting up the 

fluorescence mode to minimize the dead-time effect. The measurements were 

carried out at liquid nitrogen temperature to minimize any radiation damage.  

5.1.6 As K-edge XAS peak fitting analysis 

XAS data analysis was performed according to standard procedures using 

ATHENA software of the Demeter package [8]. For the peak fitting analysis of 

the XANES spectra, the arctangent and Lorentzian functions were used for 

simulating the absorption step and the white-line peak features of As(III) and 

As(V) species. This allowed us to assess the variation of the species present in 

the adsorbent materials upon the As(III) adsorption-oxidation process. 

Initially, a peak fitting analysis of the reference compounds was performed to 

evaluate the ratio between the white-line area and the absorption step of each 

As species. Two different pairs of references were tested: arsenic trioxide and 

arsenic pentoxide, and sodium arsenite and sodium arsenate. Arsenic trioxide 

and arsenic pentoxide were chosen as the final references for the peak fitting 
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analysis of the samples since the step values obtained from the fitting analysis 

were closer to 1 than those of the sodium salts references in the energy range 

used, 11861 – 11879 eV, this is (-10, 8) eV respect to the E0 of As(III) reference. 

The inflection point of the arctangent (e0) was fixed to the maximum of first 

derivative of the reference material.  

To have a better understanding of the ratio between the two As species in terms 

of the relative intensity of the white-line features, As(III)/As(V). A set of spectra 

were built by fixing all the parameters of both step and peak functions, and 

keeping the peak height and step height ratio as determined for the arsenic 

trioxide and arsenic pentoxide references, ~9.8 and ~14.6, respectively. From 

that, by adjusting the relative amount of the As species, information about the 

white-line intensity ratio between species was obtained and the look-up table 

was built (see Table 5.1). The sum of the step heights was fixed to 1.15 as found 

for the references. 

Table 5.1. Simulation of the white-line (w-l) intensity and white-line intensity 

ratio between species as function of the As(III) content.  

As(III) (%) w-l As(III) w-l As(V) w-l ratio As(III)/As(V) 

10 0.838 4.052 0.207 

20 1.068 3.740 0.286 

30 1.341 3.444 0.389 

40 1.581 3.158 0.500 

50 1.876 2.86 0.656 

60 2.114 2.547 0.830 

70 2.363 2.252 1.049 

80 2.610 1.974 1.322 

90 2.866 1.657 1.730 
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Figure 5.1. Simulation of the white-line (w-l) intensity ratio between species as 

function of the As(III) content. 

Table 5.2. Assume value of the As(III) % and step calculated from the w-l ratio 

As(III)/As(V). (C, center; Q, quarter; S, surface). 

Name 
Temperature 

(K) 

w-l ratio 

As(III)/As(V) 

As(III) 

step 

As(V) 

step 

SPION 293 0.85 0.70 0.45 

SPION 343 0.96 0.77 0.38 

sponge (C) 

293 

0.51 0.44 0.71 

sponge (Q) 0.54 0.47 0.68 

sponge (S) 0.63 0.54 0.61 

sponge (C) 

343 

0.75 0.63 0.52 

sponge (Q) 0.80 0.67 0.48 

sponge (S) 0.97 0.78 0.37 

composite (C) 

293 

1.25 0.91 0.24 

composite (Q) 1.25 0.91 0.24 

composite (S) 1.25 0.91 0.24 

composite (C) 

343 

1.31 0.93 0.22 

composite (Q) 1.31 0.93 0.22 

composite (S) 1.31 0.93 0.22 
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Accordingly, for each sample, the experimental white-line intensity ratio was 

used to guess the initial values of step height of the two species using the 

quadratic equation obtained from the fit of the data included in Table 5.1 (see 

Figure 5.1). The guessed initial data were listed in Table 5.2. Afterwards, the 

fitting was accomplished by fixing the step height of the species with highest 

white-line intensity and leaving free in the fit the step height of the other species. 

In other words, if the As(III)/As(V) white-line intensity ratio was below one, 

the step height of As(V) was kept fixed, otherwise, if the intensity ratio was 

over one, the step height of As(III) was kept fixed. In addition, the width of the 

step function and both the height and the sigma parameters of the peak 

function were also fitted. In all the cases, the position of the peak (center) and 

the step (e0) functions were fixed to the values of the white-line maxima and 

first derivative of the references, respectively. The fitting was performed 

iteratively fixing and leaving free these groups of parameters and keeping the 

peak height to step height ratio of each species closer to the values that were 

obtained for the reference oxides.  

5.2. Adsorption behaviors 

Batch experiments were performed to study the adsorption behavior of the 

materials. Different parameters (initial concentration, contact time, pH values) 

that affect As(III) adsorption were investigated.  
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Figure 5.2. As(III) adsorption capacity of sponge and sponge-loaded SPION: 

initial concentration (a); contact time (b). 

As can be seen in Figure 5.2a, the adsorption capacity of SPION and sponge-

loaded SPION increased with As(III) initial concentration. Sponge-loaded 

SPION showed less adsorption capacity than SPION, however, the adsorption 

of As(III) in sponge can be considered negligible since it was below the 

detection limit of the colorimetric methodology used. This means that sponge 

acts mainly as a support for reducing the aggregation of SPION. The less 

adsorption capacity of the composite material can be explained by the low mass 

fraction of SPION loaded in the sponge, only 2.6 wt.%. Thus, considering only 

the mass fraction of SPION in the composite, see Figure 5.3, the adsorption 

capacity of SPION in composite reached 655.0 mg·g-1 with 1000 mg·L-1 initial 

concentration and still not statured. In other words, the SPION loaded in the 

sponge had 14.5 times adsorption capacity than the unsupported SPION. This 

difference is due to the nanoparticle aggregation of the unsupported SPION.  
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Figure 5.3. As(III) adsorption capacity of SPION in composite material (per 

gram of SPION): initial concentration (a); contact time (b). 

The relationship of adsorption capacities with different contact times was 

shown in Figure 5.2b. There was a sharp increase in adsorption capacity during 

the 1-60 minutes. This can be attributed to the large number of adsorption sites 

initially available on the surface of the adsorbent. Adsorption capacity becomes 

almost constant after 60 mins. SPION showed a higher equilibrium adsorption 

capacity (21.0 mg·g-1) than sponge-loaded SPION (7.6 mg·g-1). When 

normalizing by the mass fraction of loaded SPION, the adsorption capacity of 

SPION in the composite material is 295.6 mg·g-1. This is 14.1 times higher than 

unsupported SPION. Furthermore, the adsorption behavior did not show a 

significant dependence with the pH in the working range, 3.0 to 10.0, see Figure 

5.4. This was due to the fact that uncharged H3AsO3 (pKa=9.2) is the main 

species. Therefore, As(III) could not be adsorbed by electrostatic interaction. 

Similar results were also reported previously. [9,10] 



82 

 

 

Figure 5.4. As(III) adsorption capacity of SPION and sponge-loaded SPION at 

different pH values. 

5.3. Adsorption isotherm and kinetic study 

5.3.1 Isotherm modeling 

Langmuir, Freundlich, Temkin isotherm models were used to understand the 

adsorption behavior for the interaction of As ions on the adsorbent surface. 

Langmuir model assumes that the adsorption occurs on a homogeneous 

surface and that all binding sites have equal affinity for the adsorbate [3]. 

Freundlich isotherm assumes multilayer adsorption, with non-uniform 

distribution of adsorption heat and affinities over the heterogeneous surface [4]. 

Temkin isotherm contains a factor that explicitly considers the adsorbent–

adsorbate interactions and it is mostly used for electrostatic interaction-based 

chemical adsorption [5]. The As(III) adsorption isotherms for SPION and 

sponge-loaded SPION are shown in Figure 5.5. The fitting of isotherm curve 

for the SPION in the composite is shown in Figure 5.6. 
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Figure 5.5. As(III) adsorption isotherms for SPION and sponge-loaded SPION 

at 293K. 

 

Figure 5.6. As(III) adsorption isotherms for calculated SPION in composite at 

293K. 

The fitting results are displayed in Table 5.3. For all adsorbents, relatively good 

fits were found for the three models (R2 >0.90). However, the best fit would be 

Temkin model due to the homogeneous property of SPION and heterogeneous 

property of sponge-loaded SPION and SPION in composite. The good fitting 

results obtained with the Temkin model emphasized that the interaction is 
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based on the chemically reaction between As ions and the surface of adsorbents.  

Table 5.3. The parameters of different isotherms models for sponge and 

sponge-loaded SPION. The parameters are expressed in the following units: T 

(K), qm (mg·g-1), KL (L·mg-1), KF [(mg·g-1) (L·mg-1)1/n], AT (L·g-1), bT (K·Jmol-1). 

Adsorbent 

Langmuir isotherm 
Freundlich 

isotherm 
Temkin isotherm 

qm KL R2 KF 1

n
 R2 AT bT R2 

     

SPION 41.67 0.054 0.96 7.11 0.29 0.95 2.05 0.41 0.98 

Sponge-loaded 

SPION 
18.24 0.013 0.96 1.82 0.34 0.92 0.38 0.85 0.94 

SPION in composite 709.58 0.013 0.96 71.01 0.34 0.92 0.38 0.02 0.94 

5.3.2 Kinetic modeling 

Kinematic parameters are important to determine the efficiency and 

mechanism of the adsorption process [3,11]. In this study, pseudo-first order 

kinetic model and pseudo-second order kinetic model were used. Kinetic fitting 

of SPION and sponge-loaded SPION were shown in Figure 5.7. The fitting of 

calculated SPION in composite were shown in Figure 5.8.  

Regression coefficients and rate constants are shown in Table 5.4. Kinetics 

modelling analysis showed that the adsorption process fitted better with 

pseudo-second order kinetic model for all the adsorbents. Hence, the As(III) 

adsorption kinetics by these three adsorbents are better described by the 

pseudo-second order model, which means that chemisorption is driving the 

speed of the adsorption process.  
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Figure 5.7. Kinetic models for As(III) adsorption at 293 K for SPION (a) and 

sponge-loaded SPION (b). 

 

Figure 5.8. Kinetic models for As(III) adsorption at 293 K for calculated 

SPION in composite. 
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Table 5.4. Kinetic parameters for As(III) adsorption by SPION, sponge-loaded 

SPION and SPION in composite. 

Adsorbent 

Pseudo-first order Pseudo-second order 

K1  

(min-1) 
R2 

K2  

(g·mg-1·min-1)  
R2 

sponge 0.0414 0.8059 0.0745 0.9999 

Sponge-loaded SPION 0.0319 0.9048 0.0555 0.9975 

SPION in composite 0.0319 0.9048 0.0014 0.9975 

5.4. Thermodynamics analysis 

Thermodynamic parameters such as Gibbs free energy change (ΔGo), enthalpy 

change (ΔHo) and entropy change (ΔSo) can predict the feasibility and nature of 

the adsorption process [12,13]. The relations of these thermodynamic 

parameters are displayed in Annex III. By constructing a plot of ln K versus 1/T 

(Figure 5.9.), ΔS° can be calculated from the intercept and ΔH° can be obtained 

from the slope. The calculated thermodynamic parameters of the adsorbents 

are displayed in Table 5.5.  

 

Figure 5.9. Results from fitting analysis for determining ΔS° and ΔH°. 
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Table 5.5. Thermodynamic parameters for As(III) adsorption onto the SPION, 

sponge-loaded SPION, SPION in composite. 

Adsorbent 
Temperature 

(K) 

ΔGo  

(kJ·mol-1) 

ΔHo 

 (kJ·mol-1) 

ΔSo  

(J·mol-1) 

SPION 

293 -16.43 

10.50 91.88 318 -18.73 

343 -21.03 

Sponge-loaded 

SPION 

293 -10.68 

4.68 52.39 318 -11.99 

343 -13.30 

SPION in 

composite 

293 -19.60 

4.68 82.82 318 -21.67 

343 -23.74 

The adsorption of As(III) on composite adsorbent (2.6 wt.% SPION on sponge) 

has negative ΔGo, positive ΔH° and positive ΔS° as SPION. This result is 

consistent with the behavior of that sponge do not adsorb As(III). The negative 

ΔGo values indicate that the adsorption of As(III) onto is spontaneous. Values 

of ΔH° are 10.50, 4.68 and 4.68 kJ·mol-1 for SPION, sponge-loaded SPION and 

SPION in composite respectively, which means the As(III) adsorption on these 

three adsorbents are endothermic processes. The positive ΔS° likely resulted 

from the release of orderly structured hydration water and subsequent increase 

in randomness with increased concentration of adsorbed As(III) on the solid 

surface [15,16]. 

5.5. Compare of the adsorption capacity with similar adsorbent system 

According to the Fe content in adsorbents, it could be calculated that the 

equilibrium adsorption capacities of SPION and sponge-loaded SPION with 

1000 mg·L-1 As(III) initial concentration were 64.7 and 935.0 mg·g-1 Fe, 

respectively. This indicates that SPION loaded on the sponge can significantly 
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improve the adsorption capacity. This may be due to the fact that cube sponge 

as the support can effectively prevent SPION from aggregating in the 

composite, and then increase the effective surface in the adsorption process, 

resulting in the high adsorption capacity. 

Table 5.6. As(III) adsorption capacities comparison of SPION in composite 

with similar system. 

Support 

material 
Size 

Iron 

(wt. %) 
Iron phase 

qe 

(mg·g-1 Fe) 
Reference 

None 12.0 nm 100 γ-Fe2O3 64.7 * This work 

Cube sponge 
13 x 10 x 7 

mm 
1.80 γ-Fe2O3 935.0 * This work 

None 34 nm 100 Fe3O4 23.0 [17] 

Cork 0.8~2 mm 2.4 
iron 

(oxy)hydroxides 
204.2 [18] 

Cellulose 0.01~0.02 mm 36 Fe2O3 64.3 [19] 

Alginate beads 0.5 mm 30 2-line ferrihydrite 159.3 [20] 

Polyurethane 

foam 
6.07 nm 19.33 Fe3O4 178.7 [21] 

(*) at 800 mg·L-1 

As shown in Table 5.6, adsorption capacities of both unsupported SPION and 

SPION as part of the composite are significantly higher when compared with 

similar Fe-based adsorbent system. For example, Liu et al. reported a maximum 

As(III) adsorption capacity of 23.0 mg·g-1 Fe of magnetite nanoparticles with 34 

nm average size [17]; Pintor and coworkers reported a maximum adsorption 

capacity of 204.2 mg·g-1 Fe when loading iron (oxy)hydroxides (2.4 wt.% of Fe) 

on cork (particle size < 2 mm) [18]. 

5.6. As K-edge XAS measurements 

Due to the different toxic risks associated with the As species [22], it is 

important to understand the fate of adsorbed As(III) and to discern any possible 

redox processes that may take place upon adsorption. Indeed, the oxidation 

state and speciation of As determine its toxicity and mobility in the 
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environment [23]. In that respect, X-ray absorption near-edge structure 

(XANES) experiments were performed to investigate the coordination 

environment and the chemical state of As(III) adsorbed on SPION, sponge and 

sponge-loaded SPION. The influence of the different temperatures and the 

different depths of cube adsorbents (C, Q, S) were also studied.  

Figure 5.10a shows the comparison of the As K-edge XANES spectra of the 

adsorbent materials with As reference compounds for As(III), arsenic trioxide, 

and As(V), arsenic pentoxide. The As reference compounds display a markedly 

different spectral profile. The pentoxide is shifted ~3.7 eV towards high energy 

with respect to the trioxide. In addition, the white-line feature (first resonance 

after the absorption rising edge) appears at 11875.5 and 11871.7 eV for 

pentoxide and trioxide, respectively. By direct comparison of the position of 

the absorption edge and the white-line, we found that some of the As(III) were 

oxidized to As(V) upon adsorption. The oxidation process has been previously 

reported on iron-based adsorbents [24,25]. Ying and co-authors [24] reported 

the adsorption–oxidation of As(III) when adsorbed on Cr(VI)-incorporated 

schwertmannite. As(III) was adsorbed onto the Fe3+ adsorption sites and it was 

further oxidized by the Cr(VI) present on the surface. Zhong et al [25] reported 

the oxidation of As(III) by hydroxyl free radical (•OH) and hydrogen peroxide 

(H2O2) produced from the activation of molecular oxygen (O2) at acid and 

neutral conditions when using a biochar adsorbent for As(III) removal. For our 

composite adsorbent, a combination of both processes may occur. Under 

neutral conditions, As(III) is firstly adsorbed on the surface of the adsorbents, 

and then oxidized by the generated reactive oxygen species (ROS), especially 

by •OH via the activation of H2O2 and O2 by the Fe(III) and the hydroxyl groups 

(-OH) present in SPION and sponge adsorbents. The proposed mechanism of 

adsorption-oxidation is shown in Figure 5.11.  
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Figure 5.10. As K-edge XAS spectra of adsorbents after adsorbing As(III) at 

different temperatures (a) and corresponding peak fitting results (b). Arsenic 

trioxide and pentoxide compounds are also included for comparison and 

used for peak fitting references. 

 

Figure 5.11. Proposed mechanism of As(III) adsorption-oxidation on the 

surface of adsorbents. 

To unraveling the two As species, a peak fitting analysis of the XANES spectra 

was performed using the spectra of reference compounds. The fitted spectra of 

SPION, sponge (surface), sponge-loaded SPION (surface) for the As(III) 
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adsorption at 293 K are shown in Figure 5.12. The final fitted results of all 

samples are shown in Table 5.7 and Figure 5.10b.  

 

Figure 5.12. Peak fitting results for SPION, sponge (surface), sponge-

loaded SPION (surface) for the As(III) adsorption at 293K. (symbols are 

experimental data and lines are fits.) 

When comparing the different adsorbents it was found that the largest amount 

of As(III) oxidized to As(V) was taking place in sponge, 30-60%. This can be 

due to the large density of functional sites that can oxidize As(III) respect to 

low amount of As(III) adsorbed on the sponge. On the other hand, SPION 

showed a larger amount of As(V) than sponge-loaded SPION. This can be 

related with the low loading of the γ-Fe2O3 nanoparticles in the composite 

material (2.6 wt.%). In other words, the As:Fe ratio in the composite is much 

larger than in the unsupported SPION, which turns into less available Fe(III) 

species to contribute to the As(III) oxidation process after adsorption. In all the 

materials, the oxidization of As(III) to As(V) was more favorable at the lower 

temperature due to the decomposition of H2O2 at higher temperatures which 

resulted in the decrease of •OH [26]. However, the difference in sponge-loaded 

SPION caused by temperature was very small (only ~2%) because of the small 
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mass loading of SPION in the composite as mentioned above. After adsorption, 

the amount of -OH functional site available in the loaded SPION are much 

lower than in the case of unsupported SPION. When comparing different 

depths of the cube material, As(III) adsorbed in center part of the sponge 

showed a higher amount of As(V) species due to the diffusion constrains that 

increase towards the center of the cube, hence, reducing the recirculation of 

hydroxyl free radicals and favoring the interaction. However, the As(III) 

oxidation reaction in sponge-loaded SPION was controlled by the mass of 

SPION, which is rather constant in the whole cube and yields similar As(V) 

conversion in all parts of the cube.   
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Table 5.7. Peak fitting results of SPION, sponge and sponge-loaded SPION. (C, center; Q, quarter; S, surface). Fixed parameters for 

As(III) fittings: arctangent e0 = 11871.0 eV, Lorentzian center = 11871.40 eV. Fixed parameters for As(V) fittings: arctangent e0 = 

11874.56 eV, Lorentzian center = 11875.22 eV. 

Adsorbent 
Temperature 

(K) 

As(III) As(V) 

R-factor 

Final results 

step height 
width 

(eV) 

sigma 

(eV) 
step height 

width 

(eV) 

sigma 

(eV) 

As(III) 

(%) 

As(V) 

(%) 

SPION 293 0.670 6.274 0.744 3.628 0.415 5.823 0.806 3.726 0.0005 61.75 38.25 

SPION 343 0.758 7.030 0.669 3.608 0.347 5.148 0.744 3.785 0.0006 68.60 31.40 

sponge (C) 

293 

0.423 3.103 0.307 3.588 0.696 10.660 1.189 3.605 0.0008 37.80 62.20 

sponge (Q) 0.442 3.434 0.345 3.551 0.664 10.040 1.33 3.657 0.0008 39.96 60.04 

sponge (S) 0.521 4.324 0.314 3.466 0.603 8.835 0.959 3.705 0.0005 46.35 53.65 

sponge (C) 

343 

0.565 5.318 0.544 3.749 0.543 7.646 1.303 3.921 0.0006 50.99 49.01 

sponge (Q) 0.591 5.413 0.64 3.491 0.534 7.365 1.624 3.937 0.0005 52.53 47.47 

sponge (S) 0.729 6.407 0.411 3.535 0.381 5.726 0.814 4.073 0.0003 65.68 34.32 

composite (C) 

293 

0.891 8.351 1.002 3.623 0.224 3.146 0.602 4.273 0.0007 79.91 20.09 

composite (Q) 0.885 8.445 1.072 3.665 0.222 3.061 0.59 4.285 0.0007 79.95 20.05 

composite (S) 0.895 8.346 0.986 3.636 0.220 3.108 0.609 4.351 0.0006 80.27 19.73 

composite (C) 

343 

0.913 8.756 1.072 3.714 0.196 2.454 0.587 4.429 0.0008 82.33 17.67 

composite (Q) 0.900 8.592 1.235 3.831 0.194 2.324 0.517 4.559 0.0009 82.27 17.73 

composite (S) 0.895 8.356 1.293 3.901 0.196 2.310 0.521 4.585 0.0009 82.03 17.97 
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5.7. Conclusions 

In this work, we have shown that our cube-shaped open-celled cellulose 

sponge loaded with superparamagnetic iron oxide nanoparticles (SPION) 

synthesized via an in-situ co-precipitation method is an efficient adsorbent 

material for As(III) removal. The adsorption of As(III) on this composite 

adsorbent was best described by the Temkin isotherm model and the pseudo-

second order kinetic model which indicates that chemisorption is controlling 

the speed of the adsorption process. The assessment of the thermodynamic 

parameters ΔH° and ΔG° indicated that the As(III) adsorption on the composite 

adsorbent kept the same properties (spontaneous and endothermic) as the 

unsupported SPION, but with the advantage of having greatly reduced the 

nanoparticle aggregation.  

In addition, we have observed that the highly toxic and carcinogenic As(III) 

was oxidized to less toxic As(V), which is desirable for the treatment of As(III)-

contaminated waters. Our XAS study supports that, after adsorption, As(III) 

was oxidized to As(V) by both the •OH radicals generated from Fe(III) and the 

-OH groups present in SPION and sponge adsorbents under neutral 

conditions.. Besides, similar oxidation level of the adsorbed As(III) was found 

at different cube depths which demonstrates that the same adsorption process 

takes place at the different parts of the cube due to the good diffusion properties 

of the sponge material and the rather homogeneity of the SPION loaded in the 

porous sponge. 
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In previous chapters, batch adsorption experiments were performed to assess 

the adsorption performance of sponge and sponge-loaded SPION for As 

removal at different pH values, initial concentrations, and contact times. To 

explore the possibility of using these adsorbents for industrial applications, we 

have carried out fixed-bed column adsorption experiments.  

6.1. Fixed-bed adsorption system 

Among the existing adsorption systems such as batch, continuous fixed-bed, 

continuous moving bed, continuous fluidized bed and pulsed bed systems [1,2], 

batch and fixed-bed column adsorption systems are the most commonly used 

[3]. The batch adsorption system has the advantages of easy operation and 

being cost-effective, and it is usually used in exploratory research studies at 

laboratory scale and it is scarcely used for industrial applications [4–6]. The 

fixed-bed adsorption system consists of a fixed mass of adsorbent packed in the 

column through where the adsorbate continuously flows at constant rate [7,8]. 

Compared to the batch system, the fixed-bed column system is capable to treat 

much larger volume and it can be easily scaled up from laboratory-scale to 

industrial application [9,10]. 

For designing and optimizing the adsorption processes in fixed-bed systems, 

breakthrough curves are measured. In breakthrough experiments, the 

concentration at the outlet of the column is monitored and the outlet-to-inlet 

concentration ratio (C/Co) is then represented against time (t) or throughput 

volume [11,12]. In most of the cases, the breakthrough curves exhibit a 

characteristic ‘S’ shape with varying degrees of steepness in the transient 

[13,14]. An ideal breakthrough curve is represented in Figure 6.1. Two 

characteristic points in a breakthrough curve are used to define the 

performance of the adsorbent material. These are the breakthrough point and 

exhaustion point, that, for convenience, are defined as the points at 5% and 90% 
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of the total C/Co, respectively [15,16]. The amount of adsorbate in the outlet 

water can be calculated from the area under the breakthrough curve, thus the 

adsorbed amount of adsorbate until breakthrough point or exhaustion point 

can be calculated by subtracting that amount from the total adsorbate used in 

the process. In that respect, several parameters have been defined to evaluate 

the column’s performance when doing breakthrough experiments with a fixed-

bed system [17]: 

1) The number of bed volume (BV) to reach the breakthrough point and 

exhaustion point. 

2) The amount of adsorbate (q in mg) adsorbed on the adsorbents and its 

corresponding bed adsorption capacities (qe in mg·g-1) until the 

breakpoint and the exhaustion point.  

3) The time at which it is necessary to regenerated the adsorbent. 

  

Figure 6.1. Ideal breakthrough curve reproduced from Ref. [6]. 

6.2. Arsenic adsorption by using laboratory fixed-bed column  

The continuous fixed-bed adsorption experiments were firstly performed by 
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using a laboratory column set-up, see Figure 6.2. To control the temperature 

during the adsorption process, jacketed glass columns connected to a water 

bath were used. The diameter and length of the column are 1 and 20 cm, 

respectively 

The effects of various process parameters like initial concentration, flow rate, 

and adsorption temperature were investigated and breakthrough points were 

measured. For adsorption, 1g of powder sponge (0.5~2 mm) is placed into the 

column (bed volume 3.5 ml). As(V) solutions with different initial 

concentrations (10, 50, 200 mg·L-1) were passed through the column using a 

peristaltic pump with different flow rates (1.0, 2.5, 4.0 ml·min-1) at 293 or 343 K. 

The elution samples (1 BV) were collected every 10 BV using 10 ml falcon tubes 

and analyzed by UV-vis.  

 

Figure 6.2. Experimental set-up of a the fixed-bed column with water bath 

used for arsenic adsorption. 

6.2.1. Effect of different initial concentrations 

The initial concentration is an important factor that provides the appropriate 

driving force for the transport of adsorbate molecules through the adsorbent 
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bed in fixed-bed adsorption process [18,19]. The fixed-bed column adsorption 

experiments of different initial concentrations were performed at 293 K with a 

flow rate of 2.5 ml·min-1. The breakthrough curves are shown in Figure 6.3, and 

the information extracted is reported in Table 6.1.  

 

Figure 6.3. Breakthrough curve of laboratory column with different initial 

concentrations. 

Table 6.1. Breakthrough point results with different initial concentrations. 

Initial 

concentration 

(mg·L-1) 

Time 

(h) 

Number of 

BV 
 

Volume 

(ml) 

Adsorption 

capacity  

(mg·g-1) 

Removal 

rate 

(%) 

10 8.37 358.89 1256.12 12.45 99.1 

50 3.43 146.84 513.94 25.31 98.5 

200 1.03 44.10 154.35 30.48 98.7 

The breakthrough points of 10, 50, 200 mg·L-1 initial concentrations occurred for 

358.89, 146.84 and 44.10 bed volumes, respectively. This indicates that at high 

initial concentrations, the breakthrough point is reached earlier (see 

breakthrough times in Table 6.1). This behavior is related to the enhancement 
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of concentration gradient for mass transfer across the liquid film along with the 

acceleration of adsorption rate, which leads to an early saturation of the fixed 

bed [20].  

The amount of adsorbate adsorbed by adsorbents was calculated from 

integrating the area over the breakthrough curve until the breakthrough point 

as explained above. The corresponding adsorption capacity was calculated by 

dividing the amount of adsorbent by the weight of adsorbent. We found that 

the adsorption capacity increased with the initial concentration as 12.45, 25.31 

and 30.48 mg·g-1 for 10, 50, 200 mg·L-1, respectively. This is associated with the 

fact that the active sites of adsorbent were surrounded by a larger amount of 

As(V) ions at higher concentrations; hence the equilibrium adsorption capacity 

increases with increasing the As(V) ion concentration which enhances the 

adsorption process [21,22]. This result is consistent with those obtained from 

the batch experiments. In addition, all the adsorption processes for different 

initial concentrations maintained high As(V) removal rates (See Table 6.1).  

6.2.2. Effect of different flow rates 

Flow rate is another important factor  affecting the efficiency of the fixed-bed 

column adsorption [22]. This parameter influences the contact time between the 

adsorbate and the adsorbent in the column [23]. In our case, different flow rates 

(1.0, 2.5, 4.0 ml·min-1) with 200 mg·L-1 initial concentration at 293 K were 

performed. The breakthrough curves are shown in Figure 6.4 and 

corresponding calculated results are listed in Table 6.2. 

For different flow rates, the breakthrough points occur at very similar number 

of bed volumes. It is slightly faster to reach the breakthrough point when using 

higher flow rates (8%). This indicates that increasing the flow rate from 1 to 4 

ml·min-1 has a small effect on the adsorption of As(V) ions. This is related with 

the fast adsorption kinetics of As(V) ions in the sponge. This result is consistent 
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with the results from the kinetic study results in batch experiments. 

Furthermore, the calculated adsorption capacities were around 30 mg·g-1 for all 

three flow rates and As(V) removal rates maintained above 95% during all the 

adsorption processes.  

 

Figure 6.4. Breakthrough curves of laboratory column with different flow 

rates. 

Table 6.2. Breakthrough point results with different flow rates. 

Flow rate 

(ml·min-1) 

Time 

(h) 

Number of  

BV 
 

Volume 

(ml) 

Adsorption capacity 

(mg·g-1) 

Removal rate 

(%) 

1.0 2.73 46.85 163.98 32.26 98.4 

2.5 1.03 44.10 154.35 30.48 98.7 

4.0 0.63 42.94 150.29 28.84 95.9 

6.2.3. Effect of different temperatures 

Temperature is another parameter that affects the adsorption performance of 

fixed-bed column adsorption [25,26]. The effect of different temperatures (293, 

343 K) with 200 mg·L-1 initial concentration was investigated. Since the flow 

rate does not affect much of the breakthrough curve, we have chosen an 
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intermediate flow rate (2.5 ml·min-1) in this experiment. The results from the 

breakthrough experiments are shown in Figure 6.5. and Table 6.3. 

 

Figure 6.5. Breakthrough curves of laboratory column with different 

temperatures. 

Table 6.3. Breakthrough point results at different temperatures. 

Temperatures 

(K) 

Time 

(h) 

Number 

of BV 
 

Volume 

(ml) 

Adsorption capacity 

(mg·g-1) 

Removal rate 

(%) 

293 1.03 44.10 154.35 30.48 98.7 

343 0.88 37.56 131.46 26.12 99.3 

The breakthrough points at different temperatures were 44.10 BV for 293 K and 

37.56 BV for 343 K, respectively. This indicated that the breakthrough curve 

reached the breakthrough point at higher temperatures. This can be attributed 

to the effect of the faster diffusion of As ions through the sponge bed at higher 

operating temperature [27]. Besides, according to the results of batch 

experiments and the thermodynamic analysis, the adsorption of As(V) on 

sponge is an exothermic process and its adsorption capacity decreases as the 
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temperature increases. Thus, the adsorption of As(V) onto sponge is favored at 

lower temperatures. As expected for the fixed-bed, the adsorption capacities at 

breakthrough point decreased from 30.48 to 26.12 when increasing the 

temperature from at 293 to 343 K. Hence, this temperature increase did not have 

a significant effect on the breakthrough point, although the breakthrough curve 

for 343 K has a much steeper rise than the one at lower temperature which 

influences the value of the exhaustion point.  

6.2.4. Continue adsorption-thermo desorption experiments 

In most of the reported studies, the regeneration of adsorbents is accomplished 

by adjusting the pH value benefiting by great variation of the adsorption 

capacity at different pH [28,29]. However, this method consumes a significant 

amount of chemical reagent, which has been proved to be expensive and not 

environmentally-friendly [29,30]. It is very necessary to develop new 

approaches for adsorbent regeneration with the new requirement of green 

chemistry. In the previous section (see 6.1.3), we find there is a difference (4.36 

mg·g-1) in adsorption capacities when adsorption experiments performed at 

different temperatures. Thus, thermal desorption was used to perform 

continuous alternative adsorption-desorption experiments.  

Adsorptions were performed at 293 K with 10 mg·L-1 initial concentration. To 

decrease the operate time, 4 ml·min-1 flow rate was used in this experiment. To 

monitor the concentration of As during the process, fractions of the eluted 

solution were collected every 20 BV at the beginning of the first adsorption 

cycle, and every 10 BV after that, this is during the second half of the first cycle 

and the rest of the cycles, and then analyzed by UV-vis afterwards. When the 

As concentration of outlet solution reached breakthrough concentration (5% of 

Co, 0.5 mg·L-1), the adsorption step was stopped and the desorption process 

started. Desorption experiments were performed by pumping 10 BV of Milli-Q 
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waters at 343 K with 1 ml·min-1 flow rate. Desorption solutions were also 

analyzed to calculate the amount of desorbed As. Three cycles of adsorption-

desorption experiments were performed. The breakthrough curves of three 

cycles are shown in Figure 6.6, and the information extracted is reported in 

Table 6.4.  

 

Figure 6.6. Adsorption breakthrough curves of laboratory column in three 

thermo adsorption-desorption cycles. 

Table 6.4. Results of breakthrough point and thermo desorption amount in 

three cycles. 

Cycles 
Time 

(h) 

Number of 

BV 

Volume 

(ml) 

Adsorption 

amount 

(mg) 

Removal 

rate 

(%) 

Desorption 

amount 

(mg·g-1) 

First 5.23 358.89 1256.12 12.55 99.9 0.016 

Second 1.15 78.93 276.26 2.76 99.9 0.018 

Third 0.25 16.89 59.12 0.59 99.8 0.035 

Results showed that the breakthrough points significantly decreased from 

358.89 BV at the first adsorption cycle, to 78.93 BV at the second cycle, and 16.89 
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BV at the third adsorption cycle. All three cycles maintained high As(V) 

removal rates (~99.9 %). When comparing to the initial adsorption experiment 

(first cycle), the breakthrough point of continuous adsorption-desorption 

increased 26.70%. Thermal desorption amounts of As in three cycles were 0.016, 

0.018, 0.035 mg·g-1, respectively. This slightly increase was mainly because 

adsorbed As in the sponge increased as the cyclic experiment progresses. All 

these results indicate that sponge could be regenerated for at least three cycles 

by thermal desorption; however, the regeneration is not as effective as the 

chemical desorption obtained by varying the pH of the solution. This is mainly 

due to the fact that the variation of the adsorption capacity for different 

temperatures is not as larger as for different pH values.  

6.3. Arsenic adsorption and desorption by pilot plant 

To assess the performance under more realistic operation conditions of the 

adsorbent materials for As removal investigated in this Thesis, the procedure 

developed for laboratory column was scaled up to perform the breakthrough 

experiments in our pilot plant. The pilot plant equipment is shown in Figure 

6.7. The diameter of the column is 4.5 cm, the length is 77 cm and the flow rate 

can be varied within 0-180 ml·min-1. 

Effect of different initial concentrations (10, 50, 200 mg·L-1) on the breakthrough 

response and the adsorption performance of different adsorbents (cube sponge, 

cube sponge-loaded SPION) were studied. For the adsorption experiments, 20 

g of cube adsorbents (~100 cubes) were placed into the pilot plant column. The 

bed volume is 108 ml and the bed height is 7 cm. A peristaltic pump was used 

to set the flow rate through the column equal to 17.78 ml·min-1. The experiments 

were performed using the top to bottom method at room temperature. 

Desorption experiments were performed by flowing 0.5 M NaOH through the 

column bed. The eluted samples (0.25 BV) were collected every 10 BV using 50 
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ml falcon tubes and the As(V) concentration was determined by UV-vis 

colorimetric analysis.  

 

Figure 6.7. Fixed-bed pilot plant equipment for As adsorption. 

6.3.1. Effect of different initial concentrations 

The results from the breakthrough curves measured at different initial 

concentrations are shown in Figure 6.8 and Table 6.5. The breakthrough points 

notably decreased from 70.65 to 6.65 bed volume when increasing the As(V) 

concentration from 10 to 200 mg·L-1. The adsorption capacity had an increase 

from 3.71 to 6.54 mg·g-1 when increasing the initial concentration from 10 to 50 

mg·L-1, but further increasing of the concentration to 200 mg·L-1 induce a little 

effect, 6.96 mg·g-1. The removal rates of As(V) maintained high in all three 

adsorption processes. All these results agree with the ones obtained for the 

laboratory column. A more detailed comparison will be shown in the following 

subsection 6.3.   
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Figure 6.8. Adsorption breakthrough curves of pilot plant with different 

initial concentrations. 

Table 6.5. Breakthrough point of pilot plant with different initial 

concentrations. 

Initial 

concentration 

(mg·L-1) 

Time 

 (h) 

Number of  

BV 
 

Volume 

 (L) 

Adsorption capacity 

 (mg·g-1) 

Removal rate 

(%) 

10 7.15 70.65 7.63 3.71 97.3 

50 2.51 24.77 2.68 6.54 97.6 

200 0.67 6.65 0.72 6.96 96.7 

6.3.2. Compare of the sponge and sponge-loaded SPION 

The adsorption performance of the cube sponge and cube sponge-loaded 

SPION when used as adsorbents in the pilot plant was assessed. For these 

experiments, the column was filled with ~20 g of adsorbent (~100 cubes) and 

the breakthrough was carried out setting flow rate of 17.78 ml·min-1 of a 

solution of 50 mg·L-1 of As(V). The results are displayed in Figure 6.9 and Table 

6.6.  
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The numbers of bed volume to reach the breakthrough point for sponge and 

sponge-loaded SPION were 24.77 and 48.44 BV, respectively. The resulting 

adsorption capacities were 6.65 mg·g-1 for sponge and 12.89 mg·g-1 for sponge-

loaded SPION. Hence, loading 2.6 wt.% SPION on cube sponge resulted in 

more than 95% enhancement in both the number of bed volume and the 

adsorption capacity respect to the sponge. The adsorption removal rate for both 

sponge and sponge-loaded SPION maintained high.  

 

Figure 6.9. Adsorption breakthrough curves of pilot plant with adsorbents. 

Table 6.6. Breakthrough point of pilot plant with different initial 

concentrations. 

adsorbents 
Time 

(h) 

Number of 

BV 
 

Volume 

(L) 

Adsorption 

capacity 

(mg·g-1) 

Removal 

rate 

(%) 

Sponge 2.51 24.77 2.68 6.54 97.6 

Sponge-loaded SPION 4.90 48.44 5.23 12.89 98.6 
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6.4. Compare of column and pilot plant adsorption 

The performance of the laboratory column and pilot plant were also compared 

in the condition of similar residential time. The weight of adsorbent (cube 

sponge) and volume of As solution used in pilot plant was 20 times that of 

laboratory column experiment. Detailed parameters of laboratory column and 

pilot plant are listed in Table 6.7. The initial As concentration used was 1 mg·L-

1. Due to the dilute concentration of the outlet samples, the detection of As 

concentration was carried out by ICP-MS analysis.  

Table 6.7. Parameters of laboratory column and pilot plant with similar 

operate condition. 

Fix-bed 

column 

Weight of 

adsorbents  

(g) 

Volume of 

solution  

(L) 

Residential 

time  

(min) 

Bed 

volume 

(ml) 

Flow rate 

(ml·min-1) 

Laboratory 

column  
1 1 5.32 3.5 1.0 

Pilot plant 20 20 5.47 108 17.78 

The breakthrough curve of laboratory column and pilot plant are shown in 

Figure 6.10. It could be clearly seen that for both laboratory column and pilot 

plant during all operating process, the concentration of outlet arsenic was 

always below the breakthrough concentration (50 mg·ml-1). After calculation by 

integrating, the adsorption capacities of laboratory column and pilot plant were 

0.975 and 0.964 mg·g-1, respectively, which was quite similar.  

Desorption experiments were also performed to investigate the regeneration of 

the adsorbents. For laboratory column, both thermal desorption and chemical 

desorption were studied. Thermal desorption and chemical desorption were 

performed by passing 343 K Milli-Q water or 0.5 M NaOH solution, 

respectively. For each method, six samples of 5 ml were collected consecutively. 

For pilot plant, only chemical desorption was investigated by using 0.5 M 
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NaOH solution. Six samples were collected by plastic tubes every 50 ml. 

Arsenic concentrations of all the desorption samples were analyzed by UV-vis. 

The desorption results of laboratory column and pilot plant are shown in 

Figure 6.11 and extract information are calculated and listed in Table 6.8.  

 

Figure 6.10. Adsorption breakthrough curves of laboratory column and pilot 

plant with 1 mg·L-1 initial concentration. 

In the desorption of laboratory column experiments, it could be clearly seen 

that chemical desorption was much more effective than thermal desorption. 

According to the calculation results, thermal and chemical desorption 

regenerated 0.37% and 94.34% of the total As. The poor efficiency of the thermal 

desorption was mainly because the adsorbed As on adsorbents (0.975 mg·g-1) 

was very small and the adsorption capacities with different temperatures (293 

and 343 K) were quite similar in this situation, as consistent with the obtained 

results from adsorption performance and thermodynamic calculation in batch 

experiments. The maximum concentration of chemical desorption was 

obtained at the second sample (101.45 mg·g-1), this was because there was still 

some low As solution left in the column when starting the desorption.  For the 
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chemical desorption using the pilot plant, similar results as with the laboratory 

column were obtained. The maximum desorption concentration was obtained 

at the third sample (130.88 mg·g-1), which means that 1 mg·L-1 arsenic solution 

could be concentrated more than 100 times by using adsorption-desorption of 

the pilot plant. These results prove that the sponge adsorbent can be 

successfully use in both the laboratory column and the pilot plant system for 

achieving an effective removal of As.  

 

Figure 6.11. Compare of the desorption of laboratory column  (a) and pilot 

plant (b). 

Table 6.8. Desorption results of laboratory column and pilot plant. 

Fix-bed 

column 

Total 

amount 

 (g) 

Outlet 

amount 

 (g) 

As(V) in wet 

adsorbent 

 (g) 

Adsorbed 

amount 

 (g) 

Thermo 

desorption 

 (g) 

Chemical 

desorption 

 (g) 

Laboratory 

column  
1 0.022 0.003 0.975 0.004 0.919 

Pilot plant 20 0.630 0.092 19.278 no 19.240 

6.5. Conclusions 

In this chapter, As adsorption experiments were performed in a fixed-bed 

laboratory column and a pilot plant system. The number of bed volume and 
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adsorbed capacity of As at breakthrough point were studied under different 

conditions. 

Several parameters of the fixed-bed breakthrough experiments such as initial 

concentration and the adsorbent material (sponge and sponge-loaded SPION) 

had a greater effect than the flow rate and/or the temperature. In both column 

system the As(V) removal rates were always higher than 95% for all the 

operating parameters studied. The results obtained for the composite material, 

sponge-loaded SPION, indicated that loading 2.6 wt.% SPION on the 

commercial cube sponge results in a 95.56% and 97.09% increment in the 

number of bed volume and adsorption capacity at breakthrough point, 

respectively, respect to sponge. For low concentrated As solutions, which are 

closer to more realistic polluted environmental scenarios, 1 mg·L-1, the 

maximum desorption concentrations obtained for both systems were higher 

than 100 mg·g-1. Hence, we were able to concentrate the inlet solution by 100 

times which is rather relevant for industrial applications. All these results 

proved that both adsorbents, sponge and sponge-loaded SPION, have a great 

As adsorption performance when used as fixed-bed in both laboratory columns 

and pilot plant systems. 
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7.1. Introduction 

7.1.1. Boron sources and environmental pollution. 

Boron (B) is a non-metallic element that is mostly present in the earth's surface 

and water as boric acid and borates, but it is not found in nature in elemental 

form [1,2]. The average boron concentration found in the environment varies 

depending on the media: 30 mg·kg-1 (soil), 4.5 mg·L-1 (seawater), and 0.3~100 

mg·L-1 (groundwater) [3].  

Boron is released into the environment by both natural processes and 

anthropogenic activities [4–6]. The schematic diagram of boron turnover in the 

biosphere is shown in Figure 7.1. The most common naturally occurring boron 

compounds are borosilicate minerals, boroaluminosilicate minerals and borate 

minerals, which are generated from volcanic gases or hot springs [7,8]. Due to 

the weathering of rocks and the leaching of salt deposits, boron is released into 

the environment. Boron is also found naturally in seawater [9], and its 

concentration varies substantially depending on the geography and the location 

of the ocean bodies. It ranges from 0.52 mg·L-1 in the Baltic Sea to 9.6 mg·L-1 in the 

Mediterranean Sea [10]. Because of the geochemical nature of the drainage area, 

boron is also found in the rainfall in coastal areas [11]. The high volatility of boron 

when discharged to the environment may produce acid rainfall back to the 

ground, pollute the drinking water, be deposited in the soil, absorbed by plants, 

and lead to a series of environmental and health problems [12]. The industrial 

activity is another source of boron pollution [13,14]. Boric acid and boron salts 

are widely used in many industries devoted to the manufacture of glass, 

porcelain, wire drawing, semiconductors, leathers, pharmaceuticals, insecticides, 

catalysts, fuels, and cleaning products [15,16]. The glass industry is the biggest 

consumer using more than half of the total production of boron compounds [17]. 

Besides, the boron concentration in sewage wastewater can exceed 100 mg·L-1 [18].  
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Figure 7.1. Schematic diagram of boron turnover in the environment. Adapted 

from [19]. 

7.1.2. The standard of boron 

The concentration range between boron deficiency and its toxicity is very narrow 

[20]. Since a series of environmental and health issues caused by boron has been 

found, the World Health Organization (WHO) established a guideline value of 

2.4 mg·L-1 as the upper limit in drinking water [21]. The European Commission 

regulation applies this level only when desalinated water is the main water 

supply or when high concentration of geologically originated boron is found in 

groundwater, otherwise, an overall level of 1.5 mg·L-1 is applied [22].   

7.1.3. Chemistry of boron in aqueous solution 

In aqueous solutions, the most common species of boron are boric acid, B(OH)3, 

and various kinds of borates. Their fractions present in the solution depend on 

the pH of the solution and the element concentration [23]. Boric acid and borate 

oxyanion, B(OH)4-, are mainly present at low concentrations (<216 mg·L-1). 
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Besides, as shown in Figure 7.2, boric acid dominates at low pH, while borate 

ions dominate at high pH values.  

At high concentration (270-6487 mg·L-1), water-soluble polyborate ions such as 

B2(OH)5-, B3O3(OH)4- and B4O5(OH)42- are formed with an increase of pH value 

from 6.0 to 10.0 [24]. The formation of these polynuclear ions is attributed to the 

interaction of boric acid and borate ions in solution.  

 

Figure 7.2. Distribution diagram of borate species in solution at various pH and 

different concentrations. 

7.1.4. Boron removal methods 

Taking into account the increasing concentration of boron in surface and 

groundwater, and the need for treatment of seawater and wastewater, which 

contains large amounts of this element, the development, and study of effective 

boron removal processes from aqueous solutions has become an important task 

[25]. The presence of many different chemical boron species in water and the 

regional concentration variability  imposes a great challenge for efficiently and 

selectively remove boron from polluted water [26]. 

In the past decades, multiple methodologies such as precipitation [27,28], 

oxidation [29], extraction [30,31], ion exchange [32,33], adsorption [34–36] and 
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membrane [37,38] processes have been studied for boron removal. Previous 

works have shown that, compared to many metalloids, boron is much harder to 

remove. For instance, conventional processes such as coagulation, flocculation 

and filtration used for treating drinking water provide little or no removal of 

boron. Boron rejection in reverse osmosis (RO) is poor, because boron is a small 

species and, since it is present as an undissociated acid, it could not be rejected 

by the membrane due to charge difference [39]. Many advances had been 

introduced to membrane technologies to achieve close  

90% removal; however, the removal time, material cost and the system 

complexity have concomitantly increased together with the removal efficiency 

[40]. Compared with the above methods, adsorption is considered to be one of 

the most promising approaches owing to its numerous advantages: high 

efficiency, easy operation, environmentally friendly, and low cost [41].  

7.1.5. Adsorbents used for boron removal 

In the past years, various traditional adsorbents, such as activated carbon [34], 

fly ash [42] and industrial materials [43], biomass [44] and biochar [45], have been 

used for boron removal. These adsorbents are low-cost and easy to get, but have 

low adsorption capacities and bad selectivity, because boron can hardly form 

complexes on the surface of these adsorbents [46]. Many types of commercial 

resins are also used for boron removal because they show a high boron selectivity 

[47,48]. However, they have poor chemical and thermal stability and their 

adsorption capacities (29.22 mg·g-1 for a widely used commercial resin) reported 

still need to be improved [49]. Besides, raw materials used for synthesizing the 

resins are expensive, and the cost for recycling those materials is also rather high.  

Researchers all over the world are still working on the design of the novel boron 

adsorbents with high adsorption capacities, good selectivity and low costs. 

Among all adsorbent materials, γ-Al2O3 has a porous structure and a large 
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specific surface area, so it is commonly used as adsorbents, dehydrating agents, 

and automobile exhaust purifiers in industry [50,51]. In recent years, 

hierarchically structured metal oxides have recently been widely used in 

adsorption [52], catalysis [53], sensors [54], drug delivery [55], electronic 

conversion and storage [56]. Among them, hierarchical alumina microspheres 

(HAM) have attracted great attention due to their large specific surface area, low 

cost and no toxicity [57–59]. Therefore, in this study, we propose using 

microwave-assisted methods to synthesize γ-HAM with a large specific surface 

area (240-250 m2·g-1) [60] to remove boron from aqueous solutions. 

7.1.6. Objectives 

The overall objective of this work is to study the boron adsorption by microwave-

assisted synthesized HAM. The main points that have been developed are: 

➢ To successfully synthesize and fully characterize HAM; 

➢ To investigate the adsorption behaviors of HAM under different pH 

values, initial concentrations, contact times; 

➢ To better explain the adsorption behaviors by using isotherm models, 

kinetic models, the analysis of thermodynamics parameters; 

➢ To study the selectivity of HAM for boron adsorption in the presence of 

foreign ions. 

➢ To study the reusability of HAM by performing adsorption-desorption 

experiments.  

7.2. Materials and Methods 

7.2.1. Chemical reagents 

All chemicals used in the experiments were of analytical grade (ACS reagent). 

The source of boron used in experiments was boric acid (H3BO3) from Merk 
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(Darmstadt, Germany). An aqueous stock solution of 1000 mg·L-1 boron was first 

prepared and then diluted as required.  

Potassium sulfate dodecahydrate (KAl(SO4)·12H2O) and urea (CO(NH2)2) from 

Sigma-Aldrich (State of Missouri, USA) were used to synthesize HAM. 

Hydrogen chloride (HCl) and sodium hydroxide (NaOH) from Panreac 

(Barcelona, Spain) were used to adjust the pH of the solutions in the synthesis 

and the adsorption processes.  

Carmine (C22H20O13) from Sigma-Aldrich (State of Missouri, USA) and sulfuric 

acid (H2SO4) from Scharlab (Barcelona, Spain) were used as color reagents for the 

detection of boron by carmine colorimetric method as reported elsewhere [61]. 

The method is described in detail in 7.2.4.  

7.2.2. Microwave-assisted synthesis of HAM 

Microwave-assisted synthesis is based on the interaction of electromagnetic 

waves with polar solvent molecules and/or ions in solution [62]. The direct 

interaction of electromagnetic waves with the solution/reactant provides high 

heating rates, homogeneous heating, high energy efficiency and short synthesis 

time [63,64]. Compared with conventional heating, microwave heating results in 

a more homogeneous microstructure [65]. With these advantages, microwave-

assisted synthesis has been widely used in organic synthesis [66], inorganic 

synthesis [67], polymer synthesis [68], nanotechnology [69], peptide synthesis 

[70].  

In this study, HAM were synthesized using an analytical microwave CEM 

MARS-5 in accordance to the procedure described as follows [60]:  

a) Aluminum sulfate and urea were mixed with 100 ml water in a 250 ml 

beaker to get an aqueous solution containing 0.1 M aluminum sulfate and 0.05 M 

urea. The mixture was stirred at 300 rpm for 15 min. 
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b) The resulting solution was divided into seven microwave vessels of 100 

ml using a graduated cylinder, then heated 20 min by microwave with the power 

of 1000W at 180oC.  

c) Once the system was cooled down to room temperature, the pH was 

adjusted to ̴ 9.0 by adding 1 M NaOH solution (initial pH of the solution ̴ 7.2). 

d) The synthesized solid material was collected by centrifugation (3000 rpm, 

5 mins) and washed with hot Milli-Q water (70oC), twice with ethanol, and a final 

time with hot Milli-Q water. 

e) The collected precipitate was dried in oven at 80oC for 12 h. 

f) The dried precipitate was calcinated in a muffle at 600oC for 2 h. 

g) After cooling down to room temperature, the final lump material obtained 

was broken down by gently grinding and stored for future use. 

 

Figure 7.3. CEM MARS-5 microwave used for HAM synthesis. 

7.2.3. Characterizations of HAM 

The morphology of the material was studied by field emission scanning electron 

microscope (FE-SEM, Merlin, Carl Zeiss AG, Oberkochen, Germany). X-ray 

powder diffraction (XRD, X-Pert, Philips, Amsterdam, Netherlands) was carried 
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out to identify the crystallinity of HAM.  

7.2.4. Detection of Boron  

Boron concentration was detected by carmine colorimetric method using UV-

visible spectroscopy (UV-Vis, 2-200, UNICAM, Hanau, Germany) as follows:  

a) For the calibration curve, a series of boron standard solutions within the 

desired concentration range (0, 0.5, 1, 2, 5, 7 and 10 mg·L-1) were prepared with 

Milli-Q water.  

b) 2.00 ml of each solution was pipetted into a 100 ml test tube.  

c) 0.1 ml of concentrated HCl solution (37%) was added to the test tube and 

then 10.0 ml of concentrated H2SO4 solution (98%) was slowly added, mix them 

by stirring and let cool down to room temperature.  

d) Afterwards, 10.0 ml 0.05 wt.% carmine sulfate acid solution was added to 

the mixture.  

e) After at least 60 min of color developing, the absorbance was detected at 

585 nm, using a blank solution without B in the reference cuvette. 

The similar procedure was followed for the detection of B in the samples after 

diluting the solution for the concentration to lie within the calibration range. 

All containers used in the experiments were made of plastic to avoid cross 

contamination with boron coming from borosilicate glass. During the UV-Vis 

measurements, special care was taken to avoid the presence of air bubbles 

resulting from the incomplete mixing of the reagents. Besides, the calibration was 

done daily to avoid issues derived from the carmine degradation. 

7.2.5. Adsorption and desorption experiments 

Boron adsorption experiments were performed in a series of 50 ml plastic tubes 

containing 25 ml of boron solution and 0.1 g of adsorbent. The tubes were 
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agitated mechanically at 300 rpm, and the experiments were performed at 

different temperatures: 293, 318, and 343 K. The solutions were separated from 

the adsorbents after centrifugation (3000 rpm, 5min). The concentration of 

unabsorbed boron was determined by UV-Vis (see 7.2.4) to calculate the 

equilibrium concentration. The adsorption capacity at equilibrium was 

calculated using the following equation: 

qe = (Co − Ce)
V

m
                   (7.1) 

where qe (mg·g-1) is the adsorption capacity, V (L) is the volume of the solution, 

m (g) is the weight of the adsorbent, Co and Ce (mg·L-1) are initial and equilibrium 

concentrations of boron, respectively. 

Desorption experiments were performed using 25 ml of 0.1M HCl solution and 

agitating 2 h. Adsorbents were separated by centrifugation and the 

adsorption/desorption cycle was repeated several times.  

7.2.6. Effect of competing ions and different ion strength 

To examine the competing effects in the boron adsorption procedure due to the 

presence of other ions that may be present in natural systems, a 1:1 concentration 

mixture of each ion (cations and anions) and boron was used having a boron 

concentration of 18.50 mM (200 mg·L-1).  Besides, to account for the composition 

of wastewater in real conditions, experiments with higher concentration ratio of 

different anions, [B]:[anion]=1:100, were also performed. The salt ions sources 

used in this study were NaCl, KCl, CaCl2, MgCl2 reagents; the metal ion sources 

used were Ni(NO3)·4H2O, Cu(NO3)2·6H2O, Cr(NO3)2·6H2O and Fe(NO3)2·6H2O, 

reagents; the anion ion sources were NaCl, NaNO3, Na2SO4·10H2O, 

Na3PO4·12H2O. The adsorption experiments were performed at pH 8.0 as 

described above.  

 To examine the effect the ion strength of the solution on the boron adsorption 
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capacity, a series of adsorption experiments were performed adding NaCl to the 

boron solution to a final concentration of 0-58.44 g·L-1.  

7.3. Results and discussion 

7.3.1. Characterizations of HAM 

Getting information about the physical properties of adsorbents is very 

important for understanding their adsorption behaviors [71]. Therefore, various 

techniques were used to characterize the synthesized HAM before boron 

adsorption experiments. SEM and TEM were used to characterize the 

morphology and XRD was used to get information about the crystal structure of 

HAM. 

7.3.1.1 SEM 

The morphology of HAM was studied to provide information about shape, 

average size, and size distribution of the synthesized particles. SEM images 

(Figure 7.4a and 7.4b) show that synthesized HAM are hollow particles with 

highly textured surface and porous dandelion shape. This structure provides a 

large specific surface area, which would benefit the boron adsorption. 

The SEM images were analyzed using Image-pro Plus software to determine the 

size distribution of the particles. The resulting histogram is shown in Figure 7.5. 

The average size of HAM is 1.5 +/-0.5 µm. These values are similar to those 

reported in previous works following similar syntheis procedure [72].  
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Figure 7.4. SEM images of synthesized HAM with different magnification: 

20000x (a) and 50000x (b). 

 

Figure 7.5. Histogram of HAM size distribution calculated by Image-Pro Plus. 

7.3.1.2 TEM 

Figure 7.6 shows the TEM images of HAM. In Figure 7.6a, several particles were 

aggregated together, but the particles can be easily identified. Figure 7.6b 

displays a higher magnification image of one HAM particle. These images further 

confirm the hollow and porous dandelion morphology of HAM. Besides, the size 
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of HAM determined from TEM images was consistent with the results from SEM 

characterization.  

 

Figure 7.6. TEM images of synthesized HAM. 

7.3.1.2 XRD 

In this study, XRD was used to identify the crystal structure of the synthesized 

HAM particles. The diffraction pattern obtained is displayed in Figure 7.7 and 

compared with the one for γ-Al2O3 simulated using the crystallographic structure 

reported in the Crystallography Open Database [73]. Despite the fact that the 

diffraction peaks of the HAM particles are rather wide, the main reflections are 

matching with the γ-Al2O3 reference.  
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Figure 7.7. XRD spectra of synthesized HAM and simulated γ-Al2O3 [74]. 

7.3.2. Adsorption performance 

In this part, batch experiments were performed to study the boron adsorption 

behaviors by using HAM. Different parameters (pH, contact time, initial 

concentration and temperature) that affect boron adsorption had been 

investigated.  

7.3.2.1 Adsorption dependence with pH 

As mentioned above, the chemical species of boron in water are influenced by 

the pH of the solution. Therefore, pH is an important parameter that should be 

investigated when studying the boron adsorption [74]. The boron adsorption 

capacity of HAM as a function of pH is shown in Figure 7.8.  
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Figure 7.8. Boron adsorption capacity of HAM as a function of pH. 

Our results show that, within the pH range studied, the adsorption capacity 

increases with the pH until reaching a maximum at pH 8.0. For higher pH, a 

slightly decrease is found. A plateau is found for pH around 6.0-7.0. These results 

are related with the change of the boron species fraction as function of pH and 

with the different charge of HAM surface for different pH values. As shown in 

Figure 7.2, for pH< 7.0, boron exists mostly as H3BO3, which has low affinity to 

HAM since boric acid is a kind of weak acid with the pKa of 9.2. For higher values 

of pH, 7.0-9.0, H3BO3 changes to B(OH)4−. Since the pHpzc of HAM is 9.0, the 

electrostatic attraction between boron (negative) and HAM (positive) favors the 

adsorption process. However, for pH>9.0, the dominant chemical form of boron 

is B(OH)4−, therefore, there is a electrostatic repulsion between HAM and B(OH)4− 

because both of them have negative surface charges.  

7.3.2.2 Contact time 

Different contact time experiments from 1 min to 24 h were performed. The 

results displayed in Figure 7.9 reveal an initial sharp increase of the adsorption 
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capacity, which might be attributed to the large number of adsorption sites 

initially available on the surface of HAM. After 120 minutes, the adsorption 

capacity becomes almost constant, which means the adsorption equilibrium has 

been reached.  

 

Figure 7.9. Effect of contact time on the adsorption of boron by HAM. 

7.3.2.3 Initial concentration 

In this experiment, different initial boron concentrations from 1 to 1000 mg·L-1 

were studied. As can be seen in Figure 7.10, the adsorption capacity increases 

monotonically with boron initial concentration without reaching saturation 

within the concentration range studied. It is worth mentioning that the top-end 

of the concentration range is much higher than the concentration found in 

polluted waters (~ 100 mg·L-1) targeted by this study.  
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Figure 7.10. Effect of initial concentration on born adsorption capacity of HAM. 

7.3.2.4 Temperature 

In this part, boron adsorption experiments were performed at different 

temperatures (293, 318, and 343 K). The results are shown in Figure 7.11. Our 

result show that the adsorption capacity decreases when increasing the 

temperature. This indicates that the temperature has a negative effect on boron 

adsorption by HAM. 

 

Figure 7.11. Boron adsorption capacity of HAM at different temperatures. 
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7.3.3. Isotherm and kinetic study 

7.3.3.1 Isotherm modelling 

Langmuir, Freundlich, Temkin isotherm models were used in this study to 

analyze the data. The forms of those three models are displayed in Annex I.  

The results from the modelling are shown in Figure 7.12 and Table 7.1. Among 

the three models, high correlation coefficients (R2 >0.99) were obtained for both 

Langmuir and Freundlich models, being the fit for Langmuir marginally better. 

In some reports, chemisorption was determined as the main process when the 

isotherms were successfully modelled by both Langmuir and Freundlich model 

[75–77]. Besides, for Temkin model, the value of regression coefficient is much 

worst, R2 = 0.6993, which means that the boron adsorption process by HAM 

cannot be explained by this model.  

Since the data were well fitted to the Langmuir model, the boron adsorption on 

HAM should be a chemisorption process on the homogenous surface [78]. The 

theoretical maximum capacity calculated by Langmuir was 138.50 mg·L-1.  

 

Figure 7.12. Isotherm fitting of boron adsorption by HAM. 
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Table 7.1. The parameters of different isotherms models of boron adsorption by 

HAM. The parameters are expressed in the following units: qm (mg·g-1), 

KL (L·mg-1), KF [(mg·g-1) (L·mg-1)1/n], AT (L·g-1), bT (K·Jmol-1). 

Adsorbent Langmuir isotherm Freundlich isotherm Temkin isotherm 

HAM 

qm KL R2 KF 1/n R2 AT bT R2 

138.50 0.0007 0.9949 0.25 0.80 0.9931 0.26 0.38 0.6993 

7.3.3.2 Kinetic modelling 

Kinematic parameters are important to determine the efficiency and the 

mechanism responsible of the adsorption process [79]. To study the rate and 

mechanism of boron adsorption onto HAM surface, the experimental kinetic data 

were fitted to the pseudo-first order kinetic model and pseudo-second order 

kinetic model. The forms of those two models are displayed in Annex II.  

Boron adsorption data were fitted to these two kinetic models and the results are 

shown in Figure 7.13 and Table 7.2. Despite obtaining a relatively good 

agreement with the two models (R2 >0.90), the fitting results are better for the 

Pseudo-second order kinetic model. This implies that chemisorption is the speed 

control step in the adsorption process. Hence, the adsorption of boron on HAM 

involves valency forces and ion exchange mechanisms through the 

sharing/exchange of electrons between the adsorbent surface and boron [80,81]. 
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Figure 7.13. Kinetic modelling of boron adsorption by HAM. 

Table 7.2. Kinetic parameters for boron adsorption on HAM. 

Adsorbents Kinetic model R2 Rate constant 

HAM 
Pseudo-first order 0.9795 K1 (min-1) = 0.0290 

Pseudo-second order 0.9996 K2 (g·mg-1·min-1) = 0.0445 

7.3.4. Thermodynamic analysis 

Thermodynamic parameters such as Gibbs free energy change (ΔGo), enthalpy 

change (ΔHo) and entropy change (ΔSo) can predict the feasibility and nature of 

the adsorption process [82,83]. The relations of these thermodynamic parameters 

are displayed in Annex III.  

The plot of ln K and 1/T and corresponding linear fit are shown in Figure 7.14. 

Accordingly, the values of ΔH°, ΔS°, ΔG° were calculated at 293, 318, and 343 K 

and listed in Table 7.3. Value of ΔH° is negative, which indicates the adsorption 

of boron by HAM is an exothermic process. However, the values for ΔG° are 

positive, indicating the non-spontaneous of boron adsorbed on HAM.  
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Figure 7.14. Fitting results of ln(K) vs 1/T. 

Table 7.3. Thermodynamic parameters for boron adsorption onto the HAM. 

Adsorbent T (K) ln K ΔG0 (kJ·mol-1) ΔH0 (kJ·mol-1) ΔS0 (J·mol-1) 

HAM 

293 -2.19 5.18 

-29.59 -118.62 318 -2.94 8.15 

343 -3.97 11.11 

7.3.5. Effect of the foreign ions on the adsorption of boron 

To investigate the possible interference of foreign ions on the selectivity of boron 

adsorption by HAM. Several adsorption experiments were performed with the 

existence of salt cations (Na+, Mg2+, K+, Ca2+) and metal cations (Cr2+, Fe2+, Ni2+ and 

Cu2+,); and anions (Cl-, NO3-, SO42-, PO33-). The results are shown in Figure 7.15 

and Figure 7.16, respectively.  

For the different salt ions, the adsorption capacity was slightly lower than in the 

case when only boron is present. While for the metal ions, different results were 

obtained. For Ni2+ ions, the adsorption capacity also showed a slight decrease. 
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While with the existence of Cu2+, Cr2+ and Fe2+, the adsorption capacity increased 

significantly. The latter might be associate with the formation of hydroxides 

precipitates which can also adsorb boron ions.  

Regarding the different [B]:[anion] rates, 1:1 and 1:100, see Figure 7.16, there is a 

small decrease in the boron adsorption capacity for 1:1. Thus, the different anions 

did not have a special affinity to HAM. However, when increasing the 

concentration of anions to have [B]:[anion]=1:100, the adsorption capacities were 

higher than that for1:1, especially for the PO43- ions. This may be related to the 

inhibition of electrostatic interactions caused by different ion strengths. To 

corroborate this, boron adsorption experiments were performed with the 

existence of different NaCl concentrations (0~1 M, thus 0~58.44 g·L-1). The results 

are shown in Figure 7.17. The adsorption capacity of boron by HAM decreased 

at first with the competing adsorption of Na+ and Cl- ions. When the 

concentration of NaCl increase from 2.92 to 58.44 g·L-1, the adsorption of boron 

increased as well. This might because Na+ and Cl− ions could be shielding the site 

of the charged adsorbent and compressed the double layer of HAM, resulting in 

inhibition of electrostatic interactions [74]. 

 

Figure 7.15. Adsorption capacity of boron with competing cations. 



148 

 

 

Figure 7.16. Adsorption capacity of boron with competing anions. 

 

Figure 7.17. Adsorption capacity of boron with different NaCl concentrations. 

7.3.6. Adsorption capacity comparison with similar adsorbent systems 

As shown in Table 7.4, when comparing the maximum adsorption capacity of 

HAM with other adsorbents reported in the literature, we found that our value 

is higher than that of reported adsorbent material and commercial resins. This is 
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mainly because that microwave-assisted synthesized HAM have a large specific 

surface area due to the hollow dandelion-like structure; furthermore, hydroxyl 

groups on their hydrated surfaces could attract boron via surface complexation 

and electrostatic physisorption [88]. 

Table 7.4. Boron maximum adsorption capacities of some tractional materials 

and commercial resins. 

Adsorbents 

Maximum 

adsorption 

capacity (mg·g-1) 

Particle size  

(µm) 
Ref 

Hierarchical alumina microspheres (HAM) 138.50 1-2 This work 

Activated carbon 0.97 - [84] 

Wood sawdust 1.58 - [84] 

CL-RESIN 8.37 722–855 [85] 

NCL-RESIN 8.57 710–845 [85] 

IRA 743 -RESIN 10.92 550–700 [85] 

P(GMA-co-TRIM)-EN-PG-RESIN 29.22 < 241 [49] 

P(GMA-co-TRIM)-TETA-PG-RESIN 23.25 < 273 [49] 

CL-MCM-41-RESIN 19.45 1.3 nm [86] 

NCL-MCM-41-RESIN 16.73 1.4 nm [86] 

T-RESIN 21.25 - [87] 

7.3.7. Adsorption-desorption study 

For practical applications, recycling and regeneration of adsorbents are essential. 

Therefore, the regeneration capacity of HAM was studied. The results were 

shown in Figure 7.18. As it can be seen, the adsorption capacity did not show 

significant change after the 1st regeneration. From 2nd to 5th regeneration, the 

adsorption capacity of HAM only showed a slight decrease. All these results 

indicated that HAM is a promising adsorbent with good regeneration properties 

regarding boron adsorption. 
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Figure 7.18. Adsorption capacity of HAM in different regeneration circle.  

7.4. Conclusions 

In this study, HAM was successfully synthesized by microwave-assisted co-

precipitation method and used to remove boron from aqueous solution. SEM and 

TEM images showed that synthesized HAM are hollow particles with a fluffy 

and porous dandelion shape. The average size of HAM is 1.5 μm. XRD results 

confirmed that the crystallographic phase was γ-Al2O3. The adsorption data were 

well reproduced by the Langmuir isotherm and Pseudo-second order models, 

indicating that a single-layer homogeneous adsorption and chemical adsorption 

was the controlling step. The theoretical maximum capacity calculated by 

Langmuir was 138.50 mg·L-1, which is higher than the adsorbents that have been 

previously reported in the literature.  

According to thermodynamics calculation results, the value of ΔH° is negative 

and values of ΔG° are positive, indicating that the adsorption of boron on HAM 

is an exothermic and non-spontaneous process. HAM also showed high 

adsorption affinity and excellent selectivity towards boron in an aqueous 

solution, even in the presence of competitive salt ions (Na+, K+, Ca2+, Mg2+), metal 
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ions (Cu2+, Cr2+, Ni2+ and Fe2+), anions (Cl-, NO3-, SO42-, PO33-) and different ion 

strengths. In addition, no significant decrease of the adsorption performance was 

observed after five regeneration cycles. Therefore, HAM can be a promising 

adsorbent material for removing trace amounts of boron from contaminated 

wastewater.  
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8.1. Conclusions 

The conclusions collected in each chapter, have been summarized below under 

the main topics of the present thesis: 

For Arsenic adsorption removal: 

In this study, the composite adsorbent cube-shaped open-celled cellulose 

commercial sponge-loaded SPION was successfully synthesized by the in-situ 

co-precipitation method. XAS measurements at the Fe K-edge and TEM 

identified maghemite as the main iron phase of the SPION nanoparticles 

(average size ~13 nm).  

Batch adsorption experiments of As(V) adsorption showed that adsorption 

capacity of sponge had a 28.3% enhancement after loading 2.6 wt.% mass 

fraction of SPION. Cube sponge-loaded SPION had a higher adsorption 

capacity compared with similar system adsorbents reported. The adsorption of 

As(V) by sponge-loaded SPION fitted well by Freundlich isotherm, indicating 

a multilayer and heterogeneous adsorption. Kinetic studies showed As(V) 

adsorption followed pseudo-second order kinetic model, suggesting chemical 

adsorption was the controlling step. Thermodynamics calculation indicates the 

adsorption was spontaneous and exothermic. In addition, we have observed 

that As(V) was not reduced to more toxic As(III) after adsorbed on the surface 

of adsorbents, which is desirable for the treatment of As(V) contaminated 

waters. The modeling of the EXAFS signals revealed that the binuclear corner-

sharing, 2C, configuration is the main one. Moreover, we have shown that the 

cube-shaped sponge-loaded SPION has good regenerative performance and 

can be used over many adsorption/desorption cycles. 

Batch experiments of As(III) adsorption showed that the 2.6 wt.% of SPION 

loaded in the sponge outperforms the adsorption of the unsupported SPION. 

Normalizing by the mass fraction of the SPION, the adsorption capacity of the 
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composite is ~14 times larger than the one of the unsupported SPION. The 

adsorption of As(III) on this composite adsorbent was best described by the 

Temkin isotherm model and the pseudo-second order kinetic model which 

indicates that chemisorption is controlling the speed of the adsorption process. 

The assessment of the thermodynamic parameters ΔH° and ΔG° indicated that 

the As(III) adsorption on the composite adsorbent kept the same properties 

(spontaneous and endothermic) as the unsupported SPION. In addition, we 

have observed that the highly toxic and carcinogenic As(III) was oxidized to 

less toxic As(V), which is desirable for the treatment of As(III)-contaminated 

waters. Our XAS study supports that, after adsorption, As(III) was oxidized to 

As(V) by both the •OH radicals generated from Fe(III) and the -OH groups 

present in SPION and sponge adsorbents under neutral conditions. Besides, 

similar oxidation level of the adsorbed As(III) was found at different cube 

depths which demonstrates that the same adsorption process takes place at the 

different parts of the cube due to the good diffusion properties of the sponge 

material and the rather homogeneity of the SPION loaded in the porous sponge. 

In the fixed-bed column adsorption study, several parameters of the fixed-bed 

breakthrough experiments such as initial concentration and the adsorbent 

material (sponge and sponge-loaded SPION) had a greater effect than the flow 

rate and/or the temperature. In both column systems, the As(V) removal rates 

were always higher than 95% for all the operating parameters studied. The 

results obtained for the composite material, sponge-loaded SPION, indicated 

that loading 2.6 wt.% SPION on the commercial cube sponge results in a 95.56% 

and 97.09% increment in the number of bed volumes and adsorption capacity 

at breakthrough point, respectively, respect to sponge. For low concentrated As 

solutions, which are closer to more realistic polluted environmental scenarios, 

1 mg·L-1, the maximum desorption concentrations obtained for both systems 

were higher than 100 mg·g-1. Hence, we were able to concentrate the inlet 
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solution by 100 times which is rather relevant for industrial applications. All 

these results proved that both adsorbents, sponge and sponge-loaded SPION, 

have a great As adsorption performance when used as fixed-bed in both 

laboratory columns and pilot plant systems. 

For Boron adsorption removal: 

In this study, HAM was successfully synthesized by microwave-assisted co-

precipitation method and used to remove boron from aqueous solutions. SEM 

TEM and XRD analysis showed that synthesized HAM is hollow γ-Al2O3 

particles with a fluffy and porous dandelion shape and an average size of 1.5 

μm. Adsorption data were fitted well to Langmuir isotherm and Pseudo-

second order model, indicating a single-layer homogeneous adsorption and 

chemical adsorption was the controlling step. The theoretical maximum 

capacity calculated by Langmuir was 138.50 mg·g-1, which is higher than the 

adsorbents reported before.  

According to thermodynamics calculation results, the value of ΔH° is negative 

and values of ΔG° are positive, indicating the adsorption of boron on HAM is 

an exothermic and non-spontaneous process. HAM also showed high 

adsorption affinity and excellent selectivity towards boron in an aqueous 

solution, even in the presence of competitive salt ions, metal ions anions and 

different ion strengths. In addition, the adsorbent particles could be recyclable 

up to five cycles without a considerable decrease in the boron removal 

efficiency.  

8.2 Future perspectives 

Considering the results obtained in this thesis, the following aspects can be 

considered for future perspectives. 

For As adsorption system, an excellent commercial cube adsorbent with cheap 
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price, good adsorption capacity, quick adsorption kinetic, and promising for 

industrial use has been successfully synthesized and its adsorption behaviors 

have been fully investigated. However, there are still some aspects that need 

further study in the synthesis. Firstly, the iron oxide nanoparticles that we 

obtained are maghemite (γ-Fe2O3). The behavior of cube sponge loaded-

magnetite (Fe3O4) nanoparticles would be interesting to investigate and 

compare with maghemite composite material as well. Secondly, the synthesis 

method of cube sponge-loaded SPION is the in-situ co-precipitation method. It 

would be necessary to develop a large-scale synthesis method, such as spray-

drying and fluidized-bed method. This would be further reducing the price of 

the total system and more promising for industrial use. 

For boron adsorption system, the maximum adsorption of hierarchical alumina 

microspheres (HAM) is 138.50 mg·g-1, which is higher than the adsorbents 

reported before. It would be interesting to do the modification of HAM and 

further improve its adsorption capacity, for example using the N-Methyl-D-

glucamine (NMDG). Besides, as we considered in As system, it would be 

necessary to find support materials to reduce the aggregation of HAM, such as 

sponge, membrane, and nanofiber, before using in industry.  
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Annex I 

Isotherm model introduction 

For adsorption of heavy metals and metalloids from aqueous solution, 

Langmuir, Freundlich, and Temkin are the most commonly used isotherm 

models because of the usefulness of their model parameters, their simplicity, 

and their easy interpretability. Langmuir model assumes that the adsorption 

occurs on a homogeneous surface and that all binding sites have equal affinity 

for the adsorbate [1]. Freundlich isotherm assumes multilayer adsorption, with 

non-uniform distribution of adsorption heat and affinities over the 

heterogeneous surface [2]. Temkin isotherm contains a factor that explicitly 

considers the adsorbent–adsorbate interactions and it is mostly used for 

electrostatic interaction-based chemical adsorption [3]. The models are 

described by the following equations: 

Langmuir isotherm model: 

1

𝑞𝑒
= (

1

𝐾𝐿𝑞𝑚
)

1

𝐶𝑒
+  

1

𝑞𝑚
          (Annex 1) 

Freundlich isotherm model:  

𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝑘𝐹 +
1

𝑛
𝑙𝑜𝑔 𝐶𝑒         (Annex 2) 

Temkin isotherm model: 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
𝑙𝑛 𝐴𝑇 +

𝑅𝑇

𝑏𝑇
𝑙𝑛 𝐶𝑒                           (Annex 3) 

where qe and qm (mg·g-1) are the equilibrium and maximum adsorption capacity, 

respectively. Ce (mg·g-1) is the concentration remaining in the solution. KL 

(L·mg-1) is the Langmuir constant, which is related to the pollutant affinity to 

binding sites. KF (mg·g-1)(L·mg-1)1/n and n are Freundlich adsorption constants, 

and 
1

𝑛
 gives an indication of the preferential adsorption process. R is the ideal 
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gas constant 8.3145 (J·mol-1·K-1) and T (K) is the absolute temperature. AT (L·g-1) 

and bT (KJ·mol-1) are Temkin constants, which are linked to the maximum 

binding energy and heat of adsorption, respectively.  
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Annex II 

Kinetic model introduction 

Kinematic parameters are important to determine the efficiency and 

mechanism of the adsorption process [4]. To study the rate and mechanism of 

As(V) adsorption onto sponge-loaded SPION, the experimental kinetic data 

were fitted to the pseudo-first order kinetic model and pseudo-second order 

kinetic model, which can be expressed by the following equations [1]: 

Pseudo-first order kinetic model: 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −
𝐾1

2.303
𝑡                 (Annex 4） 

Pseudo-second order kinetics model:  

𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                  (Annex 5) 

Where, qe and qt (mg·g-1) are the adsorption capacity at equilibrium and at any 

time t (min), respectively; K1 and K2 are the rate constants of each respective 

model. 
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Annex III 

Thermodynamic parameters such as Gibbs free energy change (ΔGo), enthalpy 

change (ΔHo) and entropy change (ΔSo) can predict the feasibility and nature of 

the adsorption process [5,6]. The free energy of adsorption is related to the 

temperature as given by the following relationship:  

𝛥𝐺𝑜 = −𝑅𝑇𝑙𝑛𝐾𝑜            (Annex 6) 

where, Ko is the standard distribution coefficient of the adsorption [7]. 

𝐾𝑜 =
𝑞𝑒

𝑞𝑜 ∕
𝐶𝑒

𝐶𝑜             (Annex 7) 

where, qo and Co and are the standard states of solution in solid and liquid, 

respectively. Here, qo is selected as 1 mol·kg−1, and Co is selected as 1 mol·L−1. 

ΔG° is also related to ΔS° and ΔH° as 

 𝛥𝐺𝑜 = 𝛥𝐻𝑜 − 𝑇𝛥𝑆𝑜              (Annex 8) 

By constructing a plot of 𝑙𝑛 𝐾  versus 1/𝑇 , ΔS° can be calculated from the 

intercept and ΔH° can be obtained from the slope. 
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